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Abstract

Weak base enantiomers were separated by capillary electrophoresis using hydroxypropyl 0-cyclodextrin-con-
taining background electrolytes . The multiple equilibria-based electrophoretic separation selectivity model (DID
model) of enantiomers was used to analyze the results and determine the model parameters . The extended peak
resolution equation of capillary electrophoresis has been applied to calculate the peak resolution surfaces as a
function of the pH and the hydroxypropyl F-cyclodextrin concentration of the background electrolyte, the
dimensionless electroosmotic flow coefficient, and the effective portion of the applied potential . Combination of the
DID selectivity model and the extended peak resolution equation allows the rational optimization of the operating
conditions and the realization of separations previously deemed impossible .
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1. Introduction

By considering the pertinent multiple equilib-
ria, an equation has been derived [1 .2] to express
selectivity in the CE separation of the enantio-
mers of weak bases as a function of the pIi and
the chiral resolving agent (hydroxypropyl /3-
cyclodextrin, HP-f3-CD) concentration of the
background electrolyte (BGE) :
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where subscripts R and S describe the two
enantiomers . + is shorthand notation for the
dissociated weak base enantiomers, HR+ and
HS', which are not complexed with HP-9-CD,
RCD and SCD, and HRCD and HSCD + stand
for the non-dissociated and dissociated weak
base enantonters which are complexed with HP-
j3-CD, µat . tL gCD t and NNSCD- are the ionic
mohilities of the free and the complexed enantio-

men. KN is the base dissociation constant of the
enantiomers, and KRcD , KsCD, KURCD- and
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K„SCD ' are the formation constants for the
respective enxntiomer-l-IP-13-CD complexes,
and [CD] and [OH ] are the molar concen-
trations of HP-j3-CD and hydroxyl ion in the
BGE . If the analytical concentration of the
analyte is much smaller than that of the HP-j3-
CD, [CDJ can be considered identical to the
analytical concentration of HP-$-CD . (For the
sake of discussion, it is assumed that in the
presence of cyclodextrin the mobility of the S
enantiomer is smaller than that of the R enantio-
mer.)
The model parameters ( K , °

	

°- • tLHRCD -,

TznsCo •, KRCD, KSCD, KHR(-D, and Knscu*) can
he easily calculated from the electroosmotic
flow-corrected effective mobilities of the enantio-
mers, measured in three sets of BGEs . The first
set of measurements is carried out in the absence
of CD : the pH of the AGE is varied, but the
ionic strength is kept constant at a preselected
value [3] . In the second set, pH is kept constant
at least I (preferably, 2) pH units below the pKa
of the conjugate acid enantiomers, and [CD] is
varied while the ionic strength is kept constant at
the preselected value . Finally, in the third set of
experiments, pH is kept constant at about 0.5
pH units above the pK a of the conjugate acid
enantiomers, and [CD] is varied while the ionic
strength is kept constant at the preselected
value . In each run, the coefficient of the electro-
osmotic flow is also determined by simultaneous
injection of a non-charged component (e .g .
benzyl alcohol) . The effective mobility data are
then analyzed using a non-linear least square
approach .

It was recognized in Refs . [I] and [2] that
three different types of CE enantiomer sepa-
rations exist, depending on the numeric values of
the model parameters . The separation in which
only the non-charged forms of the analytes
interact selectively with the resolving agent (i .e .
KRCD#K.,D), has been called a Type I sepa-
ration. In order to have a more descriptive
name, it is suggested that such separations be
called desionoselective CE separations. The sepa-
ration in which only the charged forms of the
analytes interact selectively with the resolving
agent (i .e . KHRCD . T Kmsi-„t), has been called a
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Type I1 separation . It is suggested that such
separations be called ionua•elective CE separa-
tions. Finally, the separation in which both the
charged and the non-charged forms of the ana-
lytes interact selectively with the resolving agent
(i .e . KRCD # KscD and KIIRCD - 1 K,,,,,,) . has
been called a Type III separation. The recom-
mended term for such a separation is duoselec-
niue CE separation. The selectivity model itself
will be referred to as DID selectivity model .

