
M
P
c

P
a

A
b

a

A
R
A
A

K
C
I
H
L
K

1

t
(
o
a
a
e
r
p

L

i
2

(

1
d

Journal of Chromatography B, 875 (2008) 35–41

Contents lists available at ScienceDirect

Journal of Chromatography B

journa l homepage: www.e lsev ier .com/ locate /chromb

odel of CE enantioseparation systems with a mixture of chiral selectors
art II. Determination of thermodynamic parameters of the interconversion in
hiral and achiral environments separately�
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a b s t r a c t

The theoretical assumption that a multi-CS enantioseparation system, the model of which was described
in Part I of this work, can be treated as a separation system with only one CS is confirmed by a set of
experiments. The model assumes that each individual analyte–CS interaction is fast, fully independent
on other interactions and the analyte: CS ratio is 1:1 and that the analyte is present in its concentration
small enough not to considerably change the concentration of free CSs. An enantioselective environment
in affinity capillary electrophoresis is created using a commercially available mixture of highly sulfated
�-cyclodextrines as chiral selectors (CSs) and lorazepam as an analyte that undergoes interconversion
during the separation process. Dependencies of the electrophoretic mobilities of the two enantiomers on
orazepam
inetics

concentration of the CSs mixture are proved to follow the proposed multi-CS model. Global rate constants
of interconversion are determined at various temperatures and concentrations of the CSs mixture. In
accord with the proposed theory, linear dependencies of the global rate constants on CSs concentration
are achieved. Intercepts and slopes of these plots correspond to local rate constants of interconversion in
achiral (without the mixture of CSs in background electrolyte (BGE)) and chiral (with the CSs mixture in
BGE) environments, respectively. The experimentally obtained electropherograms show an excellent fit

the c
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with those resulting from

. Introduction

Separation environment for successful resolution of enan-
iomers cannot be always formed using a single chiral selector
CS). In many cases mixtures of isomers or derivatives with vari-
us degrees of substitution and various positions of substituents
re employed [1–6]. Often, CSs are commercially available only

s mixtures. Many papers have shown strong improvement of
nantioseparation if more than one CS has been added to the sepa-
ation system [1,3,7–15]. Some quantitative approaches have been
ublished describing dual-CS (namely dual-cyclodextrins) systems

� This paper is part of the Special issue ‘Enantioseparations’, dedicated to W.
inder, edited by B. Chankvetadadze and E. Francotte.
∗ Corresponding author at: Department of Physical and Macromolecular Chem-
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omputer simulation based on our model.
© 2008 Elsevier B.V. All rights reserved.

nder the conditions that: (i) an analyte’s enantiomer interact with
ny of CSs in 1:1 ratio, (ii) independent complexation occurs (i.e.
o mixed complexes are formed) and (iii) the two cyclodextrin
erivatives are well defined compounds [8,10,16–19]. Additional
resumptions that (iv) complexation reaction between the enan-
iomer and any CS in the mixture is much faster than the separation
and possibly interconversion – and that (v) the enantiomers are
resent in a concentration small enough not to considerably change
he concentration of free CSs are not usually mentioned but should
lso be considered. Part I [20] of this work has been aimed at a
escription of the behaviour of enantiomers on interactions with
mixture (i.e. two or more) of CSs present in the enatiosepara-

ion system (“multi-CS” enantioseparation system). Mathematical
quations of the distribution equilibria, migration and dynamics of
nterconversion have been derived. For the first time it is shown

here that under the preconditions mentioned above a multi-CS
ystem actually behaves as there was only one CS with its particular
roperties as summarized bellow. Moreover, as a number of CSs in
heir mixture is not restricted, the preset model remains valid even
f the precondition (iii) is not fulfilled, i.e. not pure selectors are used

http://www.sciencedirect.com/science/journal/15700232
mailto:paveldubsky@centrum.cz
mailto:pavel.dubsky@vuos.com
dx.doi.org/10.1016/j.jchromb.2008.06.048
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r even composition of the mixture is not exactly known. Similarly
o single-CS systems, interaction of an analyte with a mixture of
Ss in a multi-CS system is thus described by

over
i =

∑
q

Kq
i

�q (1)

0
i

and cq
i

are concentrations of the ith enantiomer in the free and
omplexed form, respectively, c0

q is the concentration of the free
orm of the qth chiral selector. The subscript i attains 1 or 2, for the
st or the 2nd enantiomer, respectively.

