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Abstract

Adsorption isotherm data were acquired at different eluent pH values for the enantiomers of several B-blockers on
cellobiohydrolase | on silica gel. They fit well to the biLangmuir model, alowing the determination of the equilibrium
constants and the monolayer capacities for chiral and nonselective adsorption. The adsorption of the S-enantiomers (eluted
second) is exothermic at low pH, endothermic at high pH, and athermal in a narrow pH range depending on the B-blocker.
This transition pH range is lower for S-alprenolol than for the more hydrophobic S-propranolol, athough their endothermic
adsorption originates from hydrophaobic interactions. This surprising observation is explained by the relative values of the
isotherm coefficients. S-Alprenolol seems to have a more pronounced endothermic behavior than S-propranolol because the
nonselective interactions of both compounds with the stationary phase are exothermic but their contribution to retention,
relative to that of the endothermic chiral interactions, is less important for alprenolol. The order of increasing energy of the
chiral interactions is the same as that of hydrophobicity, propranolol>alprenolol>metoprolol. [ 2001 Elsevier Science
BV. All rights reserved.
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1. Introduction

A vast number of new chiral stationary phases
(CSPs) for liquid chromatography were developed
and studied during the last decade [1-9]. Unfor-
tunately, although this principle has been validated
beyond doubts in both HPLC [10-18] and GC [19],
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most of these investigations persist to ignore that
chiral separations are generally carried out under
such conditions that two retention mechanisms, one
enantioselective, the other nonselective, coexist.
Retention factors and even isotherms are often
treated as if a selective retention mechanism only
was involved [20—-26]. More rigorous fundamental
studies of the thermodynamics and kinetics of chiral
separations by chromatography are needed for a
better understanding of the chiral recognition mecha-
nisms.
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Most often, a CSP consists of an achiral matrix,
e.g. porous silica, with bonded chiral ligands. These
ligands can be small groups, e.g. Pirkle phases [1,2],
or macromolecules such as cellulose derivatives [3]
or proteins [5,6]. Protein ligands (e.g., «,-acid
glycoprotein [7-9], bovine serum abumin [5,10],
ovomucoid [27], and a-chymotrypsin [28]) are most
popular for bioanalytical applications since they give
CSPs that are compatible with agueous mobile
phases. Cellobiohydrolase | (CBH ) immobilized on
porous silica is the best CSP for resolving chiral
drugs containing one or more basic nitrogen atoms
and one or more hydrogen-acceptor or hydrogen-
donor groups [29,30]. It gives the largest separation
factors for almost all enantiomeric pairs of B-re-
ceptor antagonists (i.e. B-blockers), a group of amino
alcohols. This last separation is particularly impor-
tant because the two enantiomers of B-blockers often
exhibit different pharmacological and metabolic be-
havior [31,32]. For example, L-propranolol is an
efficient B-blocker while p-propranolol shows no
such effects [31].

To better understand the mechanism of enantio-
separations, thermodynamic data are needed. We
showed previously that the adsorption isotherms of
the enantiomers of propranolol on CBH | immohil-
ized to silica are well described by a biLangmuir
model [14]. One Langmuir term, the same for both
enantiomers, accounts for nonselective interactions
and the corresponding mass transfer kinetics is fast.
The other term corresponds to enantiosel ective inter-
actions and the kinetics is slow [14]. This heterogen-
ous mass transfer kinetics explains the broad tailing
peaks observed for the more retained enantiomer,
even under anaytical, linear, conditions [14]. The
adsorption of S-propranolol on the chiral sites is
endothermic and has an unusually high entropy. The
adsorption of both enantiomers on the nonchiral sites
is exothermic as is the adsorption of R-propranolol
on the chiral sites [15]. This explains the exceptional
temperature effect previously reported [25]. Finaly,
we also showed that the chiral sites are strongly ionic
while the nonchiral ones are only weakly so [18] and
that the number of nonchiral sites, the monolayer
capacity of the chiral sites for R-propranolol, and the
binding strength of S-propranolol to these chiral sites
increase rapidly with increasing pH, between 4.7 and
6.0 [18].

There are some indications that hydrophobicity
also plays a role in the chiral separations studied.
Vandenbosch et al. found a correlation between the
retention factors of the first eluted enantiomer of
several compounds on a CBH | column and their
hydrophobicity [33]. However, the use of retention
factors does not alow accounting for the contribu-
tion of nonselective interactions, so the conclusion is
misleading [14—-18]. It was suggested by Henriksson
et al. that at least one tryptophan group (Trp376) is
involved in the chiral site [34,35]. The large positive
entropy term obtained for the enantioselective inter-
actions of S-propranolol strongly suggests that hy-
drophobic interaction is important for chiral recogni-
tion [15]. This result seems to contradict other
experimental results. The separation factors are 5.95
and 3.24 at pH 5.0 and 9.74 and 5.83 a pH 7.0 for
the enantiomers of alprenolol and propranolol, re-
spectively [34]. The former (with a single aromatic
ring) is less hydrophobic than the latter (with a
naphthyl group). The aim of this work is to study the
effect of hydrophobicity on the nonselective and the
enantioselective interactions, to identify their origin,
and to compare the relative importance of hydro-
phobic and ionic interactions in the retention.

