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Abstract

The equilibrium isotherms of the two enantiomers of phenylaanine anilide (PA) were measured by conventional frontal
analysis at three different pH on a thermally-treated imprinted stationary phase selective for the L enantiomer. The first of
these pH (buffer pH=3.0, pH_,,=4.0) is well below the apparent pK, (6.4) of the two solutes, the second (buffer pH=>5.8,
pH_,,=7.0) dlightly below this pK_, and the third (buffer pH=7.0, pH_,,=8.3) well above it. The experimental data were
fitted to several isotherm models. The best estimates of the parameters of these models are reported and discussed. The
corresponding isotherms are compared with the experimental ones. The contributions of the enantioselective and
nonselective interactions could be separated. The results obtained show that the saturation capacity is aways smaller for
p-PA than for L-PA, the template. The analytical separation is best at pH=23.0 because of a good separation factor (2.82) and
short retention times. A good compromise between the resolution and the saturation capacity is obtained at pH=5.8, for
which the best preparative separation is found. Both analytical and preparative results are poor at pH=7.0 because the
separation factor is low (1.32). At this pH, the isotherm remains nearly linear in the whole concentration range accessible to
measurements. The number of nonselective sites increases with increasing mobile phase pH dlightly faster than the number
of selective sites, suggesting different pK, ranges for the two type of sites. Moreover, the binding energy and the
homogeneity of the selective sites decreases with increasing pH. These results agree with a binding site model involving
more than one carboxylic acid group, providing charge complementarity and hydrogen bond donors for binding of L-PA.
0 2001 Elsevier Science BV. All rights reserved.
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merization of a functional monomer, mixed with a
template, in the presence of a cross-linking agent.
Removal of the template leaves an imprinted cavity
in the polymer, providing a selective binding site for
this template. In spite of the simplicity of this
principle, the preparation of a separation material
that performs well as a stationary phase for chroma-
tography is not straightforward.

Numerous authors studied the preparation and
performance of dedicated imprinted polymers for the
separation of various mixtures, mostly of enantio-
mers [1-13]. Many of them investigated the molecu-
lar interactions between the template chiral molecule
and the active site of these polymers [1,2,4,6,9]. An
NMR study suggested the formation of a 1:2 com-
plex between L-phenylalanine anilide (L-PA) and
methacrylic acid, prior to polymerization, suggesting
that there would be two binding groups per ad-
sorption site (see Scheme 1) [10]. The mobile phase
was a mixture of an organic solvent and an agueous

Scheme 1. Schematic representation of a molecule of L-PA
adsorbed on imprinted sites of the polymer at different pH values.

buffer. The pH of the buffer and its concentration in
the maobile phase were shown to influence greatly the
formation of labile complexes between the analyte
and the polymer [8,11-13]. One common conclusion
of these studies is that both hydrogen bonding and
ion-exchange contribute to the molecular interactions
between analyte and functional groups of the poly-
mers. One study showed that the discriminating
ability of the polymer was lost when the pH of the
mobile phase exceeded the apparent pK, of the
polymer [8]. Another study showed that an electro-
static retention model could account for the retention
of phenylalanine anilide when the pH of the mobile
phase was varied between 2 and 9 [11]. Different
results were obtained for more weakly basic tem-
plates [13]. A frontal and zona chromatographic
study of theophylline suggested that hydrogen bond-
ing is the dominating interaction in that case, while
ionic interactions appeared to be rather insignificant
[9,13].

Besides the polymeric network structure, its con-
formation appears to be important. Thermal treat-
ments are required to achieve good chromatographic
performance. They increase the column efficiency
and reduce the extent of peak tailing. The influence
of different thermal treatments of the imprinted
polymers on the thermodynamics and kinetics of the
retention processes of L- and p-PA was previously
investigated at a mobile phase pH=5.8 [14].

In a previous study of an L-PA imprinted station-
ary phase, it was found that the retention data could
be well fitted to a simple electrostatic retention
model [11]. This model suggests a maximum of the
retention factor at a pH close to the apparent pK, of
the solute and a rapid drop of the selectivity when
the pH exceeds this value. Better to understand the
role of the buffer pH in chiral separations on
imprinted polymers, we made a study similar to our
previous one [14] and measured the equilibrium
isotherms of these two enantiomers at three different
pHs, on the same annealed stationary phase. The
purpose of this work is to report on these results, to
describe the process followed for the selection of the
best isotherm model, and to discuss the influence of
the mobile phase pH on the isotherm parameters.
Conclusions are then derived regarding some of the
properties of the retention mechanisms involved.
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2. Theoretical

We assume that the surface of the imprinted
polymer is covered by two types of sites, the achiral
or nonselective sites and those that are chiral or
enantioselective. Such a model was successively
used to account for equilibrium data in many en-
antiomeric separations [12,14,15]. In contrast with
the chiral selective phases made of immobilized
proteins, the chiral sites on imprinted polymers are
much less homogeneous by design. This complicates
the modeling and the interpretation of the experimen-
tal data

Consistent with earlier findings [14], the ex-
perimental equilibrium data for p- and L-PA were
first fitted to the bi-Langmuir isotherm model:

a,C a,C
* _ 1~D 2~D
%(Co)=15p,c, T T+ 0iC, @
a,C a,C
* _ 1L 2L
WC=TFp,c T 1+b,C, (2)

where g* is the sample concentration in the station-
ary phase at equilibrium with the solution, C, and
C, the concentration of each enantiomer in the
mobile phase (with C=C, + C,), a,, b, a,, a,, b,,
and b, numerical parameters. The first term accounts
for the adsorption of the two enantiomers on the
nonselective sites, with which they interact identical-
ly, while the template molecules (L-PA) interact more
strongly than those of the other enantiomer with the
selective sites. In some cases, a,=b, =0 [14]. Then,
only the molecules of L-PA interact with the enan-
tioselective sites, not the molecules of p-PA.

