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Abstract 

Our recent extended peak resolution equation of capillary electrophoresis has been combined with the multiple 
equilibria-based electrophoretic mobility model of chiral separations to describe peak resolution as a function of the 
composition of the background electrolyte (pH and the P-cyclodextrin concentration) and a function of the 
operating variables (effective portion of the applied potential, dimensionless electroosmotic flow coefficient). Using 
the previously determined model parameters, the resolution surfaces were calculated for a Type I chiral separation 
(ibuprofen), and a Type III chiral separation (homatropine). In Type I separations resolution can be obtained only 
over a narrow pH range in the vicinity of the pK, value, and above a minimum value, the concentration of 
P-cyclodextrin plays a lesser role. In Type III separations, the pH- and @cyclodextrin concentlation-dependent 
resolution surface has two lobes, on which the migration order of the enantiomers is opposite. This can be an 
advantage in trace component analysis. In both Type I and Type III separations, peak resolution varies strongly 
with the dimensionless electroosmotic flow coefficient when its value is changed in the - 1 to 1 range. The loci of 
the pH-dependent and the /3-cyclodefrtrin concentration-dependent resolution maxima do not shift significantly 
when the dimensionless electroosmotic flow coefficient is changed. This fact provides the analyst with an additional 
resolution enhancement tool that does not alter the selectivity of the separation. The utility of the model and its 
theoretical predictions has been demonstrated by comparing measured and calculated 

1. Introduction selectivity as a function of the pH and the /3- 
cyclodextrin (CD) concentration of the back- 

In Parts I and II of this series of papers, which ground electrolyte (BGE) [1,2]. Using the elec- 
deal with the separation of enantiomers by troosmotic flow-corrected effective mobilities of 
capillary electrophoresis (CE), we introduced an the enantiomers, measured in three specifically 
equilibrium model that describes separation designed sets of BGEs, we were able to de- 

termine the model parameters: the acid dissocia- 
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stants between CD and the non-dissociated en- 
antiomers, the ionic mobilities of the dissociated 
non-complexed enantiomers and the ionic mo- 
bilities of the dissociated complexed enantio- 
mers. The model indicated the existence of three 
fundamentally different types of enantiomer 
separations depending on whether (i) only the 
non-ionic forms of the two enantiomers, (ii) only 
the ionic forms of the two enantiomers, or (iii) 
both forms of the two enantiomers interact 
differently with CD. 

Subsequently, we modified the general peak 
resolution equation to express peak resolution as 
a function of the separation selectivity, the 
effective charge of the enantiomers, and the 
dimensionless electroosmotic flow [3,4]. This 
resolution expression incorporates, as a limiting 
case, the equation proposed by Fried1 and 
Kenndler [5], which is applicable in the absence 
of electroosmotic flow. In this paper, we com- 
bine the extended peak resolution equation [3,4] 
with the selectivity data we obtained for weak 
acid [l] and weak base enantiomers [2] using 
native P-cyclodextrin as resolving agent. We will 
compare the emerging optimization schemes 
with the recommendations made in Parts I and II 
that were based solely on separation selectivity 
data. 

2. Theory 

According to Refs. [3] and [4], peak resolution 
in chiral CE can be described as: 

(1) 
where E is the field strength, 1 the length of the 
capillary from injector to detector, e, the electric 
charge, k the Boltzman constant, T the absolute 
temperature, (Y the separation selectivity, p the 
dimensionless coefficient of the electroosmotic 
flow, ziff the effective charge of the R enantio- 
mer and .ziff the effective charge of the S 

enantiomer. In turn, separation selectivity is 
defined as: 

eff 
PR 

(y=- 
eff (2) 

CLS 

with 
obs 

PR = P”R’ + P.3 (3) 

where pibs is the observed mobility of the R 
enantiomer, p: is the effective mobility of the R 
enantiomer, and p_, is the coefficient of the 
electroosmotic flow. The dimensionless coeffi- 
cient of the electroosmotic flow, p, is defined as: 

p=+ (4) 
ps 

Eq. 1 is applicable for the - ~0 <p s - (Y and 
- 16 /3 < 03 ranges. This is so, because according 
to its classical definition, R, has no meaning in 
the -_(y s /3 6 - 1 range, where only one of the 
enantiomers can migrate past the detector (the 
more mobile enantiomer in the - (Y <p c - 1 
range, and the less mobile enantiomer in the 
p = - o point). 