2. Theory

Most adsorbent—adsorbate interactions are non-
chira and cannot distinguish the two enantiomers.
We call the corresponding sites type-l sites, for the
sake of brevity. The chiral selective sites, called
type-ll sites, are the parts of the protein molecules on
which take place the interactions responsible for
chiral recognition. The relationship between the
equilibrium concentrations of a component in the
stationary and the mobile phases at constant tempera-
ture is the adsorption isotherm equation. The contri-
butions of type-l and type-1l sites to this isotherm are
additive, so the adsorption isotherms of the two
enantiomers are the sum of two terms, accounting
respectively for the contributions of the two types of
sites. In most cases, this equation is:
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This isotherm model is the biLangmuir isotherm. C
and q are the mobile and stationary phase con-
centrations, respectively, and ¢, is the stationary
phase concentration corresponding to a monolayer
(surface completely covered), or specific saturation
capacity of the stationary phase. The coefficient b
(dimension of the reverse of a concentration) de-
pends on the adsorption energy. The retention factor
is related to the numerical coefficients of the biLan-
gmuir isotherm by the following equation valid
under linear conditions, i.e. at infinite dilution:

wngngququZq (3)
where g, (i.e. a; = ; b;) is the equilibrium or Henry
constant; Za; is the initial slope of the adsorption
isotherm, F is the phase ratio, with F = (1 — ¢€)/e,
where € is the total porosity of the column. A
general expression of the retention factors of the two
enantiomers under linear conditions, i.e. at infinite
dilution, can be derived from Egs. (1-3), as follows:

ky =Ky, +kyy =F(ay by, +0,6byy)
=F(@,, +a.,) (4)
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When no isotherm data are available, the enantio-
selectivity must be characterized empirically, as the
apparent separation factor of the two enantiomers,
@, (EQual 1o «, the classical separation or selectivi-
ty factor). Using the initial slopes of the isotherms
[see Egs. (4) and (5)] this ratio is given by:

a +ay,
a, = (6)
;A tay,

This factor characterizes the analytical separations
given by a CSP. The contributions of type-Il sites to
the adsorption of the two enantiomers can be derived
from the isotherms and the true chiral separation
factor determined as a,,.=4a,,/a,,. This later
value only is meaningful in a discussion of the
mechanism of chiral recognition.

3. Experimental

3.1. Apparatus

The equipment was the same Shimadzu LC-10
system (Kyoto, Japan) as used in a previous study
[18]. The column was kept at constant temperature
with a circulating waterbath. The column hold-up
volume, V,, was determined to be 1.26 ml, derived
from the elution time of the first buffer/water
disturbance peak. The hold-up volume did not
change with the mobile phase pH. All frontal analy-
sis data were corrected for the dead volume contribu-
tion of the instrument and for the column hold-up
volume. The total correction volume, V;, was 1.58 ml
(including V).

3.2 Chemicals

Astra Hasse (Molndal, Sweden) kindly supplied
99% pure R-(+)- and S-(—)-metoprolol hydrochlo-
rides, o-(+)- and L-(—)-aprenolol hydrogentartarate
monohydrate. R-(+)- and S-(—)-propranolol hydro-
chloride (99% purity) were from Sigma (St. Louis,
MO, USA). Acetic acid (>99.8%) and anhydrous
sodium acetate (>99%) from Riedel-de-Haén
(Seelze, Germany) were used as buffer salts. The
water was from Millipore, Milli-Q grade. The stock
solutions were filtered on 0.45-um filters (Kebo,
Spanga, Sweden) after dissolving the buffer salts.

3.3 Column and immobilization of the stationary
phase

The protein CBH [, obtained from the filamentous
fungus Trichoderma reesei, was immobilized on
silica particles as described previously [14,30]. The
material was then packed in a stainless steel column
(100 mmx4.6 mm 1.D.). The concentration of CBH
| immobilized on the silica was determined by
measuring the UV absorbance of the solution used at
280 nm, before and after reaction with aldehyde
silica. A 50.7-mg amount of protein was bonded per
gram of diol silica. The amount of protein in the
column, 45.6 mg, was derived from the bonded
protein/diol silica concentration and from the dry
mass of packing material in the column.
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34. Mobile phase

Three acetic buffers, prepared with pH values of
5.0, 55 and 6.0, were used as the mobile phase.
Their ionic strength was kept the same, at | = 0.10,
by using a constant concentration of sodium acetate
(100 mM). The concentration of acetic acid needed
to achieve the desired pH was calculated using the
Henderson—Hasselbalch equation. A calibrated Met-
rohm 632 pH meter (Metrohm, Herisau, Switzer-
land) was used to measure the exact pH. In Tables
1-4 the exact values of the pH of the solutions used
are reported. The volumetric flow-rate was 1.00 ml/
min.

3.5. Procedures

The staircase frontal analysis and the calculation
procedures used to acquire and model adsorption
data was previoudy described [13,18]. All linear
measurements were made twice successively, once
with the racemic mixture, once with a pure enantio-
mer, alowing proper identification of the two peaks.
Isotherm data were determined at each pH, in a
concentration range extending between 0.25 uM and
1.7 mM (29 data points), except for metoprolol for
which the amount adsorbed was too low at the
lowest pH.

Table 2
BiLangmuir isotherm parameters for R- and S-metoprolol at
different eluent pH (I = 0.10)

Typeof pH a RSD b

RSD* q,

site %) MM (%) (mM)
R I 551 141 19 0109 9.8 12.9
602 175 24 0157 8.4 11.1
S| 551 138 43 0114 16 121
602 199 32 0231 8.2 8.6
R Il 551 075 35 882 17 0.08
602 110 30 724 15 0.15
Sl 551 130 36 385 11 0.34
6.02 207 24 771 11 0.27

4. Results and discussion
4.1. CBH | protein as immobilized chiral selector

CBH | immobilized on silica gives a CSP that can
separate many B-blockers, often with a high sepa-
ration factor [26,29,30]. The most useful mobile
phase is an aqueous buffer with a small concen-
tration of an organic solvent, e.g. 2-propanol or
acetonitrile. The retention time of the more retained
S-enantiomer of a given B-blocker increases more
rapidly with increasing mobile phase pH than that of
the corresponding R-enantiomer, resulting in an
enhanced enantioselectivity. The retention times of

