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Enantiomer separation by strong anion-exchange
capillary electrochromatography with dynamically
modified sulfated 3-cyclodextrin

A novel mode of capillary electrochromatography (CEC) based on a dynamically modi-
fied stationary phase was presented for chiral separation. The capillary column was
packed with strong anion-exchange (SAX) stationary phase packing; the sulfated B-
cyclodextrin (S-CD), which was added to the mobile phase, was dynamically adsorbed
to the packing surface. Separation of enantiomers was achieved by their different abili-
ties to form an inclusion complex with the adsorbed S-CD. The enantiomers of trypto-
phan, praziquantel, atropine, metoprolol, and verapamil were successfully separated in
this system with a column efficiency of 36000—412000 plates/m. The resolution value
obtained for atropine was as high as 11.23. The superiority of CEC with a dynamically
modified stationary phase over that with a physically adsorbed stationary phase was
demonstrated. The influence of ionic strength, S-CD concentration, and methanol con-
tent on separation was also studied.

Keywords: Enantiomer separation / Electrochromatography / Strong anion-exchange stationary
phase / Dynamically modified stationary phase / Sulfated -cyclodextrin EL 4222

1 Introduction

Capillary electrochromatography on dynamically modified
stationary phase (DMS-CEC) is a novel mode of CEC.
This system is established by adding some amount of
agent with considerable affinity to the packed stationary
phase into the mobile phase. Thus, the agent added will
be dynamically adsorbed to the packed stationary phase
to form a new layer of stationary phase. The solutes in
this system will be separated mainly based on their differ-
ent interaction with the dynamically adsorbed stationary
phase. The long alkyl chain of cetyltrimethylammonium
bromide (CTAB) has a strong affinity to the hydrophobic
stationary phase. Garner and Yeung [1] have reported
that a capillary coated with a hydrophobic stationary
phase proved to be a dynamic ion exchanger in the open-
tubular electrochromatography when CTAB was added to
the mobile phase. Recently, we have developed the
packed column based on the DMS-CEC mode [2, 3]. Bare
silica and strong cation-exchange (SCX) stationary phase
have been used as the packing material and CTAB was
used as the dynamically adsorbed agent. Under the
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experimental conditions, the surface of the packing is
negatively charged and the positively charged quaternary
ammonium group of CTAB has a strong affinity to these
packing materials due to the electrostatic attraction.
Therefore, the CTAB will be dynamically adsorbed to the
packing surface to form a hydrophobic layer, and the neu-
tral solutes can be retained by the reversed-phase chro-
matographic mechanism [2, 3]. Simultaneous separation
of the acidic, basic and neutral solutes was achieved suc-
cessfully in DMS-CEC with SCX packing at low pH
because a strong EOF can be obtained in this system [3].
The packing material in DMS-CEC may also be positively
charged, and the stationary phase dynamically modified
by the anionic agent such as sodium dodecyl sulfate
(SDS).

A series of chiral stationary phases including cyclodex-
trins [4-6], proteins [7-11], cellulose derivatives [12],
macrocyclic antibiotics [13], molecular imprint polymers
[14, 15] efc., have been successfully used for enantiosep-
aration in CEC. In this work, CEC with a dynamically ad-
sorbed chiral stationary phase is presented. The capillary
column was packed with strong anion-exchange (SAX)
stationary phase, and the sulfated 3-CD (S-CD) was used
as additive agent in the mobile phase, which will be
dynamically adsorbed on the packing surface to form a
layer of B-CD stationary phase. The enantiomers can be
separated according to their different interaction to the ad-
sorbed stationary phase. The repeatability of migration
times between CEC with physically adsorbed stationary
phase and dynamically modified stationary phase was
compared. The influences of ionic strength, S-CD con-
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centration, and methanol content on the separation were
also studied.

2 Materials and methods

2.1 Instrumentation and material

All CEC experiments were performed on a P/ACE system
MDQ (Beckman, Fullerton, CA, USA); a Spectra-Physics
pump (San Jose, CA, USA) was used to pack capillary
columns; a 1 mL insulin syringe (Becton Dickinson and
Company, Franklin Lakes, NJ, USA) was employed to
flush the column. Fused-silica capillaries (50 um ID,
365 um OD) were obtained from Yongnian Optic Fiber
Plant (Hebei, China). 5 um Spherisorb-SAX was pur-
chased from Waters Phase Separation (Milford, MA, USA).