An equation has been introduced [3,4] to
express peak resolution in the CE separation of
enantiomers as a function of the separation
selectivity, a, the dimensionless electroosmotic
flow coefficient, $, and the effective charge of
the enantiomers, zx r , 4" :

1

	

fe„
Y 8kT

abs(a-I)- a

	

+$)-Vabs(1+J3)-Vz','f
VI
xbs[(a + py]z),'` + V a abs[(l .-j3)']zs°

(2)

where E is the field strength, I the length of the
capillary from injector to detector, e„ the electric
charge, k the Boltzman constant and T the
absolute temperature . In this expression, the
dimensionless coefficient of the electroosmotic
flow . (3, is defined as :
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where µ;t' ° is the observed mobility of the S
enantiomer, gs is the effective mobility of the S
enantiomer and µ, o is the coefficient of the
electroosmotic flow . According to Refs . [1] and
[21, µ sir is :

P'S

Is' T I HSCD-Knsant[W]

I + K trs ~ . D . . [CD] + [aK - . (1 + Kscv[CD])
(5)



while according to Refs . [3] and [4], the effective
charge of the S enantiomer, z,r `, is :

O, +- uHSCD' KHSCD' [CD]

1+KiiSCD-[CD]+ OK	 ] •(I+Ksc0 [CD1)
n

with zHS _ and zH Si	s the ionic charges of the
fully dissociated enantiomers, non-complexed
and complexed, respectively . Similar expressions
exist for the R enantiomer .

The objective of this paper is to show that
peak resolution for the enantiomers of weak
bases is an explicit function of both the pH and
the HP-$-CD concentration of the background
electrolyte, as well as the dimensionless electro-
osmotic flow . Knowledge of the unique resolu-
tion surfaces that belong to the ionoselective,
desionoselective and duoselective separation
types allow the rational optimization of the
separation conditions and the realization of the
CE separations of weak base enantiomers which
were previously considered impossible .

2. Experimental

A PACE 2100 system (Beckman Instruments.
Fullerton, CA, USA) was used for all measure-
ments, with its UV detector set at 200 nm and
the thermostatting liquid bath temperature main-
tained at 25°C . The electrode at the injection
end of the capillary was kept at high positive
potential ; the electrode at the detector end of
the capillary was at ground potential . The field
strength was varied between 150 and 750 V'cm
to keep the power dissipation at 95 mW. The
0.1-0.2 mM samples (which also contained
benzyl alcohol as clcctroosmotic flow marker)
were injected electrokinetically . Untreated, 45 .5
cm (39 .5 cm from injector to detector) x 25 km
I .D . X 150 Am O.D . fused-silica capillaries
(Polymicro Technologies . Phoenix, AZ, USA)
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and 39.7 cm (33 .2 cm from injector to
de(ector) x 75 gm LD, x 375 µm O .D. fused-
silica capillaries with a neutral coating (Beckman
Instruments) were used .

HP-)3-CD (average degree of substitution of 7
[3]) was synthesized according to the modified
procedure of Rao et al . [51 from p-cyclodextrin
(American Maize Products, Hammond, IN,
USA) . HUE components 3-[tris(hydroxymethyl)-
methylamino]-i-propanesulfonic acid (TAPS)
and 3-(cyclohexylamino)-2-hydroxy-1-propane-
sulfonic acid (CAPSO) were obtained from
Sigma (St. Louis, MO, USA), methanesulfonic
acid (MSA) from Aldrich (Milwaukee, WI,
USA), Jeffamine ED-60() from Texaco (Hous-
ton, TX, USA), and 250MHR PA hydroxyethyl
cellulose (HEC) from Aqualon (Wilmington,
DE, USA). Test solutes atropine, chloro-
amphetamine, propranolol and henzyltri-
methylammonium bromide (13TW) were ob-
tained from Sigma. a-(Hydroxymethyl)benzyl-
triethylammonium chloride (HBTEAt ) was syn-
thesized in our laboratory according to Ref . [6] .
All solutions were freshly prepared using