Table 1
Analytical retention and separation factors of the R- and S-enantiomers of the B-blockers at different eluent pH (I = 0.10) and column
temperatures
pH T Metoprolol Alprenolol Propranolol
(°C)
k' (R) k' (S) a k' (R) k' (S) a k' (R) k' (S) a
5.03 10 0.77 0.83 1.08 144 2.29 1.59 5.20 6.01 1.16
20 0.63 0.71 1.13 122 2.38 1.95 3.98 5.20 131
30 0.54 0.63 1.17 1.05 2.42 2.30 3.16 4.70 1.49
40 0.47 0.56 1.19 091 242 2.66 2.53 4.27 1.69
5.50 10 0.98 1.09 1.11 1.96 4.00 2.04 6.75 8.81 131
20 0.83 1.01 122 1.68 4.55 271 5.26 8.36 1.59
30 0.72 0.94 131 147 4.98 3.39 4.26 8.21 1.93
40 0.63 0.90 1.43 1.30 5.26 4.05 3.50 8.08 231
6.00° 10 122 1.44 1.18 2.52 6.29 2.50 8.25 12.13 147
20 1.04 1.40 1.35 2.23 7.89 354 6.60 12.71 1.93
30 0.94 141 1.50 2.02 9.30 4.60 5.55 13.70 247
40 0.84 142 1.69 181 10.44 5.77 4,73 14.56 3.08

®For propranolol pH 6.02.
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Table 3
BiLangmuir isotherm parameters for R- and S-alprenolol at
different eluent pH (I = 0.10)

Typeof pH a RSD b RSD* 0,
site (%) (MM7YH (%) (mM)
R I 501 226 15 0.136 6.0 16.6
551 266 28 0.154 9.1 17.3
6.02 298 31 0.160 9.9 18.7
S| 501 197 15 0.100 7.7 19.7
551 247 10 0.139 47 17.8
6.02 29 10 0.176 45 16.8
R 1 501 106 27 8.21 13 0.13
551 185 29 6.10 13 0.30
6.02 322 21 6.46 9.9 0.50
S 501 537 06 8.55 27 0.63
551 124 0.8 21.0 19 0.59
6.02 240 10 415 19 0.58

both B-blocker enantiomers increase with decreasing
concentration of the organic modifier and with
decreasing ionic strength of the buffer. Then, how-
ever, the separation factor remains approximately
constant [26,29,30]. In the pH range 4—6, which is
most suitable for enantioseparations of B-blockers,
the molecule of CBH | (isoelectric point, pl =3.9)
has a net negative charge whereas the amine group
of the B-blocker is protonated, giving a net positive
charge to this molecule. Fig. 1 shows the structures
of the three B-blockers studied. The pK, values are
9.7, 9.65 and 9.45 for metoprolol, aprenolol and

Table 4
BiLangmuir isotherm parameters for R- and S-propranolol at
different eluent pH (I = 0.10)

RSD b RSD* .

Typeof pH a

site (%) (MM (%) (mM)
R I 501 531 18 0.201 5.6 26.4
551 617 21 0.216 6.2 286
6.02 702 21 0.226 6.3 311
S 501 495 16 0.178 5.6 2717
551 647 1.6 0.253 5.2 25.6
602 728 12 0.246 41 29.6
R Il 501 418 27 109 1 0.38
551 637 23 108 9.9 0.59
602 925 22 120 85 0.77
S 501 892 12 113 49 0.79
551 173 21 244 5.3 071
6.02 306 18 430 35 071

Metoprolol
OH
H
Neated
H,C N CH,
(@)
Alprenolol

(b)
AN

CH,

Fig. 1. Structures of the chiral solutes investigated in this study.
The chira centers are marked with asterisks.

propranolol, respectively [36]. Thus, they are fully
protonated under the conditions of this study. Their
hydrophobicity increases from metoprolol to pro-
pranolol.

4.2. Retention factors and apparent
enantioselectivity in linear chromatography

We previously reported that the apparent sepa-
ration factor of the two propranolol enantiomers
increases rapidly with increasing mobile phase pH
and column temperature [18]. Van 't Hoff plots of the
retention factor of S-propranolol versus the column
temperature exhibit a progressive change with in-
creasing mobile phase pH, from being exothermic at
low pH values to being strongly endothermic at high
pH values. The behavior is nearly athermal at pH 5.4
[18]. In the present work, the ionic strength of the
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mobile phase (I =0.1) is five times higher than in
our previous study (see the reason later). The re-
tention factors of all compounds studied were ac-
quired at three different mobile phase pH values, 5.0,
5.5 and 6.0, and at four temperatures, 10, 20, 30 and
40°C. The data are shown in Table 1.

The retention factors of both enantiomers of the
less hydrophobic -blocker, metoprolol, exhibit the
same trend at pH 5.0 and pH 5.5, decreasing slowly
with increasing temperature. This indicates a global-
ly exothermic behavior. At pH 6.0, the same be-
havior is observed for R-metoprolol but the retention
factor of Smetoprolol remains nearly constant
(Table 1).

The retention time of S-alprenolol is nearly con-
stant at pH 5.0 and increases with increasing tem-
perature at the two higher values of the pH, sug-
gesting an endothermic behavior under these con-
ditions. The relative variation of the retention factor
with temperature between 10 and 40°C increases
with increasing pH. The retention factors of R-
aprenolol show the same mild exothermic behavior
at all pH values (Table 1).

In spite of the higher ionic strength of the mobile
phase, the behavior of the most hydrophobic B-
blocker, propranolol, is similar to that observed in
our previous study [18]. At pH 5.0, the retention
factor of both R- and S-propranolol exhibits a strong
exothermic behavior, although it is less pronounced
for S-propranolol than for the R enantiomer. At pH
5.5, the retention time of S-propranolol decreases by
less than 10% when the temperature increases from
10 to 40°C, instead of 30% at pH 5.0. At pH 6.0, the
retention time of S-propranolol increases significant-
ly with increasing temperature. The retention factor
of R-propranolol decreases in similar fashion with
increasing temperature at all three pH values(Table 1).