2.2 Chemicals and buffers

Praziquantel, atropine, metoprolol, verapamil, benzoin,
ibuprofen, warfarin, naproxen, ketoprofen, and fenoprofen
were purchased from Sigma (St. Louis, MO, USA).
pL-Tryptophan, p-tryptophan, and L-tryptophan were from
Shanghai Institute of Biological Chemistry, Academia Sin-
ica (Shanghai, China). All other chemicals used were of
analytical or chromatographic grade. The S-CD was ob-
tained from Aldrich (Milwaukee, WI, USA). According to
the product comments, the typical substitution is 7—11
moles/mole B-CD. The stock solution of sulfated S-CD
with a concentration of 200 mg/mL was prepared by dis-
solving the appropriate amount of S-CD in water. The
stock buffer solution (HAC-TEA) at pH 4.0 was prepared
by neutralizing a 100 mm acetic acid (HAC) solution with
triethylamine (TEA). The mobile phase for CEC with a
physically adsorbed stationary phase (ASP-CEC) was
prepared by mixing appropriate volumes of methanol,
stock buffer solution, and water. The mobile phase for
CEC with a dynamically modified stationary phase (DMS-
CEC) was prepared by adding appropriate volumes of a
stock S-CD solution to the mobile phase for ASP-CEC.
Before running, the mobile phase was degassed in an
ultrasonic bath for 30 min. The concentration of the enan-
tiomers was 100-500 pg/mL.

2.3 Column preparation and separation
conditions

CEC columns were packed in this laboratory by the slurry
packing technique as reported [3, 16]. All columns were
31 cm long with an effective length of 10 cm. Prior to the
CEC experiment, the column was first flushed with the
mobile phase containing S-CD for 30 min by a syringe.
Then the column was equilibrated on the instrument with
this mobile phase for at least 1 h. The applied voltage first
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was ramped from 0 to 10 kV for 10 min and then operated
at 10 kV. The separation in DMS-CEC can be carried out
directly with this mobile phase. The initial procedure for
ASP-CEC was the same as for DMS-CEC. After the col-
umn was equilibrated with the mobile phase containing S-
CD, the column was conditioned with the mobile phase
without S-CD for 30 min. Then the separation was carried
out with the mobile phase without S-CD. The temperature
was kept at 25°C and the detection wavelength was set at
214 nm. The separation voltage was 10 kV if not other-
wise stated.

2.4 k*-value and separation selectivity

In order to describe the migration process of a charged
solute in CEC, the electrochromatographic retention fac-
tor (k*) was defined as follows [17-20]:

k* = (t— to)/to (1)

where t, is the migration time of a solute and f, is the void
time, which is marked by the solvent peak in this study.
The separation selectivity (o) was calculated as follows:

o= (= t)/(t — k) )

where t; and f, are the migration times of the first eluted
and later eluted enantiomer, respectively.

3 Results and discussion

3.1 Comparison of ASP-CEC with DMS-CEC

The surface of SAX packing is positively charged, and the
negatively charged compounds can easily be adsorbed to
the packing. Chiral separation based on physically ad-
sorbed S-CD in CEC was carried out. The capillary col-
umn packed with SAX material was first rinsed with a
mobile phase containing 10% methanol and 2.0 mg/mL
S-CD in 20 mm HAC-TEA buffer (pH 4.0) for at least 30
min, then conditioned on the electrophoresis instrument
with the same mobile phase for 1 h as detailed in Section
2.8. Thus, the negatively charged S-CD will be adsorbed
on the packing surface. Then the column was conditioned
with a mobile phase without S-CD for 30 min, and the
separations were carried out with the mobile phase with-
out S-CD. It was found that tryptophan can be baseline-
separated under this condition. The direction of the EOF
should be from cathode to anode since the packing sur-
face is positively charged, but we observed that the direc-
tion of EOF was reversed. According to the product com-
ments, the substitution is 7-11 moles/mole B-CD, which
means that there are 7—11 sulfonic groups on a ring of -
CD. When the sulfonic groups on one side of 3-CD are

CE and CEC
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adsorbed to the packing surface, the sulfonic groups of
the other side result in reversal of the EOF. The enantio-
separation of tryptophan and the reversal of EOF both
indicate the adsorption of S-CD on the packing. An impor-
tant problem for the ASP-CE is the repeatability of migra-
tion time for solutes because of the possible desorption of
the adsorbed agent from the packing surface. The repeat-
ability for migration time of tryptophan enantiomers was
investigated with 17 consecutive runs (Fig. 1).