deionized water from a Milli-Q unit (Millipore,
Milford, MA, USA) . Irrespective of the pH of
the BGE, the anion concentration was main-
tained constant at 100 mM. The anion-concen-
tration balanced background electrolytes [3]
were prepared by adding an accurately measured
volume of the concentrated stock solution of the
buffer, accurately weighed amounts of Jeffamine
ED-600, HP-g-CD, ionic strength controlling
agent MSA and an accurately measured volume
of the concentrated stock solution of HEC to a
volumetric flask [3] . The flask was filled to 95%
of its capacity with deionized water and the
contents mixed thoroughly . The pH of the solu-
tion was then adjusted using a concentrated
solution of lithium hydroxide or 40% tetra-
butylammonium hydroxide solution . Sub-
sequently, the volume was made up to the mark
with deionized water. The BGE was degassed
prior to loading into the electrolyte reservoirs,
Before each series of measurements, the capil-
lary was washed with 0.1 Al NaOH, rinsed by
deionized water and equilibrated with the back-
ground electrolyte (5 min, 5 min and 15 min,
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respectively) . Each run was repeated in at least
triplicate .
The parameters in Eqs . 1, 5 and 6 were

estimated from the measured, electroosmotic
flow-corrected effective mobilities using the
Table Curve 3D software package (Jandell . San
Raffael, CA, USA) running on a 486DX2 66
MHz 16M RAM personal computer (Computer
Access, College Station, TX, USA) . Eq. 5 was
rewritten as user defined function in the *

	

fudf
format of the Table Curve 3D software package
and the µ° and K values were obtained as
parameters . Once the parameters were deter-
mined, the three-dimensional surfaces were
calculated using the Origin Version 3 .0 software
package (MicroCal . Northampton . MA, USA) .

3. Results and discussion

3. 1 . Determination of the model parameters

In order to determine the base dissociation
constant and ionic mobility of a weak base, one
can change the pH of the BGE around the
expected pKb value and measure the effective
mobilities of the solute [7] . To obtain correct
pKt, values, the observed effective mobility
change must be due to the change in the solute
charge only . One can ascertain that this premise
is fulfilled by adding a permanent cation probe,
such as BTM I or HBTEA~, to the sample . If
the effective mobilities of the permanent cation
remain constant while the pH of the BGE is
changed, the effective mobility values of the
simultaneously electrophoresed weak base can
be used for the pKt, determinations . If one
prepares the BGE in the conventional way, e .g .
starting with a 100 mM TAPS (pK a = 8.4) solu-
tion and varying its pH from 7 .5 to 9 .5 by adding
increasing amounts of tetrabutylammonium hy-
droxide, and then uses these BGEs to determine
the effective mobilities, one obtains results simi-
lar to those shown in Fig . 1 . Clearly, the effec-
tive mobilities of both the weak base solute
(propranolol, symbol + ) and the permanent
cations (BTM', symbol x and HBTE.A', symbol
U), decrease significantly . 'l his large mobility

pH

Fig . I . Effective mobiiity• of propranolol { + ), HBTEA'
(O), and BTM` 1 x) in 100 mM TAPS buffers as a function
of the BCE pH . adjusted by tetrabutylammonium hydroxide .

decrease is due to the fact that the anion con-
centration (counter-ion concentration) increases
drastically as pH is increased (from about 2 mM
at pH 6.75 to about 99 mM at pH 10 .5) .
Therefore, to keep the anion concentration con-
stant. a non-hydrolyzing anion, e .g. methane-
sulfonate (MSA ) . must be added to the BGE in
decreasing concentrations as the pH is increased .
Such BGEs are called counter-ion concentration-
balanced BGEs [3] and can be prepared as
described in the Experimental section for weak
base analytes, and in Ref . [3], for weak acid
analytes .
The K, and µ; values of the weak base test

solutes were determined using counter-ion con-
centration-balanced BGEs . In the 7 .1 < pH < 9 .5
range these BGEs contained 100 mM TAPS and
20 m .4! Jeffamine ED-600 ; in the 9.3 < pH C 10.1
range they contained 100 mM CAPSO (pK a =
9.6) and 20 mM Jeffamine ED-600 . The final pH
adjustment was made with a small amount of
tetrahutvlammonium hydroxide solution . BTM
and HBTEA were added to the samples as
permanently cationic mobility markers . As an
example, the effective mobilities of atropine are
plotted in Fig . 2a as a function of the pH of the
BGE. With counter-ion concentration balancing
[3], the mobilities of the permanent cation,
NBTEA . indeed become constant . The calcu-
lated K„ and µ°, vaktcs of the weak base test
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Fig . 2 . Effective mobility of atropine ( + ) and HBTFA' (')
in counterion concentration balanced 100 mM TAPS buffers
as a function of (a) the pH of the HGF. . (b) the HP-/3-CD
concentration of the HGH at pH 7 .63 (top curve), and at pll
9.5 (bottom curve) . Solid lines : best fit curves calculated with
the constants listed in Table 1 .