In a BGE which contains CD as the chiral 
resolving agent and the enantiomers of a weak 
acid analyte, HR and HS, acid dissociation 
(HR + H,O e R- + H,O’) and complex forma- 
tion (HR + CD = HRCD and R- + 
CD e RCD -) reactions will occur. (Only the 
reactions of the R enantiomer are shown.) The 
apparent equilibrium constants for these reac- 
tions are KHR, KHRCD and KRCD-. The effective 
mobility of the R enantiomer, piff, is a linear 
combination of the mole fractions and the ionic 
mobilities of the respective species [l]: 

eff 
PR = 

P;- + /&,-JGa,-WI 

1 + K,,, - [CD] + ‘H;o+l - (1 + Knac,,[CD]) 
HR 

(5) 
where & and c”&-n- are the ionic mobilities of 
the non-complexed and complexed, fully disso- 
ciated enantiomers, respectively. 

The effective charge of the R enantiomer, zF, 
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is a linear combination of the mole fractions and 
the ionic charges of the respective species [3,4]: 

eff = 
ZR 

z;- + z&,-Kacn-[CD] 

1 + K,,,-[CD] + ]HKo+l - (1 + Km&CD]) 
HR 

(6) 
where z”,- and zicu-. are the ionic charges of the 
non-complexed fully dissociated enantiomers, 
and the complexed fully dissociated enantiomers, 
respectively. Similar expressions exist for the S 
enantiomer. With these expressions, separation 
selectivity, (Y, becomes: 

(y = cc! + &CD-KR&CDI 

PO,,+ CL&,-Kscb-[CD1 

1 + KS,-,-[CD] + [Hf+] * (1 + KHscD[CD]) 
B 

1 + KRCD-[CD] + tH;co+l . (1 + KHRCD[CD]) 
a 

(7) 
since the non-complexed enantiomers have 
identical ionic mobilities and acid dissociation 
constants (& - = & - = p”_ and KHR = KHs = 
KJ 

Eqs. 1 and 4-7 predict that peak resolution 
depends on operator-dependent parameters (ef- 
fective portion of the applied potential, tempera- 
ture, concentration of CD, pH, coefficient of the 
electroosmotic flow) and solute specific parame- 
ters (acid dissociation constant, ionic charges and 
ionic mobilities for the non-complexed and the 
complexed enantiomers, complex formation con- 
stants for the dissociated enantiomers and the 
non-dissociated enantiomers) . Analogous expres- 
sions (in terms of [OH-]) can be derived for 
weak base analytes [2,4]. 

Since the ionic charges of the R and S enantio- 
mers are identical in both the CD - complexed 
and non-complexed forms (z”,- = zi- and 
z;cu- = z” scD-), the solute specific parameters 
that determine the shape of the peak resolution 
surface and the separation selectivity surface are 
the same. Therefore, it can be expected that 

there will be three different types of resolution 
surfaces (as there are three different types of 
selectivity surfaces), depending on whether (i) 
only the non-ionic forms of the two enantiomers, 
(ii) only the ionic forms of the two enantiomers, 
or (iii) both forms of the two enantiomers 
interact differently with CD. In Type Z sepa- 
rations, KHRCD # KHSCD, KRCD- = Ksc,- and 

&CD- = &&,-, which reduces the first term of 
Eq. 7 to unity. In Type ZZ separations, KHRCD = 
K HSCD 9 K RCD- # KSCD- and &D- + k&D- , 
which means that the first and second terms of 
Eq. 7 have opposing effects on the separation 
andcanresultina<l,a=landa>lwithan 
accompanying reversal of the migration order. In 
Type ZZZ separations, KHRCD Z KHSCD, K,,,- & 
K SCD- and pkcD- # &cD-, which again means 
that the first and second terms of Eq. 7 have 
opposing effects on the separation and can result 
in cz<l, cu=l and cr>l and can provide 
reversed migration orders. In order to test these 
possibilities, the resolution surfaces for ibupro- 
fen and homatropine, a chiral weak acid and a 
chiral weak base, have been calculated using the 
data published in Refs. [l] and [2]. 