Kover
i

is the overall equilibrium constant (subscript i attains 1 or
, for the 1st or the 2nd enantiomer), �i is a molar fraction of the qth
S in the mixture of CSs. Kq

i
is an (intrinsic) equilibrium constant

f the complexation (association) between ith enantiomer and qth
S defined as Kq

i
= cq

i
/c0

i
c0

q , where c0
i

and cq
i

are concentrations of
he ith enantiomer in the free and complexed form, respectively,
0
q is the concentration of the free form of the qth chiral selector. If
ach CS is in sufficient excess when compared to the analyte, the
uantity c0

q can be approximated by ctot
q , the total (analytical) con-

entration of the qth CS, and ctot
CS =

∑
qctot

q is the total (analytical)
oncentration of the entire mixture of CSs. Further:

over
i =

∑
q�q

i
Kq

i
�tot

q

Kover
i

, (2)

over
i

stands for the overall mobility of the ith enantiomer when
ssociated with the mixture of CSs as the whole, �q

i
are individ-

al mobilities of the associates of ith enantiomer with qth CS. The
eaning of this quantity is described in detail in Part I. Effective
obility of an ith enantiomer, �eff

i
, in a multi-CS enantioseparation

ystem is then expressed as

eff
i = �0

i
+ ctot

CS Kover
i

�over
i

1 + ctot
CS Kover

i

(3)

here �0
i

stands for an effective mobility of a free form of an ith
nantiomer.

Similarly:

over
i =

∑
qkq

i
Kq

i
�tot

q

Kover
i

(4)

over
i

is the overall rate constant of interconversion of the ith enan-
iomer in the mixture of CSs. In principle, the quantity kover

i
does

ot describe the rate of interconversion of the analyte in a particu-
ar chiral environment of mixture of CSs, but should be considered
s a limiting value of the rate of interconversion in the system when
S concentration tends to reach infinity, as discussed in the Part I.
eaning of symbols is analogous to that in Eqs. (1) and (2). Finally,

he principle of microscopic reversibility [21] leads to the relations
s follows:

0
1 = k0

2 and Kover
1 kover

1 = Kover
2 kover

2 (5)

glob = k0
1 + ctot

CS Kover
1 kover

1 = k0
2 + ctot

CS Kover
2 kover

2 (6)

app
i

= kglob

1 + ctot
CS Kover

i

(7)

ere k0
1 and k0

2 are “achiral” rate constants of interconversion of the
nantiomers, kglob stands for the “global” and kapp

i
for the apparent

ate constants of interconversion. Apparent rate constants control

he interconversion in the whole system including both the chiral
nd achiral part. It is inherently impossible to discern between the
ocal rate constants, k0

1, k0
2, kover

1 , kover
2 , of interconversion in chiral

nd achiral environments in a single dynamic enantioseparation
xperiment.

2

S

r. B 875 (2008) 35–41

In our previous paper [22] we defined the global rate constant
glob for single-CS enantioseparation systems. We showed that a
ecomposition of the apparent rate constants (kapp

1 , kapp
2 ) back to

he local ones (k0
1, k0

2, kCS
1 , kCS

2 ) is possible because of the linear
ependence of kglob on concentration of the CS (here kCS

1 , kCS
2 are rate

onstants of interconversion of the two enantiomers when associ-
ted with the CS present in a single-CS system). Eqs. (5)–(7) and the
quations defined for a single-CS enantioseparation system are for-
ally identical. This implies that the approach originally proposed

or single-CS systems is also applicable for multi-CS systems.
Temperature dependences of the rate constants of intercon-

ersion enable to determine the corresponding thermodynamic
ctivation parameters of interconversion from the respective Eyring
lots:

n
(

k

T

)
= −�H#

R

1
T

+ �S#

R
− ln

(
h

kB�

)
(8)

ere, k is a rate constant of interconversion, T is the absolute tem-
erature, kB and h are the Boltzmann and the Planck constants,
espectively, and � is the transmission factor (a value of � = 0.5 is
onsidered for the reversible first order reaction of interconversion)
23,24]. k is the rate constant of interconversion and �H# and �S#

re relating thermodynamic activation parameters (enthalpy and
ntropy, respectively). The Eyring analysis in multi-CS systems has
een discussed in detail in Part I of this work.