Table I
Estimated model parameter values for the chiral week bases

solutes determined from these measurements are
listed in Table 1 .

Next, the effects of the HP-)3-CD concen-
tration were tested in a low-pH TAPS back-
ground electrolyte, in which the weak base
analytes are almost completely dissociated (pH
7.63). Again, as an example, the effective mo-
bilities of atropine are plotted in Fig . 2b as a
function of [CD] in the BUE . Finally, the effects
of the HP-p-CD concentration were tested in a
high-pH TAPS background electrolyte, in which
the weak base analytes are about 50% disso-
ciated (pH 9 .5) . Again, as an example, the
effective mobilities of the less mobile enantiomer
of atropine are plotted in Fig . 2h as a function of
[CD] . The calculated tLr RcD , I1H5CD , KHRCD
KHSC', KRCD and Ks,D values of the weak base
test substances arc listed in Table 1 .

Since the complex formation constants of the
protonated atropine enantiomers are identical,
i .e . KRCD • = KnscD = 211, this separation rep-
resents a desionoselective separation (a Type I
separation, in the old nomenclature [1-3]) . Since
the complex formation constants of the non-
protonated chloroamphetamine enantiomers are
identical within the experimental error (KRCD =
1000 and K5CD = 1006), this separation repre-
sents an ionoselective separation (a Type II
separation,- in the old nomenclature). For pro-
pranolol, none of the complex formation con-
stants are identical, KHH( D 1 # K11SCD 1 and
KRco ~ KSeD . Therefore, this separation repre-
sents a duoselective separation (a Type III sepa-
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Parameter Atropine Chloroaulphetamme Propranolol

/L (l0 `cm'/V s) 1340-0-06 17.'--0 .1 12 .4 ± 0 .1
10' K„ 6 .62 } 0 .03 565= 0.05 2.9-0 .1
pK, 9 .82 9 .75 9 .47
l+HRCD (10'cm"/V s) 3i X0.1 3,3'--0.1 3 .2! 0 .1
µrasco- (10 `cm'/V s) 3 .3

	

0.1 3.4±0 .1 3.2±0 .1
K!{RCD' 211 1 8 140-4 108'-3
K"
uscD' 211'8 14%11 116-3

KRCD 214o-60 1000 - 40 148 ± 5
K4CD

2320 ± 60 1000 - 40 163 ' 5
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ration, in the old nomenclature) . Since all the
parameters used in the effective mobility, effec-
tive charge, separation selectivity and peak res-
olution equations are known, the respective
surfaces for the three separation types can be
calculated and studied .

The general appearance of the z` ff and µ err

surfaces are similar for all test solutes, except
that the curvature of the surfaces along the HP-
j6-CD concentration axis varies, depending on
the magnitude of the K11 0F , KHSCD* , KaCD
and Ksc0 constants: the greater the constant
values, the sharper the initial decrease as [CD] is
increased . As examples, the effective charge
surface and the effective mobility surface of the
less mobile enantiomer of atropine as a function
of pH and [CD] are shown in Fig . 3a and b .

3.2. Separation selectivity surfaces

The three-dimensional separation selectivity
surfaces for atropine, chloroamphetamine and
propranolol are shown in Fig . 4 (with the con-
tour plots on the bottom plane) as a function of
pH and [CD] . For atropine, selectivity increases
from unity at low pH and low [CD] to a limiting
high value at high pH and high [CD] . This
behavior is typical of desionoselective weak base
enantiomer separations (Fig . 4a) . For chloro-
amphetamine at low pH, a increases rapidly as
[CD] is increased (Fig . 4b), passes a maximum at
about [CD] = 15 mM, then slowly decreases as
[CD] is increased further . Along the pH axis, at
[CD] =15 mM, a remains a constant high value
as long as pH < pK, - 2, then decreases rapidly,
crosses the a = 1 plane and continues to decrease
as pH is increased further. This means that the
migration order of the enantiomers can he re-
versed by selecting the right combination of pH
and [CD] . This behavior is typical of ionoselec-
Live separations of weak base enantiomers . For
propranolol (Fig . 4c), a again passes a maximum
as [CD] is increased at both low and high pH,
then drops below unity at low pH as [CD] is
increased further. This means that the migration
order of the enantioners can be reversed at low
pH by greatly increasing [CD] . This behavior is
typical of duoselective separations. Along the
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Fig . 3 . The dependence of the (a) effective charge and (b)
effective mobility of the less mobile enantiomer of atropine
as a function of the HP-Ii-CD concentration and the pH in
counter-ion concentration balanced 100 mM TAPS BCiEs .
The surfaces were calculated with Eq. 6 (charge), Eq . 5
(mobdtty) and the constants in Table 1