It can be seen from Fig. 1 that the void time increased, in
other words, the EOF decreased with the increase of the
number of runs. The reason is that the adsorbed S-CD on
the packing surface was desorbed gradually, which re-
sulted in the decrease of the net negative charge on the
packing surface and thereby the decrease of EOF. The
migration time of the enantiomers of tryptophan also in-
creased with increase of the runs. The repeatability for
the void time, and the migration time of the early- and
late-eluted tryptophan enantiomers by 17 consecutive
runs was evaluated with relative standard deviation
(RSD) values of 11.5, 9.27, and 9.30%, respectively. But
the separation selectivity for tryptophan enantiomers did
not change obviously with an RSD value of only 0.16%.

In order to improve the repeatability of migration by ASP-
CEC, it is necessary to find a way to compensate the des-
orbed stationary phase on the packing surface. The differ-
ence between DMS-CEC and ASP-CEC is the composi-
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Figure 1. Repeatability of the void time and migration
time of trytophan enantiomers in CEC with physically ad-
sorbed and dynamically modified stationary phase. Con-
ditions: column, 50 um ID X 375 um OD packed by 5 um
SAX with packed/total length = 10/31 cm; applied voltage,
10 kV; detection wavelength, 214 nm; the mobile phase
for DMS-CEC was 10% methanol and 2 mg/mL S-CD in
20 mm HAC-TEA buffer (pH 4.0); the mobile phase for
ASP-CEC was 10% methanol in 20 mm HAC-TEA buffer
(pH 4.0). Lines 1, 3, and 4, void time and the migration
time of L-trytophan and p-trytophan in DMS-CEC; lines 2,
5, 6, ASP-CEC.
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tion of the mobile phase. In DMS-CEC, a certain amount
of the adsorbed agent was added into the mobile phase,
and the equilibration of added agent between the mobile
and stationary phases will be formed. Therefore, the
amount of the adsorbed agent on the packing surface will
not decrease during the experiments. The repeatability of
migration time by DMS-CEC was also investigated with
17 consecutive runs (Fig. 1). The RSD values for the void
time, and the migration time of tryptophan enantiomers
were calculated as 0.53, 0.62 and 0.69%, respectively,
and that for separation selectivity of tryptophan enantiom-
ers was 0.09%. These results showed the superiority of
DMS-CEC over ASP-CEC, and a much better repeatabil-
ity of migration time can be obtained in DMS-CEC. The
separation selectivity for tryptophan enantiomers in ASP-
CEC was greater than that in DMS-CEC. This means that
the presence of S-CD in the mobile phase reduces the
separation selectivity. This result is consistent with that of
the influence of S-CD concentration on separation selec-
tivity of tryptophan enantiomers in DMS-CEC, which will
be discussed later in this paper.

3.2 Chiral separation by DMS-CEC

Resolution of ten racemates of praziquantel, atropine,
metoprolol, verapamil, benzoin, ibuprofen, warfarin, nap-
roxen, ketoprofen, and fenoprofen has been performed in
this system, and enantiomers of tryptophan and four basic
drugs including praziquantel, atropine, metoprolol, and
verapamil were successfully separated. However, resolu-
tion of four acidic drugs was not achieved, which may be
caused by the fact that these acidic drugs are difficult to
access into the S-CD cavity to form inclusive complexes
due to the electrostatic repulsion between S-CD and
these negative solutes. The chromatograms for the re-
solved enantiomers are shown in Fig. 2.

It can be seen that the baseline of some chromatograms
has a step noise, which may be caused by the tiny bub-
bles formed due to the relatively high Joule heating and
different sample solutions injected from the mobile phase.
Due to the lack of pure enantiomers, only the migration
order of p-tryptophan and L-tryptophan were verified by
spiking. The names and the structures of the solutes, the
efficiency and resolution data under the given electro-
chromatographic conditions are listed in Table 1.