Affinity capillary electrophoresis (ACE) [25,26] is a well-
stablished method that can be used to acquire all the necessary
ata for evaluation of the parameters described above. In the
CE experiment, an analyte interacts with an additive present in
he background electrolyte (BGE) and interaction-specific param-
ters such as equilibrium constant and limiting mobilities of
nalyte–additive complexes (associates) can be determined. In
hiral separations, a chiral selector is used as the additive, its con-
entration can be simply varied; the effect of temperature can be
lso examined.

Cyclodextrins (CDs) and their derivatives are very popu-
ar chiral selectors widely used in chiral separation techniques
1–3,7,8,11,14,27]. A drawback of these commercially available com-
ounds is that they are often supplied as poorly defined mixtures
f various isomers or derivatives with various degrees of substitu-
ion [6,28–30]. An example of these commercial mixtures of CDs
erivatives is highly sulfated �-CDs (HS-�-CDs) [28,31,32] that is
sed in this study as a multi-CS agent. Lorazepam, the analyte in
ur experiments, belongs to the family of diazepam drugs [33],
ome of them are known for their tendency to undergo interconver-
ion in the time scale of the separation process [23,34–41]. As the
ate of interconversion is dependent on temperature, evaluation of
hermodynamic activation functions (enthalpy and entropy) is also
ossible from the ACE measurements [39].

The aim of the present work is verification of the model of migra-
ion and interconversion proposed and described in detail in Part
of this study. The model is further utilized for computer simula-
ion and consequently for determination of all local rate constants
n a mixture of chiral selectors, namely HS-�-CDs. Separations per-
ormed at different temperatures allow to evaluate thermodynamic
arameters, such as activation enthalpies and entropies for both
nantiomers in both, chiral and achiral, environment separately.

. Experimental
.1. Chemicals

All chemicals used were of analytical reagent grade purity.
odium tetraborate decahydrate was a product of Lachema (Brno,
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ig. 1. Dependence of the effective mobilities �i of the 1st enantiomer on the tota
emperatures measured. Error bars: standard deviations. Similar curves were obtain

zech Republic). The chiral selector �-cyclodextrin, sulfated
odium salt (HS-�-CD) was purchased from Sigma–Aldrich (Prague,
zech Republic). Lorazepam racemate was obtained from the State

nstitute of Drug Control (SUKL, Prague, Czech Republic). Water
sed for preparation of all solutions was purified with a Milli-Q
ater purification system (Millipore, Bedford, USA).

.2. Instruments

All experiments were performed using the 3DCE capillary
lectrophoresis system with the ChemStation software (Agilent
echnologies, Waldbronn, Germany). Fused silica capillary of
0 �m I.D. and 375 �m O.D. was provided by CaCo (Bratislava,
lovakia). The total capillary length was 80.5 cm, the length to
detector was 72 cm. Detection was performed with the photo-
etric diode-array detector (DAD) at the detection wavelength of

10 nm. The capillary was thermostated at various temperatures
s described below. Samples were introduced hydrodynamically,
00 mbar s. Applied voltage was 15 kV (cathode at the detector
ide). The capillary was flushed with H2O for 8 min and with BGE
or 4.5 min before each run. pH was measured with a PHM 220
nstrument (Radiometer, Copenhagen, Denmark).

.3. Experimental conditions

Running buffer was composed of 20 mM sodium tetraborate,
H 9.20. Eight background electrolytes with various concentra-
ions of HS-�-CD (15, 20, 25, 30, 35, 40, 50 and 60 mg/L) were
repared by dissolving the appropriate amounts of HS-�-CD in
he running buffer. The sample solution was prepared as follows:
mg of lorazepam was dissolved in 1 mL of methanol, 150 �L of
he methanolic solution was mixed with 450 �L of the running
uffer (without HS-�-CD). All solutions were filtered and then
egassed in the ultrasonic bath before measurements. Electroos-
otic flow was determined by means of the stationary injection

ystem peak (we verified by our simulation program Simul [42]

w
p
t
p
m

able 1
xperimentally determined overall equilibrium constants, Kover

i
, and the related overall m

(◦C) Kover
1 (L g−1) �over

1 (x 10−9 m2 s−1 V−1)