pH axis, at [CD] ==15 mM, a remains constant
as long as pH < pK, 2, then increases to a
limiting value in the pH > pK, + 1 range .

3.3. Peak resolution surfaces

The peak resolution surfaces can he calculated
with Eq . 2 . However, since R, depends on pH,
[CD] and )3. the dimensionless electroosmotic
flow coefficient, one of these variables must be
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held constant if the surfaces are to he visualized .
For Fig. 5, where R, is shown as a function of
pH and [CD] for atropine . chloroamphetamine
and propranolol, we selected d=U (i.e . no
electroosmotic flow) . This condition can be real-
ized easily by using capillaries with a hydrophilic,
neutral coating . For the desionoselective sepa-
ration shown in Fig . 5a (atropine), resolution can
only be achieved over a narrow pH range . about
2 pH units wide, in the vicinity of the pK, value .
This means that desionoselective separations are
not rugged in terms of the pH variable . This may

279

use
Fig . 4 . Selectivity surfaces lot the separation of the enantiomers of (a) atropine (desionoselective separation), (b) ehloro-
amphetaniine (ionusclectivc sepmation) and (c) propranoloi (duoseleett%e separation) as a function of the HP-,6-CD con-
centration and the pH in counter-ion concentration balanced 100 mM'IAI'S BUEs.'fhe surfaces were calculated with 8q . I and
the constants in Table 1 .

be the main reason why previous attempts to
separate the enantiomers of atropine [8] proved
unsuccessful . On the [CD] axis, resolution barely
changes once the HP- j3-CD concentration ex-
ceeds 20 mM .. i .e. the separation is quite rugged
in terms of the [CD] variable .

For the ionoselective separation shown in Fig .
5b (chloroamphetatnine), the resolution surface
has two lobes. The primary lobe is at low pH,
where the separation is rugged in terms of the
pH variable (as long as it is at least 1 .5 units
below the pK,), and not rugged in terms of
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Fig . 5 . Peuk resolution surface [or the separation of the a Iantiumeis of (a) atropine (desionoselective separation), (b)
chloroamphelamine (ionoselective separation) and (c) propranolol (duoselective separation) as a function of the HP-0-CD
concentration and the pH in counter-ion concentration balanced 100 mM TAPS BGEs . The surface was calculated with Eq . 2 and
the constants in Table I fur Ii =O and E=329 V'cm, T=298 K and 1=38.65 cut,

[CD] . From a practical point of view, one is
better off selecting a [CD] value that is slightly
above the maximum point . because R, changes
here less rapidly than below the maximum point .
The secondary lobe is at high pH . The migration
order of the enantiomers on the secondary lobe
is opposite to the one on the primary lobe . The
separation is not rugged either in terms of pH or
[CD] .

For the duoselective separation shown in Fig .
5c (propranolol), the resolution surface again
has two lobes. The primary one is at low [CD]

Y. Y . Rawjee et al . / J. Chrontatogr . A 688 (1994) 273-282
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and spans the entire pH range . The separation is
rugged on the primary lobe in terms of pH, as
long as it is about 1 .5 units below the pKa . Both
the charged and the non-charged forms of the
enantiomers of propranolol contribute to the
separation cooperatively, because KHRCD' <
K	and KRCD < K5C3 . Since KIISCD*/

KIIRC.D • is smaller than KSCD/KRCD (1 .07 vs.
1 .10), R, increases as pH is increased towards
the pK, value at [CD] 72 mM. A global R,
maximum is passed, then the resolution de-
creases rapidly due to the loss of charge at even



higher pH. The secondary lobe can be accessed
more easily at low pH by increasing [CD] to high
values . Just as in an ionoselective separation, the
migration order of the enantiomers is opposite
on the primary and the secondary lobes .