A first interesting result is that S-alprenolol ex-
hibits a stronger endothermic behavior than S-pro-
pranolol at al pH values. Also, aprenolol is the
B-blocker with the highest apparent enantioselec-
tivity (see Table 1). All apparent enantioselectivities
increase linearly with increasing temperature at all
pH values, but this increase is larger for aprenolol
than for propranolol. Since the retention factors of R-
and S-alprenolol have opposite temperature depen-
dencies, the enantioselectivity increases considerably

with increasing pH and temperature, from a,,, =

1.59 at pH 5.0 and 10°C to0 a,,,, = 5.77 a pH 6.0 and
40°C (Table 1). A consequence of this rapid increase
of the chiral selectivity with increasing pH and
temperature is a reversal of the elution order of
R-propranolol and S-aprenolol. At pH 5.0, R-pro-
pranolol is always eluted first, even at 40°C (Table
1). At pH 5.5, the reversal takes place between 20
and 30°C. At pH 6.0 the reversal takes place at an
even lower temperature, between 10 and 20°C.
Thus, examination of the analytical data suggests
that the adsorption behavior of the S-enantiomers of
the B-blockers is exothermic at low pH and endo-
thermic at high pH while that of the R-enantiomers is
aways exothermic. The narrow pH range in which
this behavior shifts from exothermic to endothermic
depends on the B-blocker. Whether it depends on the
hydrophobicity is unclear. The pH range within
which the thermal behavior of the retention shifts is
around pH 5.5 for S-propranolol and around pH 6 for
S-metoprolol but it is the lowest, around pH 5.0, for
S-aprenolol, a compound less hydrophobic than
propranolol. This result can be explained only after
separating the contributions of the enantioselective
and the nonchiral sites to the phase equilibrium.

4.3. Adsorption isotherms and enantioselectivity in
nonlinear chromatography

4.3.1. Experimental precautions — ionic strength
of the mobile phase

In previous studies, we used an acetate buffer
(with pK,=4.76 [37]) at an ionic strength | = 0.02
[18]. This buffer has an insufficient buffering capaci-
ty for aprenolol at the highest pH. This arose from
the combined effect of using a buffer with a low
capacity (I = 0.02) at pH 6 (1.24 above pK,) and of
aprenolol being available as the hydrogen tartarate
salt (an ampholytic protolyte) instead of the chloride
(aprotic), as in the cases of metoprolol and proprano-
lol. The only possibility to increase the buffer
capacity without changing the type of buffer was to
increase its ionic strength, which is why we used
buffers at 1 =0.10. Under these conditions, the
passage of the breakthrough fronts of the alprenolol
enantiomers did no longer affect significantly the
mobile phase pH. The new ionic strength is the
reason why we have to rerun the propranolol iso-
therms instead of comparing the isotherms of Ref.
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[18] with new results of metoprolol and alprenolol.
Although the presence of adsorbable additives in the
mobile phase usually gives rise to system peaks [13],
none were observed in this case. The concentrations
of al the mobile phases used were 100 mM of
acetate ions and 100 mM of sodium ions. Depending
on the pH, they had different concentrations of
undissociated acetic acid; at pH 5.0 the maobile phase
contained 44.7 mM acetic acid, and a pH 6.0, 4.47
mM.

4.4. Experimental precautions — range of
concentrations

We want to determine whether and how much the
saturation capacity (i.e. ¢, ) and the adsorption
energy (derived from b,) corresponding to each type
of adsorption sites vary, first with the hydrophobicity
of the solute and second with the pH of the mobile
phase. Earlier, we determined in which concentration
range it was necessary to acquire isotherm data to
determine with an adequate precision the different
parameters of a biLangmuir adsorption isotherm for
this type of CSP (i.e. an immobilized chiral protein).
We found that a dynamic concentration range of at
least 4000 was required [18]. The reason is that we
need to make some measurements at mobile phase
concentrations such that I (=bC) is very small
compared to unity (linear conditions) and other
measurements at concentrations for which I is
sufficiently large compared to 1 (nonlinear condi-
tions) [18]. The former measurements are needed to
obtain an accurate estimate of the initial slope of the
isotherm, the latter to determine an accurate estimate
of the ordinate of the isotherm asymptote, i.e. of the
saturation capacity.

With a biLangmuir isotherm there are two differ-
ent values of I" for the same concentration, C. In the
present case, /| =b;, C; for the nonchiral sites and
I, =D, C for the enantioselective sites. For a
Langmuir isotherm, the ideal concentration range
extends from I'<0.01 to 0.5<I'<1. A reldtive
concentration range of between 50 and 100 is
adequate provided the extreme concentrations are
well chosen [13]. However, our previous results
showed that for propranolol, the ratio b, /b;, is
between 50 and 60 [14,15,18]. Accordingly, mea-
surements must be made in a wide concentration

range, of the order of 4000. Data acquisition was
carried out in three different concentration ranges,
0.25-5 pM, 5 pM to 0.1 mM and 0.1-2.0 mM. In
the lowest concentration range, the experimental data
provide the sum of the two slopes, corresponding to
the nonchiral and chiral terms [a;, + a;,,, Egs. (4)
and (5)], the same result as the analytical data. They
permit also a check of the linear behavior of the
isotherm in this range, i.e. that the concentrations in
this range are low enough to allow the determination
of the isotherm data under linear conditions [18].
The data in the medium concentration range allow
the determination of the values of the coefficient b, ,,
and give a rough estimate of the vaue of g, .
Finally, the data in the highest concentration range
give a confirmation of the estimate of ¢ ,, ; and allow
the determination of b, , and ¢, ; [18].