15 0.0153 ± 0.0042 −0.240 ± 0.026
17 0.0160 ± 0.0038 −0.255 ± 0.024
0 0.0155 ± 0.0048 −0.267 ± 0.032
3 0.0147 ± 0.0025 −0.278 ± 0.018
7 0.0141 ± 0.0025 −0.293 ± 0.019
0 0.0142 ± 0.0030 −0.311 ± 0.024

rrors are expressed as 95% confidence intervals. Values are given for the 1st and the 2nd
entration ctot
CS of CSs mixture in a BGE at the lowest and the highest experimental

r the 2nd enantiomer.

hat it has zero mobility so it can be used for this purpose). To deter-
ine thermodynamic activation parameters the experimental runs
ere performed at the temperatures of 15, 17, 20, 23, 27 and 30 ◦C.

he measurements at each combination of temperature and CSs
oncentration were repeated at least three times.

.4. Software

Owing to the formal similarity of the single-CS enantiosepara-
ion system [22] with the multi-CS enantioseparation system (viz.
art I of this article [20]) the software SimulChir, previously used
or numerical simulation of the former system, can also be applied
or simulations of the latter. In contrary to our previous work [22],
e use a simplified model of continuity equations for computer

imulation of elution profiles in this work. Electrophoretic velocity
f each enantiomer is regarded constant and its value is obtained
xperimentally, concentration of mixture of CSs is also regarded
onstant, axially uniform and equal to its analytical concentration in
he BGE. The other constituents of the electromigration separation
ystem (except the two enantiomers) are not explicitly involved in
he simplified model. The simplified model has a better stability
nd its computation is less time consuming. The numerical simula-
ion is employed for determination of the global rate constant kglob:
t runs iteratively several times until the simulated electrophero-
ram and the experimental one have the same “relative plateau
eight”, Hpm. This parameter was introduced by Bürkle et al. [21]
nd is defined as

pm(%) = 2Vp

V1 + V2
× 100 (9)
here Vp is the height of the plateau in the middle between the
eaks, V1 and V2 are heights of the first and second peak, respec-
ively. In the iteration process the initial dispersion of the analyte
rofile at time t = 0 s is varied as well to achieve the same experi-
ental and simulated peak widths.

obilities, �over
i

Kover
2 (L g−1) �over

2 (x 10−9 m2 s−1 V−1)

0.0413 ± 0.0081 −0.883 ± 0.105
0.0424 ± 0.0080 −0.929 ± 0.107
0.0413 ± 0.0090 −0.960 ± 0.126
0.0381 ± 0.0050 −0.972 ± 0.075
0.0363 ± 0.0024 −0.999 ± 0.038
0.0368 ± 0.0039 −1.055 ± 0.065

enantiomer at the given temperature.
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ig. 2. Examples of the experimental and simulated electropherograms at differen
0 gL−1 HS-�-CDs. Solid curve: experiment. Dashed curve: simulation. EOF: system

The SimulChir was programmed in Delphi 7.0 environment
Borland Software Corporation, USA). The Graphical User Interface
llows a user-friendly input of parameters and the results of com-
utation to be presented as time-dependent concentration profiles
f constituents at the site of the detector. The algorithms searching
or peak widths and the relative plateau height, Eq. (9), are included.

ore information on the software and simulation algorithm used
an be found in Refs. [22,42,43].

. Results and discussion

A set of measurements should be carried out at various concen-
rations of CSs and various temperatures in order to evaluate all
hermodynamic parameters of the interconversion of enantiomers
ndividually in the achiral and chiral part of the enantioseparation
ystem. More than 170 measurements have been performed with
lateau heights Hpm resulting in the range from 1% up to 150% (or
ven to 300%). At least three data points have been measured at
ach combination of temperature and CSs concentration, and aver-
ge values, standard deviations and variances (squared standard
eviations) have been calculated. Standard deviations have been
onsidered as y-errors and reciprocal variances have been used as
eights for least-square fitting. The error propagation law has been

pplied to evaluate a variance of a variable after its transformation
f needed (Eyring analysis, evaluation of kover

i
).