The isotherm model in Egs. (1) and (2) applies
well to chiral separations on immobilized proteins
because (1) the Langmuir model assumes that the
adsorbent surface is homogeneous [16]; (2) athough
the adsorption energy distribution on the nonselec-
tive sites is not narrow, the adsorption energy on
these sites is low [16]; and (3) proteins have a well
defined structure and adsorption on their enan-
tioselective sites has a narrow energy distribution
[17,18]. Recent results show that this last assumption
is not valid for imprinted polymers which have a
more random structure and a wider adsorption
energy distribution [19]. So, we used for each of the

two types of sites a model that was recently shown
[20] to account well for the adsorption of solutes on
nonhomogeneous surfaces, the Jovanovic—Freund-
lich model:

q;(CD) = qs,l(l — e(ach) V1) + qst’D(l _ e(aZCD) vz)
(3)
(O = 0L o) 1 gy (1 o0

4)

where g, ;, Js, ad g, are the saturation capaci-
ties of the corresponding sites or solid-phase con-
centration corresponding to a monolayer (with g,=
a/b for a Langmuir model), and a,, a,, a,, v, and »,
are numerical parameters. The parameters », and »,
characterize the degree of heterogeneity of the
corresponding sites (v=1 for a homogeneous sur-
face). The first term in these two equations account
for adsorption of either enantiomer on the nonselec-
tive type-l sites. The second one accounts for their
adsorption on type-ll enantioselective sites and,
accordingly, the coefficients q.,, and g, , on the
one hand, a, and a;, on the other, are different.

The values of the Fisher parameter (cf. Section
3.3.4) corresponding to the fit of the experimental
data to the various isotherm models were calculated
as explained previously [19]. The data are reported
later.

3. Experimental

The same equipment, methodology, and proce-
dures were used in this work and in the one
previously reported [14]. Thus, only a brief account
of the salient features is given, with emphasis on the
minor adjustments made.

3.1. Equipment

An HP 1090 Series Il system (Agilent, formerly
Hewlett—Packard, Palo Alto, CA, USA) was used
throughout the entire series of experiments. It con-
sists of a multi-solvent delivery system, alowing
solvent gradient or the delivery of a binary mobile
phase of constant composition, an automatic injec-
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tion system, a diode array UV detector, a column
oven and a data system. The detector signals (chro-
matograms) were uploaded to a computer of the UT
Computer Center for further calculations.

3.2, Mobile phase and samples used in the
experiment

The mobile phase was a 70:30 (v:v) mixture of
pure acetonitrile and an aqueous buffer (0.03 M).
Buffers were prepared by dissolving in pure water
the proper amounts of potassium phosphate and
phosphoric acid in order to obtain values of the pH
of 3.0 and 7.0. The pH was measured using a
calibrated pH meter (American pH Il). At each pH
setting, solutions of p- and L-PA enantiomers were
prepared at three different concentrations, 1.0, 0.1
and 0.01 g/I. The analyte samples were dissolved in
the mobile phase solution. The samples and the
buffer solution were filtered through 0.45 pm Nylon
filters (Nalgene Filterware, NYL 150-0045, Nalgene,
NY, USA) before applying to the instrument.

The samples, b- and L-phenylalanine anilide, were
prepared by condensation of p- or L-phenylalanine
with aniline [21].

3.3 Experimental procedures

331 Sationary phase

The preparation of the packing materia was
described earlier [10,11]. The amount of pure L-PA
used to imprint the stationary phase used in this work
was 57 mg/g of packing material produced. Effec-
tive imprinted stationary phases were later prepared
with 20 and 50 times smaller proportions of L-PA.
The selectivity remains high but the saturation
capacity decreases in approximate proportion to the
amount of L-PA used for imprinting them.

3.3.2. Column characteristics

As in earlier studies, the stationary phase was
packed in a 0.46X10 cm stainless stedl tube. The
column efficiency, N, was measured before, during,
and after all series of frontal analysis measurements.
It was measured by injecting acetone, a non-retained
tracer, at 40°C. This efficiency remained constant, at
approximately 800 theoretical plates, throughout the
entire set of experiments. At pH=5.8, the column

efficiencies measured from the peak-width at half-
height were 340 and 60 theoretical plates for p-PA
and L-PA, respectively. The tailing factors (ratio of
the rear to the front half peak-widths at 10% peak
height) were 1.0, 1.6, and 2.4 for acetone, p-PA, and
L-PA, respectively. A typical chromatogram of the
racemic mixture is shown in Fig. 1.

The hold-up time of the column, t,, was 0.916 min
at pH=3.0 and 0.908 min at pH=7.0. The extra
column hold-up time, t,, was measured by injecting
acetonitrile after having replaced the column by a
zero-dead volume connection. It was 0.937 min at
pH 3.0, and 0.673 min a pH 7.0. The difference
between these last two values of the hold-up time
was caused by the change of a part of the instrument
after the end of the first half of the experiments
(maintenance).