4.5. Experimental equilibrium isotherms

Figs. 2—4 show the isotherms of the three B-
blockers included in this study, metoprolol, al-
prenolol and propranolol, at the different mobile
phase pH values studied, pH 5.01 (Fig. 2), pH 5.51
(Fig. 3) and pH 6.02 (Fig. 4). Figs. 2a, 3a and 4a
show the isotherm data in the low concentration
range (concentrations from 0 to 5 wM). Figs. 2b, 3b
and 4b show the data in the medium concentration
range (concentrations from 0 to 0.1 mM). Figs. 2c,
3c and 4c show the data in the high concentration
range (concentrations from 0 to 1.71 mM). The
symbols show the experimental data, o, for the R-
enantiomers, *, for the S-enantiomers. The capital
letters refer to the B-blockers, A, M and P for
aprenolol, metoprolol and propranolol, respectively.
The lines show the best biLangmuir isotherms
obtained by regression of the experimental adsorp-
tion data to Egs. (1) and (2). The dashed lines
correspond to the R-enantiomers and the solid lines
to the S-enantiomers. The best values of the parame-
ters of the isotherm are reported in Tables 2—4 (for
metoprolol, alprenolol and propranolol, respectively).

Equilibrium data were not included at pH 5.0 for
metoprolol because the adsorption of both enantio-
mers was too small to be measured accurately (the
retention factor of R-metoprolol was less than 1)
[13]. Fig. 2 shows that the adsorption isotherms of
the R- and S-enantiomers of alprenolol and proprano-
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Fig. 2. Single-component equilibrium isotherms for R- and S-enantiomers of aprenolol and propranolol. Experimental conditions: column,
100X 4.6 mm; stationary phase, immobilized CBH | on silica; mobile phase flow-rate, 1.0 ml/min. Symbols. experimental data, o,
R-enantiomer; *, S-enantiomer. Lines. best calculated biLangmuir isotherms (parameters in Tables 3 and 4), dashed lines for the
R-enantiomer, solid lines for the S-enantiomer. Eluent pH: 5.01. Analytes: R- and S-enantiomers of (A) aprenolol and (P) propranolol; (a)
low concentration range, 05 mM, (b) medium concentration range, 0-0.1 mM, (c) high concentration range, 0—1.71 mM.

lol a pH 5.0 are linear in the low concentration
range, i.e. below 5 puM (Fig. 2a). Theinitial dopes of
the isotherms increase from the aprenolol to the
propranolol enantiomers and from the R- to the
S-enantiomers at pH 5.0. The retention times of R-
and S-metoprolol are higher at pH 5.5 and their
adsorption data are included in Fig. 3. However,
their separation factor is low (Table 1) and the two
isotherms are close. At low concentrations, all
isotherms are again linear a pH 5.5, or nearly so
(Fig. 38). Their initial slopes are all larger than at pH

5.0, particularly those of the S-enantiomers. The least
hydrophobic B-blocker, metoprolol, has the lowest
slope. Note aso that at this pH, S-alprenolol is more
retained than R-propranolol (Fig. 3a). Thus, like the
elution order of the compounds (Table 1), the order
of increasing initial slope of their isotherms depends
as much on the configuration of the chiral center as
on the hydrophobicity of the particular B-blocker
studied. Similar observations can be made at the
highest pH, 6.0 (Fig. 48). However, the isotherms of
S-alprenolol and S-propranolol exhibit a slight curva-
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q (M)

Fig. 3. Single-component equilibrium isotherms for R- and S-enantiomers of metoprolol, aprenolol and propranolol. Conditions asin Fig. 2.
Symbols: experimental data, o, R-enantiomer, *, S-enantiomer. Lines: best calculated biLangmuir isotherms (parameters in Tables 2—-4),
dashed lines for the R-enantiomer, solid lines for the S-enantiomer. Eluent pH 5.51. Analytes: R- and S-enantiomers of (M) metoprolol, (A)
alprenolol and (P) propranolal. (@) Low concentration range, 0-5 wM, (b) medium concentration range, 0—0.1 mM, (c) high concentration

range, 0-1.71 mM.

ture in the low concentration range. The initial slopes
of all the isotherms are higher than at the two other
pH values, particularly those of the S-enantiomers.
The elution order of the six compounds is the same
at pH 6.0 and at pH 5.5. but the separation factor of
S-aprenolol and R-propranolol is higher at the
former pH, in agreement with the results discussed
earlier (Table 1).

Figs. 2—4 shows that the isotherms are no longer
linear in the intermediate concentration range, i.e.
between 0.005 and 0.1 mM. The curvature of the

isotherms is more important for the S-enantiomers,
particularly for S-alprenolol. At pH 5.5 the curvature
of this last isotherm is so strong that it intersects the
isotherm of R-propranolol, at C~18 uM (Fig. 3).
The isotherms of the two metoprolol enantiomers
seem to remain linear in this concentration range
(Figs. 3 and 4). At pH 6.0 the curvature of the
isotherm of S-aprenolol is unusually strong. This
isotherm intersects that of R-propranolol at C~27
pM (Fig. 4). Although the isotherm of S-propranolol
is more strongly curved at pH 6.0 than at pH 5.5 and
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Fig. 4. Single-component equilibrium isotherms for R- and S-enantiomers of metoprolol, aprenolol and propranolol. Conditions asin Fig. 2.
Symbols: experimental data, o, R-enantiomer, *, S-enantiomer. Lines: best calculated biLangmuir isotherms (parameters in Tables 2—4),
dashed lines for the R-enantiomer, solid lines for the S-enantiomer. Eluent pH: 6.02. Analytes: R- and S-enantiomers of (M) metoprolol, (A)
alprenolol and (P) propranolal. (8) Low concentration range, 0-5 M, (b) medium concentration range, 0—0.1 mM, (c) high concentration

range, 0—1.71 mM.

5.0 (Figs. 2-4), it is aways less curved than the
isotherm of S-alprenolol at the same pH.

Figs. 2c, 3c and 4c show the isotherms of all the
compounds studied in the high concentration range.
The two isotherms of each pair of enantiomers
become close and tend to be parallel (a characteristic
feature of the biLangmuir model for enantiomers).
The figures show that these isotherms are ordered,
first, by the nature (i.e., the hydrophobicity) of the
B-blocker, second, by the pH of the mobile phase,
and, third, by the configuration of the chiral center.
The resolution between the enantiomers of each pair

disappears at high concentrations. These effects are
due to the complete saturation of the selective sites
[Egs. (1) and (2)]. The isotherms of the two meto-
prolol enantiomers are significantly curved only at
high concentrations.