3. Experimental 

The experimental conditions were described in 
detail in Refs. [l] and [2]; all data used in the 
present paper are taken from these measure- 
ments [except in Fig. 7, where LiOH was re- 
placed with Jeffamine 900 (Sigma, St. Louis, 
MO, USA) as base]. All calculations have been 
carried out on a 486DX33 personal computer 
(Computer Access, College Station, TX, USA) 
using the Origin Version 3.0 software package 
(Micro&l Software, Northampton, MA,, USA). 

4. Results and discussion 

Table 1 lists the model parameters for ibu- 
profen [l] and homatropine [2]. These parame- 
ters, coupled with E = 600 V/cm, I = 39.5 cm 
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Table 1 
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Ionic mobility and apparent equilibrium constant data for ibuprofen [l] and homatropine [2] at 37°C 

Ibuprofen Homatropine 

Parameter Value Parameter Value 

K, 3.3. 1o-5 K, 2.9.10-l’ 
p” (cm’/V s) 21.3. lo-’ PLO+ (cm’/V s) 23.4.10-* 
&CD- (cm’/V s) 6.6. 1o-5 hRcDo 0 W/V 4 9.2. W5 
CL~CO - (cm’/V s) 6.6. 1om5 0 

lLHS.CD + (cm*/V s) 9.2. 1O-5 
K - RCD 1280 K HRCD+ 88 
K - SCD 1280 K + HSCD 104 
K HRCD 1869 K RCD 1305 
K HSCD 1954 K SCD 1350 

and T = 37°C were used here for the calculation 
of the peak resolution surfaces. 

The three-dimensional peak resolution surface 
and its contour map for ibuprofen, a Type I 
separation, are shown in Fig. 1. The surface was 
calculated for p = 0 (no electroosmotic flow), 
and no electromigration dispersion. Along the 
pH axis, the resolution surface is dominated by a 
very-well-defined ridge in the vicinity of the pK, 
value. It is very important to note that this ridge 
spans only about 2 pH units at R, = 1, meaning 
that in the case of a Type I separation it is very 

4 

20 PH 
Fig. 1. Peak resolution surface for the enantiomers of 
ibuprofen as a function of the pH and the P-cyclodextrin 
concentration of the background electrolyte, calculated with 
P = 0, E = 600 V/cm, I = 39.5 cm, T= 310 K and the param- 
eters listed in Table 1. 

easy to miss the pH range where enantiomer 
separation can be achieved at all. Across the 
cyclodextrin concentration axis, R, first increases 
very rapidly, then, above 10 mM CD, it begins 
to level off towards a limiting high value. This 
means that from an optimization point of view 
the exact concentration of /3-cyclodextrin is not 
too important, it only has to exceed a minimum 
value. 

The prominent pH-dependent R, maximum 
can be rationalized by considering that at high 
pH there is no resolution at any CD concen- 
tration because LY is unity due to KRCD- = 
K SCD-. As the pH is decreased, the mole frac- 
tions of the non-dissociated enantiomers become 
larger resulting in increased LY (cf. Fig. 16 in Ref. 
[l]), As pH is further decreased to a value which 
is below the pK, value, the effective charge of 
the enantiomers (zeff) decreases rapidly (cf. Eq. 
6) which, according to Eq. 1, lowers the value of 
R, and results in an R, maximum. 

The peak resolution surface shown in Fig. 1 
confirms the operating condition selections rec- 
ommended in Ref. [l], which were based on the 
selectivity surface: “In the case of a Type I 
enantiomer (separation) . . . optimization of the 
separation (is) simple: the pH of the background 
electrolyte must be decreased until the selectivity 
becomes sufficiently high so that the desired 
peak resolution is realized with the available 
separation efficiency resulting, automatically, in 
the shortest possible separation time”. 