Four of the five pairs of enantiomers have been baseline-
separated. The resolution value for atropine was as high
as 11.2, while that for metoprolol was only 0.82. The col-
umn efficiency was only 45000 plates/m and 36 000
plates/m for early- and late-eluted praziquantel enantio-
mers, which were relative poor. The column efficiency
for trytophan enantiomers were 133 000 plates/m and
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128 000 plates/m, respectively, which were comparable
with those in CEC with CD packings [4—6]. However, the
efficiency for atropine, metoprolol and verapamil was
superior, and about 300 000 plates/m were obtained.
Abnormal high efficiency in ion-exchange CEC was
reported in [21, 22]; the high efficiency of the enantiomers
with strong retention may also result from the strong ion-
exchange mechanism in this system. Enantiomers of try-
tophan, atropine and verapamil can be separated in a sin-
gle run using a mobile phase containing 30% methanol,
2.0 mg/mL S-CD in 20 mm HAC-TEA buffer (pH 4.0) with
the applied voltage of 15 kV (Fig. 3). A satisfying peak
symmetry for the resolved enantiomers can be seen in
Figs. 2 and 3.

conditions as in Fig. 1. Solutes: (a) trytophan,
e (b) praziquantel, (c) atropine, (d) metoprolol,
(e) verapamil.

3.3 Effects of mobile phase composition on
separation

According to their structure, trytophan, atropine, metopro-
lol and verapamil are positively charged under experimen-
tal conditions. In this system, the migration behavior of
these cationic enantiomers is relatively complex. At least
three different separation mechanisms contribute to the
separation. Firstly, the electrophoresis mechanism con-
tributes to the migration process since the enantiomers
are charged. As stated previously, the EOF was from
anode to cathode and cationic solutes in an electric field
also migrate in the same direction, therefore, these sol-
utes should be eluted before f,. But according to the result
of our experiment, none of the solutes eluted before t,.
This means that a strong interaction between the solutes
and the stationary phase took place. The packing surface
was negatively charged, thereby the ion-exchange mech-
anism also contributed to the retention of the cationic sol-
utes. But neither of these two mechanisms is responsible
for the enantiomer separation. The chiral separation is
based on the different inclusion of enantiomers with the
adsorbed S-CD. The retention of praziquantel in this sys-
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Table 1 Enantioseparation by SAX-CEC with dynamically modified S-CD
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Solute Structure Mobile phase Efficiency®
Resolution®
Tryptophan N'H, 30% methanol, N; =133 000
| _ 2.0mg/mL S-CDin N> =128 000
Otﬁ‘C“FCH‘COO 30 mv HAC-TEA buffer ~ Rs=2.67
" _CH (pH 4.0)
1
H
Praziquantel 0 30% methanol and N; =45 000
2.0 mg/mL S-CD and in N, = 36 000
Q (U\N: } 30 mm HAC-TEA buffer ~ Rs=1.79
N (pH 4.0)
C/
Il
0
Atropine CHy— CH—CH, CH,OH 30% methanol and N; =365 000
| | é 2.0 mg/mL S-CD and in N, =288 000
CHy—N CH-COO—CH 30 mm HAC-TEA buffer ~ Rs=11.23
CHy;—CH—CH,
Metoprolol OH 30% methanol and N; =266 000
1 2.0 mg/mL S-CD and in N> =97 000
CH3OCH2CH2-©-OCH2CHCH2NHCH (CHy) , 30 mm HAC-TEA buffer Rs=0.82
(pH 4.0)
Verapamil 30% methanol and N; =331 000
2.0 mg/mL S-CD and in N, = 324 000
30 mm HAC-TEA buffer Rs=2.45

CH30 ocH 3

CN CH,y
cn;oOé—cu 2CH,CH 2-r5-cu 2CH 2<j—ocu 3

i

&,

(pH 4.0)

a) Efficiencies are given in plate number/m; N; and N are the efficiencies for the first eluted and the second eluted enan-
tiomer, respectively.
b) The resolution was calculated by the equation Rs=1.18 (t., -t )/(Wo 5+Wo.5,), Where t, is the migration time, wg 5 is the
width of the peak at 50% peak height, and the subscripts r and | indicate the peaks at the right and left side, respective-

ly.

The mobile phase consisted of 30% methanol and 2 mg/mL S-CD in 30 mm HAC-TEA buffer, pH 4.0.

tem is relatively weak, as can be seen from Fig. 2. The
reason may be that it is a neutral solute and was retained
on the stationary phase only because of the formation of
a inclusion complex with the adsorbed S-CD.