4.6. Isotherm modeling — discrimination between
different possible models

The experimental adsorption data of the B-block-
ers were fitted to three isotherm models, the biLan-
gmuir [Egs. (1) and (2)], the Langmuir and the
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Freundlich isotherm equations [13]. Successful com-
pletion of a regression requires weighing the data
points when the dynamic range is broad, as is the
case here. For proper weighing of our experimental
data, we used a weight equal to 1/0,oq, Where g,
is the stationary phase concentration predicted by the
model. This assumes that the relative error is con-
stant, an assumption supported by all results ob-
tained. Neither the Langmuir nor the Freundlich
model fitted the data as well as the biLangmuir one.
This was obvious from a visua comparison of the
experimental data and the best isotherms (not
shown).

That the biLangmuir model fits our data best is
confirmed by the values of the residuals (Table 5)
and by the conclusion of an F-test on the three
models. In al cases, the values of the F-test were
larger than 68 when comparing the results of the
biLangmuir model to those of the Freundlich model
and larger than 370 when comparing them to those
of the Langmuir model. The critical value in this
case (29 data points, 4 degrees of freedom for the
biLangmuir model, 2 for each of the other two
models) was 3.4. This result confirms the validity of
our assumption of a two-site surface. Although such
a surface is heterogeneous, it does not verify the
Freundlich model which assumes infinite retention at
infinite dilution, a result falsified by our experimental
findings (note the obviously linear region of the
isotherms at low concentrations). Finally, note that,
although possible in principle, a triLangmuir model

had to be ruled out. In spite of the acquisition of data
corresponding to a wide range of concentrations, the
regression did not give meaningful results. The
nonlinear regression program issued a warning sug-
gesting that there are too many parameters in the
fitting equation and the estimates of the errors on
some of the parameters are huge.

4.7. BiLangmuir parameters

The best values of the parameters of the biLan-
gmuir model are listed in Tables 2—4. Each set of
data was fit to Egs. (1) and (2) using eight in-
dependent parameters in these equations. This pro-
cedure allowed the validation of the isotherm model
since no assumption is made regarding the number
and nature of the adsorption sites. Still the best
estimates of the typel parameters (a, b, q)
obtained for each enantiomeric pair are close, with
differences not exceeding a few percents. This
demonstrates the validity of the model in our specific
case. Because of the low retention factors of the two
metoprolol enantiomers (k' ~1, see Table 1), their
adsorption is low and the results do not have the
same precision as for the other two B-blockers [13].

The nonchiral equilibrium constants (a,-terms) of
the three B-blocker pairs increase regularly with
increasing mobile phase pH. For metoprolol, the
coefficient a, is 34% larger at pH 6.0 than at pH 5.5
(Table 2). For aprenolal, it is 40%, and for propran-
olol, 39% larger at pH 6.0 than at pH 5.0 (Tables 3

Table 5
Residuals in the modeling of the equilibrium data (sum of the weighed squared residuals)

R (pH 5.0) S(pH 5.0) R (pH 5.5) S(pH 5.5) R (pH 6.0) S(pH 6.0)
Metoprolol
BiLangmuir N.a N.a 5.99-1077 3.77-1077 6.33-107 9.87-107
Freundlich N.a N.a 3.86-10°° 2.03-10°° 1.28-107° 3.48-10°°
Langmuir N.a N.a 1.87-10°° 2.68:107° 2.62:107° 5.39-10°°
Alprenolol
BiLangmuir 443-10°77 3.01-1077 8.25-1077 552:1077 1.14-107° 1.14-107°
Freundlich 1.03-107° 6.65-10° 2.46-107° 851-10° 416-10°° 8.28-107°
Langmuir 2.26-10°° 2.18-10°* 431-10°° 6.25-10* 9.00-10°° 1.30-107°
Propranolol
BiLangmuir 2.01-10°° 1.42-107° 2.85-10°° 452-10°° 367-10°° 3.98-10°°
Freundlich 4.25-107° 751-10°° 6.54-107° 5.81-10°° 8.29-107° 3.40-107°
Langmuir 1.14-107* 3.46-10°° 1.94-107* 7.64-107" 3.09-107* 154:10°°
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and 4). The coefficient b, is 74% larger at pH 6.0
than a pH 5.5 for metoprolol (Table 2). For al-
prenolol b, increases 42% (Table 3) and for propran-
olol 24% (Table 4) between pH 5.0 and pH 6.0. The
monolayer capacity of the nonchiral interactions, i.e.
g, =a,/b,, is nearly independent of the pH for
metoprolol (Table 2) and alprenolol (Table 3) but
increases dlightly, by 12%, for propranolol (Table 4).
So, for the two less hydrophobic B-blockers, meto-
prolol and alprenolol, the increase of the coefficient
a, with increasing pH can be explained mainly by an
increase of the interaction energy. By contrast, for
the more hydrophaobic propranolol, the increase of a,
with increasing pH must be explained by an increase
of both the interaction energy and the column
saturation capacity, even if the former effect domi-
nates. Thisis at variance with the results obtained at
| =0.02, a case in which the increase of the a, term
was mainly due to an increase of the saturation
capacity with increasing pH [18].

For both enantiomers of each pair of B-blocker,
the coefficients a,, increase rapidly with increasing
pH. As was expected from the data on the retention
factor under linear conditions (Table 1), the effect is
stronger for the S-enantiomers, especialy in the case
of alprenolol and propranolol. The coefficients a,, of
R- and S-metoprolol increase moderately, by 47 and
59%, respectively, when the pH increases from 5.5
to 6.0 (Table 2). By contrast, when the pH increases
from 5.0 to 6.0, the coefficients a,, of R- and S
aprenolol increase three and nearly 4.5 times, re-
spectively (Table 3). For R- and S-propranolol, the
relative increases are comparable, dightly more than
twice and nearly 3.5 times, respectively (Table 4).