Since Fig. 1 has been calculated for /3 = 0, it is 
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instructive to see what happens to peak res- 
olution in the presence of electroosmotic flow. 
According to Fig. 1, at high CD concentrations 
R, is almost invariant in [CD]. Therefore, a 
constant CD concentration that is close to the 
solubility limit was selected, [CD] = 15 mM, and 
pH was varied between 2 and 6, while /3 was 
varied between -3 and 3. The calculated res- 
olution surface is shown in Fig. 2. The pH effects 
are similar to those that were observed in Fig. 1. 
As expected from Eq. 1, R, improves very 
rapidly as the condition /3 = - 1 is approached in 
the - 1 < /3 < CQ range, and as the condition p = 
- a! is approached in the - ~0 c p < - (Y range. 
If one uses an uncoated fused-silica capillary, the 
direction of the electroosmotic flow is opposite 
to that of the electrophoretic migration of the 
negatively charged ibuprofen enantiomers. The 
magnitude of the electroosmotic flow can be 
reduced easily by adding hydroxyethylcellulose 
to the BGE. As the electroosmotic flow is 
gradually suppressed, improvement in Rs is 
comparatively small in the - 10 < /3 < - 3 range. 
However, as p enters the -2 < /3 < - 1 range, 
R, improves tremendously. If the electroosmotic 
flow is depressed even further, and one crosses 
over into the - 1 < p < 0 range, the absolute 

value of the electrophoretic mobility of ibupro- 
fen becomes larger than that of the electro- 
osmotic flow, meaning that ibuprofen is carried 
through the capillary electrophoretically, rather 
than electroosmotically as in the - 10 < p < - 1 
range. R, is high as long as - 1 <p < - 0.5. In a 
pH 4.5 background electrolyte (close to the crest 
of the resolution surface), it is very easy to create 
such conditions by adding just enough hydroxy- 
ethylcellulose to sufficiently (but not excessively) 
depress the naturally weak electroosmotic flow, 
as demonstrated by the successful separation of 
the ibuprofen enantiomers in Fig. 17 in Ref. [l]. 
It is more difficult to probe the O<p range, 
because one has to use a capillary that has 
positive surface charges. 

One can compare the peak resolution values 
calculated from the model parameters, the ap- 
plicable field strength and electroosmotic flow 
velocities with the experimentally determined 
ones obtained in a series of measurements using 
[CD] = 15 mM background electrolytes in which 
the pH was varied between 4.1 and 5.3 (data 
taken from Fig. 13 in Ref. [l]). As shown in Fig. 
3, the calculated and measured resolution values 
follow the same trend, have their maximum at 

Fig. 2. Peak resolution surface for the enantiomers of 
ibuprofen as a function of the pH of the background 
electrolyte and the dimensionless electroosmotic flow coeffi- 
cient, p, calculated with E = 600 V/cm, I= 39.5 cm, T = 310 
K, [CD] = 15 miW and the parameters listed in Table 1. 

+ +++ 

X 
+ 

. . . . , . . . . , .::. ::. , 
3 4 5 6 

PH 
Fig. 3. Comparison of the measured and calculated peak 
resolution values for the enantiomers of ibuprofen as a 
function of the pH at a CD concentration of 15 mM, 200 
V/cm<E<700 V/cm, -0.95 <B <O. Measured data and 
the conditions are from Fig. 13 in Ref. [l]. X = Measured 
values; + = calculated values. 
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the same pH, indicating that the peak resolution 
model is suitable for separation optimization. 
Due to the presence of electromigration disper- 
sion, the measured peak resolution values are 
about 25 to 30% lower than the predicted ones. 
The peak resolution surface for homatropine, 
representing a Type III separation, is shown in 
Fig. 4. The surface has two lobes, which are 
separated by an R, = 0 line. The primary lobe is 
the one at low pH. Peak resolution on the 
primary (low pH) lobe is high for two reasons. 
First, the weak base is fully protonated at low 
pH, therefore (Y is high, because KHRCD+ # 
K HSCD+ ccf. Eq. 7 and Fig. 8 in Ref. [2]). 
Second, at low pH, ZF = 1 and 2:” = 1, which 
increases the value of R, according to Eq. 1. On 
the primary lobe, R, passes a maximum as the 
concentration of CD is increased. In the case of 
homatropine, this maximum would occur at 20 
mM, a CD concentration that is slightly higher 
than the solubility limit of CD. 