The evaluation of the experimental results has been performed
n five consecutive steps as follows:

(i) ACE experiments. The experiments have been carried out at var-
ious CSs concentrations and temperatures. Observed effective

mobilities have been plotted against the concentration of the
CSs at each individual temperature and non-linear curve fits
have been obtained according to Eq. (3). As the result, overall
equilibrium constants, Kover

1 and Kover
2 , and overall mobili-

ties, �over
1 and �over

2 , have come out. (In our particular case,

t
i
t
e
F

able 2
pparent activation parameters calculated from Eyring analysis at various concentrations

tot
CS (g L−1) �H#,app

1 (kJ mol−1) �S#,app
1 (J mol−1 K−

15 107 ± 22 62 ± 75
0 89 ± 14 2 ± 48
5 104 ± 9 54 ± 29
0 97 ± 8 32 ± 25
5 96 ± 9 26 ± 31
0 92 ± 13 15 ± 43
0 96 ± 14 28 ± 47
0 100 ± 7 43 ± 23

rrors are expressed as 95% confidence intervals.
peratures and different CSs concentrations: (A) 15 ◦C, 15 gL−1 HS-�-CDs; (B) 30 ◦C,
with zero electrophoretic mobility—the marker of the electroosmotic flow.

the enantiomers non-complexed (non-associated) with CSs are
uncharged and have zero mobilities: �0

1 = �0
2 = 0.)

ii) Simulation of elution profiles. This step has resulted in determi-
nation of the global rate constant, kglob, and consequently, the
apparent rate constants, kapp

i
, by means of Eqs. (6) and (7).

ii) Plotting the apparent rate constants kapp
i

against 1/T (Eq. (8)) for
obtaining the apparent thermodynamic activation parameters,
i.e., the apparent activation enthalpies and entropies at various
concentrations of CSs mixture.

iv) Plotting the global rate constant kglab against concentration
of CSs according to Eq. (6) in order to evaluate the local rate
constants of interconversion of the enantiomers in the chiral
environment, kover

1 , kover
2 , and achiral environment k0

1, k0
2, at

various temperatures.
v) Plotting the local rate constants against 1/T (Eq. (8)) and eval-

uation of the local activation entropies and enthalpies of the
interconversion of enantiomers.

If the regression in (v) shows considerable linearity, this may be
onsidered as a proof of the plausibility of the model proposed in
his work.

.1. Determination of equilibrium constants

Overall equilibrium constants Kover
1 and Kover

2 quantify the affin-
ty of both enantiomers to interact with the mixture of HS-�-CDs.
hese constants, defined by Eq. (1), can be evaluated through
he ACE experiments as described above. HS-�-CDs concentra-
ion was given in g/L because of the unknown molar mass of the
Ds mixture; this, however, does not affect the final results, as

he product ctot

CS Kover
i

, which appears in all the related equations,
s dimensionless. Examples of the obtained regression curves for
he first enantiomer at two experimental temperatures (the low-
st and the highest temperature values studied) are shown in
ig. 1. The resulting values of Kover

i
and �over

i
are given in Table 1.

of the CSs mixture

1) �H#,app
2 (kJ mol−1) �S#,app

2 (J mol−1 K−1)

109 ± 23 66 ± 78
90 ± 14 3 ± 48

107 ± 9 61 ± 29
99 ± 8 33 ± 25
98 ± 9 29 ± 31
95 ± 13 20 ± 43
99 ± 14 35 ± 47

104 ± 7 52 ± 23
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ig. 3. Determination of the apparent activation parameters from the apparent Eyr
rror bars: standard deviations. The data are plotted for the 1st enantiomer. Similar

xperimental errors expressed as 95% confidence intervals are com-
arable with those usually obtained in single-CS systems. The good
t of experimental results proves that the mixture of HS-�-CDs
ehaves as there was only one CS in the separation system and
he interaction with each enantiomer can be integrally described
y means of the overall equilibrium constant Kover

i
and overall

obility �over
i

.

.2. Global and apparent thermodynamic parameters

The global rate constants are evaluated through numerical sim-
lation of the continuity equations (see Part I of this article [20])
s briefly described in Section 2.4. Two examples of experimen-
ally obtained and simulated electropherograms are shown in Fig. 2.
enerally, a very good agreement between experimental and simu-
ated electropherograms could be attained within the whole range
f CSs concentrations and temperatures.