333 Analytical retention

In order to set a proper time-table for the frontal
analysis measurements, an analysis of both enantio-
mers was performed. Ten microliter samples of p-PA
or L.-PA were injected separately at 40°C, with a
flow-rate of 1 ml/min. This served two purposes.
First, the retention time of each analyte was used to
determine the duration of each step for the FA
experiments. Second, the analytical retention and
separation factors were derived from these chromato-

50

Absorption (mAU)

2 n 6 8 10 12
Time (min.)

Fig. 1. Chromatogram of the PA racemic mixture on the imprinted

stationary phase. Sample 50 nmole, mobile phase, MeCN/water/

HOACc, 92.5:2.5:5 (v:v:v).
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Table 1

Analytical retention of p-PA and L-PA®

| somer tg (PH=3.0) tg (PH=5.8) tg (pPH=7.0)
min min min

p-PA 3.81 7.66 3.30

L-PA 9.06 21.80 4.12

« 2.82 3.10 1.32

app

®Sample size=10 pl. Concentrations (g/l), pH=3.0, o-PA,
0.02; L-PA, 0.08. pH=5.8, p-PA, 0.01; L.-PA 0.1. pH=7.0, p-PA,
0.01; L-PA, 0.05.

grams. The data displaying the effect of the pH at
infinite dilution are shown in Table 1.

3.34. Recording of breakthrough curves

A procedure involving a 10-step staircase FA up
to a concentration of 0.01 g/l, followed by a seven-
step staircase to the concentration of 0.1 g/l, and,
finally, by a second seven-step staircaseto 1 g/, was
followed for both enantiomers at each temperature.
This gave 24 data points for each analyte at each
temperature and pH. However, it was not possible to
observe a well defined initiad step for the more
retained enantiomer, L-PA. The step recorded at the
lowest concentration was very wide and diffuse (NB.
This observation is consistent with an energetically
heterogeneous surface, see later). Therefore, there are
only 23 data points for this component in each series.
All the FA experiments were conducted by going
from low to high concentrations. The column was
equilibrated before each new experiment. All the
required measurements at pH=3.0 were first per-
formed at 40°C and then continued successively at
50, 60 and 70°C. The flow-rate was maintained at 1
ml/min during the entire series of experiments. After
finishing the measurements at pH=3.0, a new pH
buffer was made at pH=7.0 and the entire procedure
was repeated. The signals were detected at wave-
lengths of 260 and 280 nm by the UV detector. The
first wavelength was used at low concentrations, the
second at high concentrations.

3.3.5. Fitting of the experimental data to the
isotherm models

The nonlinear regression analysis of the models
was done using a fitting procedure based on Mar-
quardt algorithm which minimizes the residual sum
of the squares of the differences between the ex-

perimental data and the model calculations. The
estimates of the parameters present in the models are
given at the asymptotic 95% confidence interval. For
each model and each set of experimental data, the
Fisher parameter was calculated according to [22]:

_ m-—| zi=l (qexp,i _fxp)2
calc — m
m-1 Ei:l(qexp,i = 0,)?

where q,,,; are the experimental values of the solid-
phase concentration of the adsorbate for a given
system, Q,,,; is the mean value of the data, q,,;, for
a given system, q,; are the estimate of the solid-
phase concentration of the adsorbate by a given
model, | is the number of adjusted parameters in the
model, and m is the number of experimental data for
a given system.

®)

4. Results and discussion
4.1. Retention at infinite dilution

Table 1 lists the retention times of p-PA and L-PA
at infinite dilution under various pH conditions. The
largest retention times for both enantiomers were
measured at pH=5.8, close to the pK, of the
analytes. This behavior was explained by an electro-
static retention model [11]. At pH 5.8, this mecha
nism would be an ion-exchange process. Its contribu-
tion to the retention factor of an analyte, proportional
to the product of the degree of ionization of this
analyte and of the stationary phase, is maximum. The
separation factor is also maximum at pH 5.8. How-
ever, it is better to carry out the analyses at pH=3.0
because the retention times are shorter while the
separation is nearly as easy.

The retention data at pH="7.0 indicates that the
selective binding sites are severely deactivated. The
separation factor of L-PA and p-PA islow (1.32). The
most probable reason for this to happen is that the
ratio of the numbers of nonselective and selective
sites increases significantly at high pH, because the
first number increases, the second one decreases, or
for any combination of these two causes. This would
explain why the separation ability of the stationary
phase decreases: the dramatic decrease of the relative
density of the enantioselective sites reduces their
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influence. A more detailed discussion is found
elsewhere [11].

4.2. Retention at finite concentrations

The two isotherm models (Egs. (1), (2) and (3),
(4), respectively) can be applied in two different
ways, as fitting equations for experimental data or as
an actual physicad model of the equilibrium ob-
served. An excellent fit of experimental data to the
equations of a model is never a demonstration of the
physical validity of this model. Therefore, the inter-
pretation of the results must always be cautious. In
the following, we discuss first the results obtained by
fitting the experimental data to different versions of
the two models described in the theory section.
Later, we derive some conclusions from the sets of
parameters calculated.