The influence of the ionic strength on separation was
investigated by varying the buffer concentration in the
mobile phase from 10 to 35 mm at the applied voltage of
10 kV. The methanol and S-CD concentrations were kept
at 10% and 2.0 mg/mL, respectively. The EOF was found
to decrease steadily with increasing ionic strength. The
increase of buffer concentration from 10 to 35 mm resulted
in a decreased electroosmotic mobility from 18.3 to 15.7
cm?/kV min. This behavior is usual in CEC [4, 17, 23].
The influence of buffer concentration on k* is shown in

Fig. 4. It can be seen that the retention of atropine, meto-
prolol and verapamil decreased with increase of buffer
concentration. As discussed previously, the ion-exchange
mechanism contributes to the strong retention of these
solutes in this system. The elution strength of the mobile
phase increases with increase of the ionic strength in ion-
exchange CEC [17, 20], resulting in a reduction of the
retention. Although the EOF decreased with the increase
of ionic strength, the migration time of these three pairs of
enantiomers decreased at high ionic strength because of
the reduced retention. For example, the elution time of
the late-eluted verapamil enantiomer decreased from
62.1 to 36.4 min when the buffer concentration increased
from 10 to 35 mm. Therefore, in order to save analysis
time, it is desired to perform separation under high ionic
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Figure 3. Chiral separation of trytophan, atropine and
verapamil in a single run by strong SAX-CEC with dynam-
ically modified S-CD. Conditions: applied voltage, 15 kV;
mobile phase, 30% methanol and 2.0 mg/mL S-CD in
20 mm HAC-TEA buffer (pH 4.0). Other conditions as in
Fig. 1. Solutes: (1) L-trytophan, (2) p-trytophan, (3) and
(4) atropine, (5) and (6) verapamil.
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Figure 4. Influence of buffer concentration on the elec-
trochromatographic retention factor. Conditions: mobile
phase, 10% methanol and 2.0 mg/mL S-CD in HAC-TEA
buffer (pH 4.0). Other conditions as in Fig. 1. Solutes: the
first eluted enantiomer for (1) trytophan, (2) atropine,
(3) metoprolol, and (4) verapamil.

strength for these solutes. However, the retention of tryto-
phan is almost independent of the ionic strength. The rea-
son may relate to other separation mechanisms such as
electrophoresis. It was found that the influence of buffer
concentration on the separation selectivity for trytophan
and metoprolol was moderate, but a slight reduction was
found for atropine and verapamil. Since only the formation
of an inclusive complex with CD is responsible for the chi-
ral separation, triethylamine may compete with the solute
for inclusion in the CD cavity, resulting in a decrease of
the separation selectivity.
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The charge on the SAX packing surface had already
changed from positive to negative when 2.0 mg/mL S-CD
was added into the mobile phase, thereby the net neg-
ative charge density should increase when further
increasing the S-CD concentration because more S-CD
will be adsorbed to the packing surface. Therefore, the
velocity of EOF and the retention and separation selectiv-
ity of the solutes should also increase. The effect of S-CD
concentration on separation was studied by varying the
S-CD concentration from 2.0 to 8.0 mg/mL in the mobile
phase containing 10% methanol in 20 mm HAC-TEA buff-
er solution (pH 4.0). Surprisingly, the electroosmotic mo-
bility decreased from 17.6 to 16.3 cm?kV min, and the
retention of the basic and neutral solutes decreased by
about 15%, when the S-CD concentration increased from
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Figure 5. Influence of methanol content on the electro-
chromatographic retention factor. Conditions: mobile
phase, various concentrations of methanol and 2 mg/mL
S-CD in 20 mm HAC-TEA buffer (pH 4.0). Other condi-
tions as in Fig. 1. Solutes: the first eluted enantiomer for
(1) trytophan, (2) praziquantel, (3) atropine, (4) metopro-
lol, and (5) verapamil.
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Figure 6. Influence of methanol content on separation
selectivity. Conditions as in Fig. 5. Solutes: the enan-
tiomer pairs of (1) trytophan, (2) praziquantel, (3) atro-
pine, (4) metoprolol, and (5) verapamil.
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2.0 to 8.0 mg/mL. These results indicate that the adsorp-
tion of S-CD to the packing surface has almost been satu-
rated even at an S-CD concentration as low as 2.0 mg/
mL, and the amount of adsorbed S-CD does not signifi-
cantly increase with increasing S-CD concentration. The
reason for the decrease of EOF and retention for cationic
solutes may be similar to that of the influence of ionic
strength. S-CD is a sodium salt with the substitution of 7—
11. This means 7-11 moles sodium ions are added if 1
mole S-CD is added to the solution. The ionic strength in-
creased rapidly with increase of S-CD concentration,
which results in the decrease of the retention of a solute
based on the ion-exchange mechanism. But the influence
of S-CD concentration on the separation selectivity was
different from that of the ionic strength. The separation
selectivity for tryptophan and metoprolol slightly de-
creased when the S-CD concentration increased, while
the separation selectivity for atropine and verapamil in-
creased with the increase of S-CD concentration. The
possible reason is that the S-CD in mobile phase also
contributes to the chiral separation.