Apparent rate constants were evaluated from the global rate
onstants, which result from the computer simulation, according
o Eq. (7). The Approximation Function (AF) introduced by Trapp

t
J
r
d
a

ig. 4. Determination of the local rate constants from the dependences of the global rate c
ars: standard deviations. The values are plotted for the 1st enantiomer. Similar curves w
ots at the lowest and the highest experimental concentrations of the CSs mixture.
s were obtained for the 2nd enantiomer.

nd Schurig [44] has been utilized to assess the firs measure of
he apparent (and subsequently the global) rate constant of inter-
onversion for the purpose of simulation. As expected, a good
greement was achieved when relative plateau height values was
mall while the situation was becoming worse with increasing the
elative plateau height. At very high plateau heights the AF could
ot be used at all and simulation is the only possible tool to evalu-
te the apparent rate constants of interconversion from the elution
rofile.

The apparent rate constants serve for “apparent” Eyring plots
nd provide apparent activation functions. The results obtained for
oth enantiomers are summarized in Table 2. The apparent ther-
odynamic parameters can be found for some analytes and CSs in

he literature [23,37,45–50]. Examples of the apparent Eyring plots
or the 1st enantiomer at the lowest and the highest experimen-

al concentrations of the mixture of CSs are shown in Fig. 3. As the
oule heating may slightly shift the results, additionally the cur-
ent in the capillary was measured at various voltages applied. This
ependency was found linear up to the experimental voltage, even
t the highest concentration of CSs. This indicates that the effect

onstants kglob on the total concentration of CSs, ctot
CS , at various temperatures. Error

ere obtained for the 2nd enantiomer.
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n the plot; upper line for the 1st enantiomer, lower line for the 2nd enantiomer; rig

f the Joule heating should not be too significant. In addition, all
ependences measured in this study meet very well the expected

inear trends that would have hardly arisen if the Joule heating had
ignificantly affected the results.

Although the Eyring plots show a good linearity, the activation
ntropy is determined with a relatively large error of estimation.
his is due to the fact that the measurements are performed in a nar-
ow temperature range (from 15 to 30 ◦C) while activation entropy
s determined by the extrapolation to the infinite temperature. This
s a general problem of the Eyring analysis [51]. Examples of evalua-
ion of apparent activation entropies with unrealistically low errors
f estimates can be found in some papers. We have recalculated
ome of the literature data and found that the authors probably
id not realise that not only the resulting slopes and intercepts but
lso their errors must be multiplied by R (universal gas constant)
hen transforming to the corresponding activation parameters.
oreover, to give the 95% confidence interval, the resulting error

hould be further multiplied by the factor of, typically, 2.0–2.5. This
ncreases a final error of the estimate by a multiplication factor of
bout 20. In addition, every dynamic-separation measurement in
E/HPLC is performed in a typical temperature range, say, 15–40 ◦C,
hat predestinates the error of measurement to be approximately
he same for each measurements regardless of the actual value of
pparent activation parameters. In summary, the determined errors
f the activation parameters are comparable with those accompa-
ying single-CS experiments. This fact, along with the good linearity
f the apparent Eyring plots at any CSs concentration, supports the
eliability of the determination of the rate constants by the com-
uter simulation approach.

.3. Local thermodynamic parameters
As proposed theoretically in our previous work [22] for single-
S enantioseparation systems and further generalized in Part I for
ulti-CS systems, the global rate constant kglob should exhibit a

able 3
ocal rate constants of interconversion, k0

i
, in the achiral part (CSs free BGE) and

verall rate constants of interconversion, kover
i

, in the chiral part of the separation
ystem (BGE with the mixture of HS-�-CDs)

(◦C) k0
1 = k0

2 (x 10−3 s−1) kover
1 (x 10−3 s−1) kover

2 (x 10−3 s−1)

15 0.0711 ± 0.0134 0.7570 ± 0.0237 0.2798 ± 0.0088
17 0.1115 ± 0.0167 1.0249 ± 0.0353 0.3855 ± 0.0133
0 0.2222 ± 0.0181 1.3813 ± 0.0243 0.5170 ± 0.0092
3 0.5881 ± 0.0247 1.7381 ± 0.0578 0.6704 ± 0.0223

27 1.0500 ± 0.0248 2.8194 ± 0.0906 1.0989 ± 0.0353
0 1.5400 ± 0.0673 4.0474 ± 0.1785 1.5604 ± 0.0688

rrors are expressed as 95% confidence intervals.

s
i
t
t
T
s

T
L{
s

P

�
�

E

of k0
1 = k0

2 (denoted k0 in the plot; left dependence) and kover
1 and kover

2 (denoted kCS

ph). Error-bars: standard deviations.