Several simplifications may be introduced in the
two models described earlier, depending on the
characteristics of the stationary phase studied [14].
For the bi-Langmuir model, we can distinguish four
different cases [15,18,19]. First, the eight coefficients
of the bi-Langmuir isotherms of the two enantiomers
can be different. In this case, none of the Langmuir
terms account purely for nonselective interactions.
The influence of nonselective and enantioselective
interactions cannot be separated simply and the
isotherm obtained is completely empirical. This
could be consistent with an overlap of the adsorption
energy distributions of the two types of sites, the
adsorption energy on the strongest type-l sites being
higher than that on the weakest enantioselective sites
which is suggested by some independent results [17].
Second, the set of Egs. (1) and (2) is valid and six
coefficients are obtained. In this case, enantioselec-
tive and nonselective interactions are separated and
their thermodynamics can be studied separately. The
two enantiomers interact, abeit with different Gibbs
free energies, with the chiral sites (or, possibly, they
interact with different chiral sites, a remote possi-
bility in the present case since the template was a
pure enantiomer). Third, the saturation capacities for
the two chira terms are the same. This would
suggest that both enantiomers interact with the same
chira sites. In this case, there are only five different
parameters. Fourth, the coefficient b of the enan-
tioselective term in the isotherm of p-PA is zero.

This compound does not interact with the cavities
imprinted by its enantiomer, which is possible, if not
probable. This model has only four independent
parameters. We consider this last model as the most
physically meaningful in the case studied. So, be-
cause of al the physica considerations reported
above, the experimental data were fitted to two of
these models only, the eight-parameters and the four-
parameters bi-Langmuir isotherm models. The latter
was aready successfully used a pH=5.8 in a
previous study of the same packing material [14].

Similarly, several assumptions can be made re-
garding the Jovanovic—Freundlich model. Besides
the general case corresponding to Egs. (3) and (4),
two simplified models seem to be reasonable and
worth considering. First, the nonselective sites may
behave as a homogeneous surface, with », =1, the
corresponding contribution reducing to a pure
Jovanovic isotherm, practicaly very close to a
Langmuir term [20]. Second, there may be no
selective interactions between the type-ll sites and
the p-enantiomer, the enantiomer of the template. In
this case, the corresponding saturation capacity
would become negligible (q,,,=0). In this work,
the data were fitted only to the simplified Jovanovic—
Freundlich model shown in Table 4. It assumes that
the p-PA molecules do not interact with the im-
printed sites.

In the interpretation of the results obtained, we
must weigh the fact that the larger the number of
parameters of a model, the higher its flexibility, and
the best the fit that it is bound to give. To select the
best model on a scientific basis, all the data were
fitted to the different models described above and the
Fischer test [19] was applied. We must stress,
however, that, by demanding that the model selected
has a physical sense, we impose an additional
congtraint. If not quantitative, this constraint remains
quite significant. Accordingly, a physically meaning-
ful model may account less well for the experimental
data than a purely empirical model.

Note finally that, to check and compare the
validity of the different models discussed above, we
must first carry out the nonlinear fitting of the
experimental data to the equations representing the
physica models just described. Conventional nu-
merical agorithms are used for the calculations of
the best estimate of the equation coefficients, their
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reliability, and the values of the Fisher test. As
explained elsewhere [18], these agorithms alow the
accurate identification of the coefficients of the
isotherm models such as those used here (Egs. (1)—
(4)), only if the equilibrium constants corresponding
to the two types of sites differ by at least an order of
magnitude (in agreement with the assumption of the
coexistence of two very different retention mecha
nisms). Otherwise, the numerical derivation of the
best isotherm coefficients becomes indeterminate or
extremely inaccurate. As a consequence, the ex-
perimental data must be acquired in a range of
concentration spanning at least three orders of mag-
nitude.

4.3. Fitting the experimental data to the isotherm
models

The frontal analysis data (symbols) are reported in
Fig. 2 (pH=3.0) and Fig. 3 (pH=7.0) in logarithmic
plots. This type of plot allows an easy visua
presentation of all the data acquired. However, the
use of logarithmic coordinates significantly reduces
the apparent curvature of the plots obtained (cf. Figs.
2 and 3 and further figures). The lines shown in each
figure are the best fit of the experimental data to the
best model (see later discussion). The best estimates
of the numerical coefficients of the isotherm model
equations were determined as explained in Section
3.3.4. and are reported in Table 2 (eight-parameters
bi-Langmuir model), Table 3 (four-parameter bi-
Langmuir model) and Table 4 (six-parameter bi-
Jovanovic—Freundlich model).

The difference between the results of the two
series of measurements is obvious. At pH=23.0, there
is almost no temperature influence on the isotherm,
either for p-PA or for L-PA. By contrast, at pH=7.0
(as previoudly reported at pH=>5.8 [14]), the amount
of L-PA adsorbed at equilibrium with a given mobile
phase concentration decreases steadily with increas-
ing temperature (Fig. 3), by afactor of approximate-
ly 2.3 between 40 and 70°C at pH=7.0, versus 3.7 at
pH=5.8 (see Ref. [14] and Tables 2 and 3). Thus,
the isotherms of each enantiomer at increasing
temperatures are lower and lower in the figure. These
results are in qualitative agreement with a previous
report on the temperature dependence of the re-

tention at infinite dilution on L-PA-imprinted station-
ary phases [23].

The influence of the pH on the isotherms of p- and
L-PA is illustrated in Fig. 4, using only the data at
40°C, for the sake of simplicity. The isotherm data at
pH=3.0, 5.8 [14] and 7.0 are shown in Fig. 4a—c,
respectively. At a given mobile phase concentration,
the stationary phase concentration of L-PA at equilib-
rium is always higher than that of b-PA, as expected
since the stationary phase is L-PA imprinted. The
distance between the isotherms of L-PA and b-PA
decreases with increasing buffer pH and so does the
resolution between their peaks. At pH=7.0 the L-PA
and p-PA data are almost superimposed and the
resolution between the bands of the two enantiomers
is very small (see Table 1). By contrast, the sepa-
ration is easy at both low pHs, 3.0 and 5.8. Finaly,
Fig. 4 confirms that the separation of p-PA and L-PA
is best at low concentrations. This arises because
adsorption is stronger on the enantiosel ective than on
the nonselective binding sites. The former sites
become saturated at low concentrations and leave
only nonspecific sites available. No separation can be
achieved on these sites.