The coefficients b,, of the three R-enantiomers are
practically independent of the pH, within the preci-
sion of the measurements (Tables 2—4). Thisresult is
in agreement with our previous results on proprano-
lol a a lower ionic strength [18]. This means that,
for the R-enantiomers, the increase in a,, originates
from an increase of the saturation capacity, Oy, .
For R-metoprolol, this capacity increases by 87%,
for R-propranolal, it increases approximately twofold
and, for R-aprenolal, it does so fourfold in the pH
range studied (Tables 2—4).

The b,, coefficients of the three S-enantiomers
increase till more rapidly with increasing pH. When
the pH increases from 5.5 to 6.0, the b,, coefficient
increases twice for S-metoprolol (Table 2). When the

pH increases from 5.0 to 6.0 the b, coefficient
increases nearly five times for S-aprenolol and
nearly four times for S-propranolol (Tables 2 and 4).
The saturation capacities of the S-enantiomers are
independent of the pH (Tables 2—4). This behavior is
the same for all B-blockers. It is in agreement with
our previous observations for propranolol at | = 0.02
[18].

In conclusion, it seems that, for the three B-
blockers studied here, the number of chiral sites
increases with increasing eluent pH for the R-en-
antiomers but remains constant for the S-enantio-
mers. By contrast, the interaction energy of the chiral
sites remains constant for the R-enantiomers but
increases considerably for the S-enantiomers. Under
the same conditions, the monolayer capacity for the
R-enantiomers seems to tend toward the value ob-
served for the more strongly adsorbed S-enantiomers.

4.8 BiLangmuir parameters and characteristics of
the isotherms

The accuracy of the isotherm parameters depends
strongly on the width of the concentration range in
which measurements of the amount adsorbed at
equilibrium are made [18]. The data in the low
concentration range give the sum of the nonchiral
and the chiral a terms, i.e. a;, +a;,, [18]. This is
aso what linear chromatography gives, the total
retention factor. The intermediate concentration
range provides the interaction energies of the type-l|
sites, i.e. the values of the b, | ,terms, and an estimate
of the monolayer capacities of the chiral sites, i.e. the
of the g, ,, ; terms. The datain the high concentration
range give the values of the total monolayer capaci-
ty,i.e. s+ Qs and the parameters of the type-I
sites, i.e. b;, and q; , ¢ [18].

In the low concentration range (Figs. 2a, 3a, and
43), the isotherms are linear. Their initia sopes
(equal to &, +4a,,,, Tables 2—-4) are larger for the S
than for the R-enantiomer. They increase with in-
creasing hydrophobicity of the B-blocker,
metoprol ol <aprenolol <propranolol, and with in-
creasing pH. The resolution of the S- and R-enantio-
mers under linear conditions increases with increas-
ing pH. The only significant change in the elution
order of the six compounds is the reversal in the
elution order of S-alprenolol and R-propranolol
between pH 5.00 and pH 5.50 (Figs. 2 and 3).
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This reversal results from the different behavior of
the initial slopes of the nonchiral and chira iso-
therms. The nonchiral contributions increase only
dlightly, between 34 and 40% for the different B-
blockers, with increasing pH. By contrast, the chiral
contribution increases several fold. The initial slope
of the isotherm of S-aprenolol increases more
rapidly than that of R-propranoclol because of the
large increase of the chiral contribution of S-al-
prenolol. The sum a, + a,, for S-alprenolol is 7.34 at
pH 5.0 and 26.91 a pH 6.0 because the a, term
increases 4.5 times in this pH range. The corre-
sponding sum for R-propranolol is 9.49 at pH 5.0
and 16.27 at pH 6.0 because the increase of the g,
term of the R-enantiomer is only 2.2 times. The a,,
term for S-propranolol also increases less than that of
S-aprenolol, which explains why the resolution of
these two compounds decreases with increasing pH
(see Tables 3 and 4).

In the medium concentration range the S-al-
prenolol and R-propranolol isotherms intersect at
C=0.28and 0.17 mM (Figs. 3 and 4), at pH 5.5 and
6.0, respectively. In this concentration range, pro-
gressive saturation of the isotherms of type-ll sitesis
taking place. This is why the isotherm data in this
range provide the values of the b, terms and an
estimate of the monolayer capacities of the chiral
sites, ;s [18]. In this concentration range, an
increase of g, ¢ a constant b, results in steeper
isotherms whereas an increase of b, at constant
i ¢ results in more strongly curved isotherms [18].

When the pH increases from 5.0 to 6.0, the
isotherms of both S-aprenolol and S-propranolol
become more curved, the former more so than the
latter (Figs. 2—4). This trend is due to the rapid
increase of b, ,, for these two S-enantiomers, nearly
five and four times for S-aprenolol (Table 3) and
S-propranolol (Table 4), respectively. At pH 6.0, the
surface coverages are 6, (=q,,/q,, ) = 82 and 83%
a C,=0.11 mM for S-aprenolol and S-propranolal,
respectively, and the sites are nearly saturated. The
S-alprenolol isotherm is markedly more curved than
that of S-propranolol (Figs. 2—4) although its value
of b;, is dightly lower, which should give it a
stronger curvature [18]. The explanation is that the
relative contribution of the type-ll sites to the total
adsorption is larger for aprenolol (89%) than for
propranolol (81%) [the relative chiral contribution=
a, /(a + a,)]. Also, the relative proportion of sites

of type-ll to the total number of sites is larger for
aprenolol (3.4%) than for propranolol (2.7%). So,
the effect of a stronger curvature in the case of
propranolol is drowned in the larger nonchiral contri-
bution.