Part of the secondary lobe is visible in Fig. 4; 
it is at high pH and at high CD concentrations. 
One can cross over from the primary lobe to the 
secondary lobe by keeping the cyclodextrin con- 
centration constant (e.g. at 20 mM) and increas- 
ing the pH towards -and beyond- the pK, 

‘% 
% 

80 2 QH 

Fig. 4. Peak resolution surface for the enantiomers of 
homatropine as a function of the pH and the P-cyclodextrin 
concentration of the background electrolyte, calculated with 
p = 0, E = 600 V/cm, I = 39.5 cm, T= 310 K and the param- 
eters listed in Table 1. 

value of the conjugate acid. During this process 
R, first decreases, becomes zero, then increases 
again, albeit with a reversed migration order. 
Reversal of the migration order is caused by the 
change of (Y from (Y > 1 to LY < 1 (cf. Eq. 7 and 
Fig. 8 in Ref. 121). Unfortunately, for homatro- 
pine, R, is so small on the experimentally access- 
ible part of the secondary lobe (high pH, low CD 
concentration) that it is of not much practical 
significance. 

The peak resolution surface shown in Fig. 4 
agrees with the recommendations made in Ref. 
[2]: “ . . . (for) homatropine, . . . a Type 
III . . . (separation), one may conclude that the 
best optimization strategy would call for CD 
concentrations that are close to the solubility 
limit (15 mM is safe) and BGE pH values that 
are at or below pH 7, providing the highest 
selectivity in the shortest separation time”. 

Once again it is instructive to see the effects of 
the electroosmotic flow upon the peak resolu- 
tion. In Fig. 5, the R, values were calculated for 
constant 15 mM CD concentration, while the pH 
was varied between 5 and 9 (the region where 
most of the pH-induced R, change occurs in Fig. 
3). p was varied between -3 and 3. R, is 
practically invariant in pH as long as pH < 6.5. 

9 
8 

Fig. 5. Peak resolution surface for the enantiomers of 
homatropine as a function of the pH of the background 
electrolyte and the dimensionless electroosmotic flow coeffi- 
cient, p, calculated with E = 600 V/cm. I= 39.5 cm, T= 310 
K, [CD] = 15 mM and the parameters listed in Table 1. 
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The electroosmotic flow has a large effect on R, 
when - 1 C /3 < 1. While experimentally it is 
somewhat difficult to produce -1 < p values 

-1 < /3 < 1, of which the 
0 < p < 1 range is easily accessible experimental- 
ly as discussed above. 

In order to test the applicability of these 
theoretical predictions, the R, values were de- 
termined from the electropherograms used to 
construct Fig. 5 in Ref. [2]. The homatropine 
enantiomer peaks were strongly tailing in these 
electropherograms due to the presence of elec- 
tromigration dispersion and yielded distorted, 
low R, values. Therefore, the separations were 
repeated under the same conditions [2], except 
that LiOH, which was used to adjust the pH of 

25 

20 

5 

-3 

Fig. 6. Peak resolution surface for the enantiomers of 
homatropine as a function of the cyclodextrin concentration 
of the background electrolyte and the dimensionless electro- 
osmotic flow coefficient, p, calculated with E = 600 V/cm, 
2 = 39.5 cm, T = 310 K, pH 6.0 and the parameters listed in 
Table 1. 
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Fig. 7. Comparison of the measured and calculated peak 
resolutions for the enantiomers of homatropine as a function 
of the CD concentration at pH 6.30. X = Measured values; 
+ = calculated values. Conditions: 35 mM H,PO, solution 
adjusted to pH 6.30 with Jeffamine 900, 0.2% (w/w) 
250MHR PA hydroxyethylcellulose (Aqualone), 200 V/cm < 
EC700 V/cm, 0</3<0.5. 