Figs. 5 and 6 show the L-PA isotherm data at
pH=3.0 and pH=7.0, respectively, in conventional
coordinates, in the whole concentration range (the
same data at pH=>5.8 are in Ref. [14]). Obvioudly,
the data at pH=7.0 are nearly linear. Fitting of these
data to a simple Langmuir isotherm indicates a very
dlight curvature, the nonlinear term, bC, being a-
ways less than 0.02. This shows that all the data
were measured in the linear range of the isotherm
[15]. This arose from the limited solubility of the PA
isomers that prevented data acquisition at higher
concentrations. Accordingly, the data at pH=7.0
could not be included in the isotherm modeling.
Fitting the experimental data at pH=23.0 and 5.8 to
the models discussed earlier gave the sets of iso-
therm coefficients reported in Tables 2—4.

4.3.1. Eight-parameters bi-Langmuir model

The best values of the parameters of this model
are reported in Table 2. In this case, the coefficients
a, and b, correspond to the type of sites that are
closest for the two enantiomers and a, and b, to the
most different type, respectively. Small fitting re-
siduals are obtained aa pH=3.0 (Table 2). The
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Fig. 2. Experimenta isotherm data for the enantiomers of phenylalanine anilide (PA) on the imprinted polymer at 40, 50, 60 and 70°C at
pH=3.0. Logarithmic coordinates. The interpolating lines in al figures show the best isotherms. (a) Data for p-PA. (b) Data for L-PA.

isotherms measured at pH 3.0 are strongly curved at
intermediate and high concentrations, indicating that
saturation of the most strongly enantioselective sites
was reached and that the nonselective sites were also
beginning to saturate. This later statement is con-
firmed by the maximum vaues of b,C ranging
between 0.20 and 1.0 for L-PA, depending on the

temperature. These values correspond respectively to
17% and 50% of monolayer coverage.

4.3.2. Four-parameters bi-Langmuir model
The best values of the parameters for this model
are reported in Table 3. The results previously
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Fig. 3. Experimental isotherm data for the enantiomers of phenylalanine anilide (PA) on the imprinted polymer at 40, 50, 60 and 70°C at
pH=7.0. Logarithmic coordinates. (8) Data for p-PA. (b) Data for L-PA.

reported at pH=>5.8 were consistent with this model
[14]. The results a& pH=3.0 are different. The
residuals obtained with this model for L-PA are two
to three times larger than with the previous model
and the F-test suggests that it is significantly less
satisfactory. Yet, these residuals are small. So, a-
though the experimental results are more consistent

with the previous model, the simpler four-parameters
bi-Langmuir model should still be preferred because
of its clear physica meaning. Adopting the eight-
parameter bi-Langmuir model would suggest that a
change of pH has a profound influence on the
retention mechanism. The evidence in the data is not
sufficiently compelling to warrant this conclusion.
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Table 2

Eight-parameter bi-Langmuir model fittings and residuals

pH=30 L-PA p-PA Fitting residualsx 10*

Te g b, (/) & b, (l9)  a, b, (/) & b, (/g) P 0P

40 263+ 145+ 468+ 924+ 097+  0.30* 1.35+ 5.58+ 32 3
0.15 0.13 0.53 29.8 0.09 0.07 0.08 0.68

50 230+  1.10* 351+  355* 126+ 045+ 1.04+ 8.07+ 34 3
0.18 0.14 0.24 8.8 0.08 0.06 0.07 1.45

60 184+ 074+ 398+ 279+ 142+ 046+ 0.85+  10.60* 29 3
0.14 011 0.19 47 0.06 0.04 0.05 1.90

70 173+  0.60+ 354+ 234+ 133+ 038+ 0.80+ 6.90+ 17 2
0.10 0.08 0.13 31 0.07 0.05 0.06 1.30

aicD a;CD alC:L aZCL

Best parameters for a fit of the data to the following model: q5(Cp)=

4.3.3. Bi Jovanovic—Freundlich model

The best values of the parameter of this model are
reported in Table 4. The residuals obtained at pH=
3.0 are extremely small, much lower than for any
form of the bi-Langmuir isotherm. Similar calcula-
tions performed with the data obtained at pH=5.8
aso gave low residuas. For these reasons, this
model is better than either bi-Langmuir model. This
conclusion is satisfactory because the biJovanovic—
Freundlich model makes more physical sense than a

Table 3
Four-parameter bi-Langmuir model fittings and residuals

1+b.C, T1rbcy K CO= 1 .c T 1rn,C

bi-Langmuir model. The values obtained for the
saturation capacities of the two types of sites and the
surface heterogeneity are discussed later. Clearly, the
structure of the stationary phase is strongly sug-
gestive of an energetically heterogeneous surface, in
agreement with other results [17].

4.34. Smple Jovanovic—Freundlich model
The best values of the parameters of a simple
Jovanovic—Freundlich isotherm are given in Table 5.