The other four isotherms appear nearly linear in
the intermediate concentration range. This is essen-
tially an optical illusion due to the relatively small
amounts of solutes adsorbed at equilibrium and to
the ordinate scale of the figure. The surface coverage
of typell sites is 6,=55, 43, 47 and 46% at
C,=0.11 mM for R-propranolol, R-alprenolol, R-
metoprolol, and S-metoprolol, respectively. Those
values of the chiral site surface coverages are quite
significant and account for the curvature. The rela
tively large nonchiral contribution taking place in
each case also tends to obscure the phenomenon.

The isotherm data in the high concentration range
give access to the chiral monolayer capacity, ¢, .,
and to the parameters of the type-I sites, b, , and q; | ¢
[18]. In this concentration range the type-ll sites,
which are responsible for the resolution between the
isotherms, are completely saturated. Thus, al the
isotherms in Figs. 2—4 are grouped by pairs corre-
sponding to those of the two enantiomers at the same
pH. The contribution of the chiral type-ll sites is
limited to a small shift of the horizontal asymptote of
the isotherm. The effect of the pH on the adsorption
properties of type-l sites is seen in Figs. 2—4. The
amount of solute adsorbed at the highest concen-
tration and the corresponding isotherm slope in-
creases with increasing pH. This is due to the
increase of the interaction energy of the nonchiral
type-l sites, for metoprolol and aprenolol (Table
2-3), and the increase of both the interaction energy
and the monolayer capacity of the nonchiral type-I
sites for propranolol (Table 4). The steepness of the
isotherms in this range seems to depend more on the
type of B-blocker than on the pH, which indicates
that hydrophobicity is the determining parameter for
adsorption on these sites, not the pH which is of
secondary importance.

4.9. Comparison of linear and nonlinear data
In a previous study [15] we found that the

adsorption of S-propranolol on the chiral sites was
endothermic while the adsorption of R-propranolol
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on these sites and the adsorption of both compounds
on the nonchiral sites are exothermic. In this study
we showed that the shift from exothermic to endo-
thermic behavior takes place at a lower pH for the
less hydrophobic B-blocker alprenolol than for the
more hydrophaobic propranolol and at the highest pH
for the least hydrophobic metoprolol. This observa-
tion seems in contradiction with our conclusion that
the reason for the endothermic behavior is the
hydrophobic interaction between S-propranolol and
CBH | [15]. We can now explain this apparent
contradiction. The results of the isotherm modeling
(isotherms in Figs. 2—4, best biLangmuir parameters
in Tables 2—4) show that this contradiction is due to
the fact that linear chromatographic data ignore the
existence of a mixed retention mechanism. The shift
from exothermic to endothermic behavior takes place
at a higher pH for S-propranolol than for S-al-
prenolol because of the difference between the
relative contributions of the chiral and nonchiral
interactions for alprenolol and propranolol. The
relative contribution of chiral interactions to reten-
tion can be quantified with the ratio a,,/(a, +&,,).
This ratio is lower for S-propranolol than for S
aprenolol, especialy at low pH values. For example,
the relative chiral contributions are 84 and 64% at
pH 5.0, 89 and 81% at pH 6.0 for alprenolol and
propranolol, respectively. The relative chiral contri-
butions for metoprolol are 49% at pH 5.5 and 51% at
pH 6.0. Accordingly, the balance between the ex-
othermic, nonchiral contribution to retention and the
endothermic, chiral contribution is such for S-al-
prenolol that the chiral contribution dominates at
lower pH than for S-propranolol, the endothermic
behavior of the latter being diluted with a larger
amount of nonchiral interactions.

5. Conclusions

The strong influence of the pH on the adsorption
of propranolol on CBH | was previously demon-
strated [18]. Because the adsorption data fit well to
the biLangmuir isotherm, it was possible in this work
to determine separately the thermodynamic parame-
ters characterizing the adsorption of the enantiomers
of three different B-blockers on the chira and the

nonchiral sites. Knowing these contributions permit-
ted the independent study of the influence of the
nature of the B-blocker and the energy of the ionic
binding on these chiral and nonchiral interactions.

For all B-blockers, the retention of the S-enantio-
mer on the chiral sites increases with increasing pH
because the adsorption energy also increases with the
pH. The paralel increase of the monolayer capacity
of these sites explains why the R-enantiomers are
more strongly adsorbed at high pH values. While, for
the two least hydrophaobic B-blockers, the increase of
the nonselective adsorption energy with increasing
pH is the only cause of their retention increase, for
propranolol, the same increase is also an effect of a
higher monolayer capacity. The more hydrophobic
the B-blocker, the higher the monolayer capacities on
both the chiral and the nonchiral sites.

Finaly, linear retention data show that the re-
tention of the R-enantiomer of al B-blockers are
exothermic. That of the S-enantiomer is exothermic
at low pH values, endothermic at high pH values,
and athermal at some intermediate pH. This last pH
is close to 6 for the least hydrophobic B-blocker,
metoprolol. It is somewhere between 5.5 and 6.0 for
the most hydrophobic, S-propranolol. However, it is
5.0 for S-alprenolol. This apparent contradiction —
that the retention behavior of the less hydrophobic
aprenolol is endothermic at lower pH vaues than
that of the more hydrophobic propranolol, although
the hydrophobicity plays a significant role in the
interactions of the B-blockers with CBH | — is due
to the different influences of the pH on the enan-
tioselective and on the nonselective interactions. This
difference cannot be taken into account when linear
data are discussed and this causes a model error, a
mixed retention mechanism being wrongly treated as
a single mechanism. The separate determination of
the contributions of the two mechanisms that is
alowed by the measurement of the isotherm data and
their modeling clarifies the situation. The relative
contribution to the retention of S-alprenolol of its
adsorption on the exothermic nonchiral sites is
smaller than those of both S-propranolol and S
metoprolol at all pH values at which measurements
were carried out. However, the pH a which the
endothermic chiral adsorption balances exactly the
exothermic nonchiral adsorption depends on the
compound studied.
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