'I'o show how closely the loci of the predicted
and measured Rs maxima agree, and also, to
demonstrate the importance of pH in a des-
ionoselective separation, the electropherograms
of atropine were determined at E=267 Vlcm
using a 39 .2/46.2 cm x 7.5 Am I .D. capillary with
an experimental neutral coating (Beckman). The
background electrolytes had a constant, 50 mM
HP-(3-CD concentration, and their pH was var-
ied between 7.4 and 9.6 . The measured
(symbol x ) and the predicted (symbol + ) R,
values are plotted as a function of pH in Fig. 6 .
The predicted R, values were calculated with the
constants in Table 1 . The measured R, values are
only a third as high as the predicted ones,
because electromigration dispersion leads to
peak distortion . However, a baseline-baseline
separation, shown in the inset in Fig . 6, can he
achieved by simultaneously increasing the field
strength to 378 V/cm and dynamically matching

Y. Y- Rawjee el al . 1 L Chrumofogr. 1t 688 (1994) 273-292

pH

Fig . 6 . Comparison of the predicted ( + ) and measured ( x l
R, values for atropine as a function of pH in counter-ion
concentration balanced 1W mM LAPS, [CD]=50 mM
BGEs. 'the measured values were obtained using a 33.2/39 .7
cm x 75 µm I .D . capillary with a neutral coating (Beckman),
E=267 VIcm. Inset : partial electropherogram of a racemic
mixture of atropine obtained in a counter-ion concentration
balanced BCE with 50 mM TAPS, pH 8 .6, [( :I)]=50 mill,
F=378 V/ cm, T=298 K, 13<0 .1 . 10 1 cm ulVs, using a
33.2/39 .7 cm x 75 µm I.D. capillary with an experimental
neutral coating (Beckman) -
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vii
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Fig . 7 . Electropherograms of (a) BTM' and a racemic
mixture of chloroamphctamine, and (b) BTM', racemic
mixtures of HBTEA - and propranolol, obtained in a coun-
ter-ion concentration balanced 100 mM TAPS, pH 7.6,
[CD]=15 mM BGE, E=267 Vrrm, T=298 K, $i<0 .1
10 ' cm '. I V s, using a 3,4-21`39.7 cm x 75 sam I .D_ capillary
with a neutral coating (Beckman))

the mohilities of the solutes and the BCE com-
ponents (as described in Ref . [9]) .

Finally, the electropherogram of a sample
containing Bh7' and a racemic mixture of
chloroamphetamine is shown in Fig . 7a, while
that of BT 4' and racemic mixtures of HBTEA'
and propranolol is shown in Fig . 7b .

4. Conclusions

The multiple equilibria-based DID selectivity
model and the extended peak resolution equa-
tion of CE were used to analyze the possibilities
of electrophoretic enantiomer separations for
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chiral weak bases, using HP-O-CD as resolving
agent. The existence of all three separation types
predicted by theory has been verified experimen-
tally for chiral weak bases . In a desionoselective
separation (exemplified by atropine), only the
non-dissociated enantiomers complex selectively,
and resolution is possible only in a narrow pH
range in the vicinity of the pK, value . These
separations are rugged in terms of the concen-
tration of the resolving agent . In an ionoselective
separation (exemplified by chloroamphetaminc),
only the dissociated enantiomers complex selec-
tively. Resolution, displaying a local maximum
as a function of the resolving agent concen-
tration, is possible at any pH value that is at least
two units below the pK, . Resolution is also
possible in the vicinity of the pK, value, albeit at
high resolving agent concentrations, and with a
reversed migration order . Finally, in a duoselec-
tive separation (exemplified by propranolol),
both the dissociated and the non-dissociated
forms of the enantiomers complex selectively
with the resolving agent . The resolution surface
again has two lobes, affording different migra-
tion orders at different pH and resolving agent
concentration combinations . The resolution
equation explicitly shows the impressive resolu-
tion gains that can he realized by a judicial
choice of the magnitude of the dimensionless
electroosmotic flow coefficient . Combination of
the extended peak resolution equation and the
DID selectivity models permit the development
of chiral CE separations in a methodical fashion,
rather than by trial-and-error . Further work is
under way in our laboratory to extend the model
to other analytes and resolving agents as well .
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