T(C) -PA p-PA Fitting residualsx 10*
a b,(I/g) a4, (9/l) & b, (I/9) a, (9/1) & b, (I/g)  -PA o-PA

pH=30

40 2,10+ 117+ 18 513+ 473+ 0.11 210+ 117+ 190 200
0.06 0.08 0.52 8.2 0.06 0.08

50 2.00x 1.08+ 18 422+ 29.2+ 0.14 2.00x 1.08x 150 140
0.05 0.06 0.33 4.0 0.05 0.06

60 1.95+ 0.88x 22 3.96x 28.2+ 0.14 1.95+ 0.88x 60 84
0.03 0.04 0.23 2.7 0.03 0.04

70 1.88* 0.78+ 24 3.49=+ 247+ 0.14 1.88+ 0.78+ 50 66
0.03 0.03 0.19 23 0.03 0.03

pH =58

40 6.50+ 0.36* 18 4.70x 10.0+ 0.45 6.50+ 0.36* 470 170
0.10 0.03 0.50 20 0.10 0.03

50 4.55+ 0.27+ 17 240+ 8.0+ 0.30 455+ 0.27+ 240 170
0.08 0.03 0.70 20 0.08 0.03

60 2.73x 0.05x 50 1.90+ 6.0= 0.30 2.73x 0.05x 220 57
0.05 0.02 0.20 10 0.05 0.02

70 2.02x 0.01x na 0.93x 4.4+ 0.20 202+ 0.01x 67 44
0.03 0.02 0.08 0.8 0.03 0.02

. . — ach — a1CL ach . .
Best parameters for a fit of the data to the following model: o (C,) = 1+b,Cy’ qr(C)= 1+b,C, T 11b,C." n.a, not applicable.
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Table 4
Bi-Jovanovic—Freundlich model fittings and residuals
T (°C) Enantioselective sites Nonselective sites Fitting residuals x 10"

Os2,L (a/) . ) Us1 (g/1) a, <1 L-PA p-PA
pH=30
40 1.88 0.66 0.85 0.20 7.43 0.84 2.80 6.40
50 2.00 0.64 0.87 0.22 7.29 0.85 2.00 6.20
60 2.19 0.61 0.89 0.16 11.30 0.80 1.07 155
70 2.38 0.55 0.90 0.16 8.83 0.77 0.89 1.74
pH =58
40 8.58 0.79 1.02 0.79 143 0.62 75 19
50 8.34 0.56 1.03 0.61 0.99 0.60 51 42
60 11.20 0.27 1.03 111 0.185 0.58 14 51
70 11.80 0.195 1.04 1.43 0.049 0.60 17 17

Best parameters for a fit of the data to the following model: q%(C,) =0, ,(1—e®1°"); g*(C,)=q,,(1-e®1V ") +q_, (1—e®27)

Although the residuals are dlightly larger than in the
previous case, the Fisher test gives comparable
(pH=5.8) or even lower (pH=23.0) values because
there are fewer parameters. This result confirms that
the surface is heterogeneous and suggests that the
precision and accuracy of the data may not justify
the use of more complex isotherm models.

4.3.5. Modd selection

The values of the Fisher coefficients are listed in
Table 6. They suggest that the best results are
obtained with the six-parameter biJovanovic—Freund-
lich isotherm (the p-enantiomer not interacting with
the enantioselective sites). This model is only dlight-
ly better than the simpler Jovanovic—Freundlich
isotherm with the same number of parameters. The
advantage of the former model over the latter one is
its stronger theoretical justification.

4.4. Saturation capacities

The saturation capacity is a direct parameter of the
Jovanovic—Freundlich isotherm model. For the
Langmuir isotherm, it is the ratio of the two co-
efficients a and b. Values for the four-parameter
bi-Langmuir isotherm are also included in this
discussion to illustrate the difficulties and am-
biguities associated with the derivation of proper
conclusions from the results of a successful modeling
of isotherm data.

The data in Table 3 show that an increase in the

mobile phase pH causes a strong increase in the
saturation capacity of both types of sites. The
saturation capacity of the chira sites is nearly twice
larger at pH=5.8 than at pH=23.0, at all the tempera-
tures studied. The saturation capacity of the non-
selective sites increases by one order of magnitude
when the pH increases from 3.0 to 5.8 (Table 3). At
pH = 3.0, the saturation capacities of the nonselective
and the enantioselective sites is nearly independent
of the temperature, which is consistent with the small
temperature dependence of the isotherms at this pH
(Table 3). At pH=5.8, by contrast, the saturation
capacity of the nonselective sites more than doubles
between 40 and 70°C, although the highest tempera-
ture data are imprecise. Note, finaly, that the satura-
tion capacity of the chiral sites is always ten to
twenty times lower than that of the nonselective
Sites.

Obvioudly, the same conclusions are reached from
adiscussion of the values of the saturation capacities
afforded by the bi-Jovanovic—Freundlich isotherm
model (Table 4). The saturation capacity of the
nonselective sites is an order of magnitude larger
than that of the enantioselective sites. Both saturation
capacities vary little with temperature at pH=3.0
and increase with increasing temperature at pH=>5.8.
The saturation capacity of the enantioselective sites
is higher at pH=5.8 than a pH=3.0. All results
confirm that the low energy sites outnumber the high
energy sites by an order of magnitude at pH 5.8 as
well as at pH 7.0. With both composite isotherm
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Fig. 4. Comparison between the experimental isotherm data of L-PA and p-PA at 40°C. Data at pH=3.0 and 7.0 (this work) and at pH=5.8
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Fig. 5. Isotherms of L-PA a pH=3.0, in conventional coordinates.

models, the second contribution appears to be a
correction to the primarily one, itself reasonably well
accounted for by the Langmuir model. This is not a
surprising result.