The influence of methanol content on the separation was
studied by varying the fraction of methanol in the mobile
phase from 5 to 30%. The mobile phase contained 2.0
mg/mL S-CD and 30 mm HAC-TEA (pH 4.0). It was found
that the mobility of the EOF decreased from 18.0 to 10.6
cm?/kV min when the methanol concentration increased
from 5 to 30%. The dependence of the electrochromato-
graphic retention factor k* on the methanol content is
shown in Fig. 5.

As can be seen (Fig. 5), an increase in the methanol con-
tent results in a decrease in the retention of the solutes.
There are at least two reasons for this decrease: (i) as in
IE-CEC, the hydrophobic interaction of an organic solute
with the stationary phase in ion exchange decreases with
the increase of the methanol content [17, 20], thereby the
organic solutes retained on the stationary phase de-
creased; (ii) the methanol competes with the solute for
inclusion in the CD cavity. The greater the percentage of
methanol in the mobile phase, the more easily a solute is
displaced from the CD cavity, resulting in the reduction of
retention and separation selectivity for tryptophan, atro-
pine, metoprolol, and verapamil. But the separation se-
lecivity for praziquantel was found to increase with meth-
anol content. The dependence of separation selectivity on
methanol content is shown in Fig. 6. The peak shape
greatly improves when the methanol content increases.

Figure 7 shows the chromatograms for separation of
verapamil with mobile phases containing 5 and 30%
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Figure 7. Separation of verapamil at different methanol
contents. Conditions: mobile phase, (a) 30% and (b) 5%
methanol in 2 mg/mL S-CD and 20 mm HAC-TEA buffer
(pH 4.0). Other conditions as in Fig. 2.
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Figure 8. Dependence of resolution values on methanol
content. Conditions and solutes were the same as in
Fig. 6.

methanol, respectively. The tailing factor for the enan-
tiomers of verapamil decreased from 6.49 and 5.05 to
1.36 and 1.46, respectively. The column efficiency also in-
creased rapidly with increase of methanol content be-
cause of the improved peak symmetry. For example, the
efficiency for the first eluted enantiomer of atropine in-
creased from 106 000/m to 378 000/m when the methanol
content increased from 5 to 30%. The separation selectiv-
ity for atropine, metoprolol and verapamil decreased at
high methanol content, thereby their resolution should
also decrease but instead their resolution increased with
increasing methanol content (from 5 to 20%) because of
the increase of the column efficiency. Figure 8 shows the
dependence of resolution on methanol content. It was ob-
served that the resolution for atropine increased from 9.0
to 11.6 when the methanol content increased from 5 to
20%.
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4 Concluding remarks

A novel mode of SAX-CEC with dynamically modified S-
CD was developed for resolution of enantiomers. It was
observed that the addition of 2 mg/mL S-CD resulted in
reversal of EOF from anode to cathode. The enantiomers
of tryptophan, praziquantel, atropine, metoprolol, and
verapamil were successfully separated in this system
with a column efficiency varying from 36 000 to 412 000
plates/m. The retention of the basic enantiomers is simul-
taneously influenced by the electrophoresis and cation-
exchange mechanisms and the inclusion of solutes into
the CD cavity, but only the latter contributes to the resolu-
tion of enantiomers. The methanol concentration in the
mobile phase plays an important role in improving the
peak shape and column efficiency.
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