inear dependence on the total concentration ctot
CS of the mixture

f CSs, i.e., the mixture of HS-�-CDs in this study. This prediction
s fully in agreement with experimental results. Fig. 4 illus-
rates these dependences at four different temperatures. According
o the theory, kglob = k0

1 + ctot
CS Kover

1 kover
1 = k0

2 + ctot
CS Kover

2 kover
2 , so

ntercept and slope of the regressions relates to the rates of inter-
onversion in achiral and chiral environments, respectively, as
escribed in Part I. The apparent constants (discussed in the previ-
us section) can be decomposed into the local ones in this way,
o it can be distinguished which portion of the interconversion
akes place in the chiral and achiral part of the enantiosepara-
ion system. The interconversion in the chiral and achiral part of
he enantioseparation system is governed by the achiral, k0

i
, and

verall, kover
i

, rate constants of interconversion, respectively. It has
een already discussed in the Part I, that although the overall
ate constant kover

i
is not the true (intrinsic) rate constant, it still

rovides information on the rate of interconversion in the chiral
nvironment of the mixture of CSs. Unfortunately, the individual
ate constants of interconversion, kq

i
, of an ith enantiomer when

ssociated with a particular qth CS in the mixture, are unrecognis-
ble.

Local rate constants of interconversion at various temperatures
re summarized in Table 3. It is worth noting that the overall dis-
ribution constants are larger when compared to the achiral rate
onstant k0

i
, which implies that lorazepam undergoes the inter-

onversion faster if associated with HS-�-CDs than in the free BGE,
ithin the studied temperature range. The mixture of HS-�-CDs

eems to speed up the interconversion of lorazepam. However, this
s just a primary observation; the theory implies that this effect
hould depend on temperature. However, a wider examination of
he topic is beyond the scope of this article.

Rate constant of interconversion in the achiral environment, k0
i
,

hould provide a linear Eyring plot that allows the correspond-
ng activation parameters to be determined. The dependence of

he overall rate constants of interconversion kover

i
on tempera-

ure is generally more complicated (viz. discussion in the Part I).
he Eyring plot based on these overall rate constants may still
how linearity in a certain rather narrow temperature range and

able 4
ocal activation parameters calculated from Eyring analysis. �H# ≡
�H#,0

1 = �H#,0
2 ; �H#,over

1 ; �H#,over
2

}
for the achiral and overall part of the

ystem and the 1st and the 2nd enantiomer; the same for �S#

arameter Free form 1st enantiomer 2nd enantiomer

H# (kJ mol−1) 151 ± 29 75 ± 8 78 ± 7
S# (J mol−1 K−1) 209 ± 98 −36 ± 28 −36 ± 25

rrors are expressed as 95% confidence intervals.
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he overall activation functions may be evaluated. However, these
hermodynamic parameters are valid only in the given tempera-
ure range. The local Eyring plots are depicted in Fig. 5 for both
nantiomers in their free form and in the chiral environment of
he HS-�-CD mixture. Table 4 gives both the achiral and over-
ll activation parameters evaluated directly through the Eyring
nalysis.

. Conclusion and remarks

This study (Part I and Part II) aimed to: (i) propose a new
athematical model for enantioseparation (including on-column

nterconversion) when mixture of CSs is employed, (ii) verify
his model experimentally and (iii) verify our formerly proposed

ethod to distinguish between true and apparent thermodynam-
cs and to show that the method is utilizable even for mixtures
f CSs. In Part I [20], which has been focused on the first stage
i), we have made a theoretical assumption that an enantiosep-
ration system involving more than one CS (multi-CS systems)
ay formally be treated, if some approximations are considered,

s there has been only one CS. This has been fully confirmed
xperimentally in Part II as described herein. All experimentally
btained dependences of either mobilities or global rate constants
n concentration of the CSs mixture have shown the expected
rends. Simulated electropherograms have matched very well the
xperimental ones and the resulting apparent rate constants of
nterconversion have provided linear Eyring dependences. Also
yring plots of local rate constants of interconversion, as result-
ng from the linear dependences of the global rate constants on the
Ss concentration, have proved a significant linearity. The equa-
ions derived could fit well the experimental data in both the
emperature and CSs concentration coordinates. This result sup-
orts our approach introduced earlier [22] by which we succeeded
o resolve the apparent rate constants of interconversion back to
he local ones in the chiral and achiral environments individu-
lly.
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