4.5. Qurface homogeneity

The datain Table 4 show that, at pH=5.8, the first
type of sites is nearly homogeneous (1.0<»<<1.04).
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Fig. 6. Isotherms of L-PA a pH=7.0, in conventional coordinates.
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Table 5
Jovanovic—Freundlich model fittings and residuals
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T (°C) p-PA L-PA Fitting residualsx 10*
qS,D (g“) ap ) qs,l_ (g“) a, n L-PA o-PA

pH =30

40 1.78 0.72 0.86 1.86 0.93 0.77 9 3
50 1.91 0.69 0.87 1.98 0.91 0.78 1 2
60 1.98 0.72 0.91 2.86 0.44 0.73 5 2
70 2.29 0.59 0.90 2.64 0.54 0.77 5 1
pH=58

40 8.77 0.77 1.01 11.0 0.62 0.91 203 74
50 11.60 0.36 0.98 11.8 0.38 0.92 49 67
60 11.30 0.26 1.03 12.7 0.24 0.94 72 13
70 11.50 0.20 1.04 12.4 0.19 0.98 33 16

Best parameters for a fit of the data to the following model: q%(C,) =0, ,(1—e®°"); g¥(C)=q, (1—e®™)

In this case, a simple Jovanovic or Langmuir iso-
therm model would account as well for the ad-
sorption behavior of the PA enantiomers on the
nonselective sites [20]. This is no longer true at low
pH. A value of »,=0.85-0.90 indicates that the
surface is already rather heterogeneous.

By contrast, the homogeneity of the second type
of sites appears to be higher at pH=3.0 than at
pH=5.8. While at pH=3.0, these sites are barely
more heterogeneous than the nonselective sites (with
v,=0.80-0.85 instead of », =0.85-0.90), they be-
come strongly heterogeneous at pH=5.8, with »,=
0.60. This suggests that improved results at moderate
or high pH could be obtained by using, in the
synthesis of the polymer, monomers having higher
pK, values. It is noteworthy that the saturation
capacity of the selective sites increases four to eight

times when the pH increases from 3.0 to 5.8 at the
same time that the heterogeneity factor drops from
0.8 to 0.6. It seems that increasing the pH in this
range activates new sites and that, in the same time,
the adsorption energy distribution broadens. Thus,
the adsorption energy distribution is probably corre-
lated to a surface pK, distribution.

4.6. Retention mechanism

The pH of al aqueous buffer solutions were
carefully measured before mixing them with acetoni-
trile. The exact values of the pH of the three mobile
phases used in this work were 3.0, 5.8 and 7.0.
However, it is well known that the pH of a solution
shifts when it is mixed with an organic solvent
[24—26]. In our experiments, the apparent pH of the

Table 6
Fisher parameters for the different isotherm models studied
pH Model Number of Fisher values (40°C)

degrees of

freedom o-PA L-PA
3.0 Jovanovic—Freundlich 6 4900 2400
30 bi-Jovanovic—Freundlich 6 930 2600
3.0 bi-Langmuir 8 36 000 1630
30 bi-Langmuir 4 1480 1200
5.8 Jovanovic—Freundlich 6 4900 2100
5.8 bi-Jovanovic—Freundlich 6 4900 1800
5.8 bi-Langmuir 8 4500 2100
5.8 bi-Langmuir 4 1950 2300
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mobile phase increases after mixing the buffer with
acetonitrile. The true pH values were estimated to be
about 4.0, 7.0 and 8.3, respectively [27]. The appar-
ent pK, of L-PA was measured a 6.4, and the
average pK, of the acid groups of the polymers was
reported to be 8.9 for the imprinted sites and 9.3 for
the blank, non-imprinted sites [11]. Using al this
infformation, a qualitative understanding of the
chemical environment of the adsorption sites at
various pH values can be presented.

At low pH (pH=3.0, pH,,,=4.0), the apparent
pH of the mobile phase is much lower than the
average pK, of the carboxylic groups of the polymer
(pK,=8.9 and 9.3). The major part of these acid
groups are thus protonated and in the neutral form.
The solute molecules are positively charged and
interact mainly with those acid groups that are
ionized. This would explain the low saturation
capacity of both types of sites and the small values
of the retention factors (see Table 1). At a buffer
pH = 5.8 (corresponding to an apparent mobile phase
pH=7.0), the solute is only partly ionized. However,
the fraction of the polymer acid groups that are
ionized, hence the net negative charge of the poly-
mer, is much higher and a high retention volume is
observed [11]. At higher pH values, the solute loses
its charge, it can no longer give ionic interactions
with the stationary phase, and the retention factor
decreases. However, the degree of ionization of the
polymer increases, and more sites become available
for adsorption at all energies (although the values of
g, a pH=7.0 are questionable because of their
imprecision, they do trend in this direction). When
the pH increases from 3 to 5.8, the increase (10-fold)
of the nonselective saturation capacity is twice larger
than that of the selective one (see Section 4 and
Table 3). This observation supports a model of
retention mechanism which assumes that the acid
groups of the selective sites are more acidic, hence
ionized at a lower pH than the nonselective sites (see
B in Scheme 1) [11]. This result fully explains the
decrease in selectivity observed when the pH in-
Creases.

Structural changes at the selective sites may aso
contribute to the observed decrease in selectivity
with increasing pH, as proposed in A, in Scheme 1.
The importance of this factor is illustrated by the
values of the binding energy (i.e., of the coefficients

b,) in Table 3 and of the site heterogeneity (mea-
sured by the coefficient v) in Table 4. The bi-
Langmuir coefficient b, decreases approximately
five-fold when the pH increases from 3 to 5.8. The
heterogeneity coefficient decreases markedly. As-
suming that conformational changes of the polymer
chain do not affect the binding site structure in this
pH interval (the swelling factor did not change with
the pH [11]), these results are most likely due to a
loss of stabilizing hydrogen bonds arising from
further site ionization. This is illustrated in Scheme
1(A).