the 35 mM phosphoric acid solution to 6.25, was 
replaced by Jeffamine 900, that has a much 
lower ionic mobility than Li+. The measured and 
calculated R, values are shown in Fig. 7 as a 
function of the cyclodextrin concentration. The 
trends are identical, except that the measured R, 
values are about 20 to 30% lower than the 
calculated ones indicating that the electromigra- 
tion dispersion could not be completely elimi- 
nated with the Jeffamine 900 base- The -electro- 
pherogram of homatropine obtained with the 
[CD] = 18 mM BGE is shown in Fig. 8. 

5. Conclusions 

The extended peak resolution equation, which 
contains the effective portion of the applied 
potential, the temperature, the separation selec- 
tivity, the effective charges of the solutes and the 
dimensionless electroosmotic flow coefficient as 
variables [3], has been combined with the multi- 
ple equilibria-based electrophoretic mobility 
model [1,2] which describes chiral CE separa- 
tions as a function of the pH and the p-cyclodex- 
trin concentration of the background electrolyte. 
Using the mobility model parameters of ibu- 
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Fig. 8. Electropherogram of a racemic homatropine sample. 
BGE: [CD] = 18 mM in 35 mM H,PO, solution adjusted to 
pH 6.30 with Jeffamine 900, 0.2% (w/w) 250 MHR PA 
hydroxyethylcellulose (Aqualone). CL,, = 1.6. 1O-5 cm*/V s, 
E = 430 V/cm, capillary length to detector: 39.8 cm, total 
length of capillary: 46.4 cm. First peak= benzyltri- 
methylammonium chloride; second and third peaks = 
homatropine enantiomers; last peak = benzylalcohol (electro- 
osmotic flow marker). 

profen, a weak acid [l], and homatropine, a 
weak base [2], the resolution surfaces were 
calculated for a Type I and a Type III chiral 
separation. It was found that in Type I sepa- 
rations useful resolution can be obtained only 
over a narrow pH range (about 2-3 units wide), 
in the vicinity of the pK, value. In Type I 
separations the concentration of cyclodextrin is 
not as critical a variable as the pH as long as its 
value is above a minimum level. For Type III 
separations, the resolution surface has two lobes 
which are separated by an R,(pH,[CD]) = 0 line. 
The migration order of the enantiomers changes 
as one moves from the primary lobe to the 
secondary lobe, which offers a distinct advantage 
in trace component analysis. 

Peak resolution was found to depend strongly 
on the value of the dimensionless electroosmotic 
flow coefficient. Impressive resolution enhance- 
ments could be seen in the - 3 < /3 < 1 range. 
Using uncoated fused-silica capillaries and hy- 
droxyethylcellulose as electroosmotic flow-sup- 
pressing agent, both the -2 < p < - 1 range and 

the - 1 < p < 0 range can be utilized to enhance 
the separation of negatively charged analytes 
(such as ibuprofen). Without the use of capil- 
laries with a positive surface-charge, only the 
resolution enhancement that is seen in the 0 < 
/3 < 1 range is available experimentally for the 
positively charged analytes (such as homatro- 
pine). 

It has been shown that the loci of the pH- 
induced and CD concentration-induced R, max- 
ima are not shifted significantly as the p values 
are changed. This fact allows one to first opti- 
mize the selectivity of the separation and then, if 
needed, independently increase the observed 
peak resolution by adjusting the value of p. 

The utility of the model has been demon- 
strated by comparing actual measured and calcu- 
lated Rs values. The R,(pH) and R,([CD]) 
trends agreed well, but the measured peak 
resolutions were consistently lower than the 
calculated ones indicating that additional peak 
broadening phenomena, most likely electromi- 
gration dispersion, also contributed to the mea- 
sured widths of the peaks. 

Further work is under way in our laboratory to 
extend the use of the peak resolution and chiral 
selectivity models to other solute types and other 
separation-enhancing agents as well. 
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