As discussed earlier, the adsorption isotherms at
pH=3.0 are nearly independent of the temperature.
This may be explained by the influence of the
temperature on the hydration of the solute and the
stationary phase at this pH. At pH=23.0, anmonium
ions are strongly hydrated, involving up to four
shells of water molecules. Any interaction between
the solvated ammonium groups of the solute and the
solvated carboxylate groups of the binding sites
requires desolvation of these groups. At pH=3.0,
most binding sites are occupied by water molecules
sorbed through hydrogen bonding. When the tem-
perature increases, more and more binding sites
become available, because of the loss of the associ-
ated H,O, providing a larger saturation capacity for
the PA enantiomers. This effect compensates for the
decrease of the amount adsorbed at equilibrium with
increasing temperature. A similar temperature effect
was reported earlier on a different system, involving
the hydration of 2-propanol [28]. The dehydration
process of the stationary phase can be described by
the Boltzmann distribution law. By fitting the ex-
perimental data to this equation, a value AH°=4.4
kcal/mol is derived for the enthalpy of desorption of
H,O, a result in excellent agreement with the
hydrogen bond strength [29]. This supports the
proposed explanation of the peculiar apparent lack of
temperature dependence at pH 3.0.

This temperature dependence corresponds usually
to increased entropy and enthalpy terms, possibly
leading, in extreme cases, to an endothermic re-
tention behavior [23]. Thisis illustrated by the Van't
Hoff plotsin Fig. 7. Linear plots suggest that a single
retention mechanism is predominant [28]. The plots
corresponding to the different types of sites are
paralel and reasonably linear in the temperature
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Fig. 7. Van't Hoff plots of the binding energy of the selective and
the nonselective sites at pH=3 and pH=5.8. [J, type-| sites at
pH=3.0; O, type-ll sites at pH=3.0; O, type-l sites at pH=5.8;
A, type-ll sites at pH=5.8.

interval studied, except for the nonselective sites at
pH 5.8. The slope of this last plot is larger than the
others, suggesting that association to these sites is
enthalpically driven. It is interesting to note that this
does not apply to the selective sites at this pH. This
result also agrees with our previous model proposing
that the solute loses more of its solvation shell upon
binding to selective sites than to nonselective sites
[23].

5. Conclusion

A model of adsorption isotherm for heterogeneous
surface accounts for the adsorption behavior of b-
and L-phenylalanine anilide on a polymeric network
imprinted for the L-enantiomer. This model assumes
that the adsorbent surface contains nonselective and
enantioselective sites. Both enantiomers are identi-
cally adsorbed on the nonselective sites. Only the
molecules of the template, L-PA, are adsorbed on the
enantiosel ective sites. The saturation capacity of both
types of sites, their average adsorption energy and
their degree of homogeneity depend on the pH of the
mobile phase. Both saturation capacities increase
with increasing pH. The saturation capacity of the
nonselective sites calculated with the bi-Langmuir
model increases more than that of the selective sites
in the pH interval studied. The values derived from

the Jovanovic—Freundlich model suggest that the
ratio of these saturation capacities remains nearly
constant and approximately equal to 10. Although
this ratio could serve as a figure of merit to assess
progress in the preparation of more selective materi-
als, it might become more difficult to measure as the
relative importance of chiral adsorption increases.
While the nonselective part of the surface is almost
homogeneous at pH=23.0 and completely so at pH=
5.8, the enantioselective part of the surface (i.e., the
imprinted sites) is heterogeneous at al pHs and its
degree of homogeneity decreases with increasing pH
(in the same time as the number of accessible such
sites increases). These properties are explained by
the relative values of the mobile phase pH and of the
pK, of the polymer acid groups and of the analytes.
The binding energy given by the bi-Langmuir model
for the selective sites decreases in this pH range.

Thus, the retention behavior of the stationary
phase studied is explained by the relative values of
the mobile phase pH and of the pK, of the carboxylic
acid groups of the polymer and that of the analytes.
The pronounced increase observed in the number of
nonselective sites with increasing pH is in agreement
with a previously proposed retention model [23].
Furthermore,. the decrease of the binding energy of
the solutes at the selective sites with increasing pH
supports a binding site model involving more than
one carboxylic acid groups per site. lonization of one
of these groups allows the positively charged ionized
solute to interact electrostatically with the site while
additional hydrogen bond stabilization is provided by
a second nonionized acid group. Although other
factors can account for this behavior, the data
provides unique support for a binding site model in
imprinted polymers.

Because of the limited solubility of phenylalanine
anilide in the mobile phase at pH=7.0, it was not
possible to measure the equilibrium isotherms in a
range of concentrations within which these isotherms
deviate strongly enough from linear behavior. This
forbade the determination of accurate values of the
isotherm coefficients. It is worth noting, however,
that these measurements were made in the same
concentration range at all the three pHs studied. This
can only mean that the saturation capacities of the
nonselective sites are larger at pH=7.0 than at pH=
5.8 while their adsorption energies remain of the
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same order of magnitude (or decrease). Although the
separation factor decreases with increasing pH, oper-
ating in preparative chromatography at an inter-
mediate pH appears attractive as it will lead to a
higher production rate.
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