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Stationary phase selectivities for halogenated compounds in reversed-phase HPLC were compared
using C18 monolithic silica capillary columns modified with poly(octadecyl methacrylate) (ODM) and
octadecyl moieties (ODS). The preferential retention of halogenated benzenes on ODM was observed in
methanol/water and acetonitrile/water mobile phases. In selectivity comparison of selected analytes on
ODM and ODS, greater selectivities for halogenated compounds were obtained with respect to alkyl-
benzenes on an ODM column, while similar selectivities were observed with a homologous series of
alkylbenzenes on ODM and ODS columns. These data can be explained by greater dispersive interactions
by more densely packed octadecyl groups on the ODM polymer coated column together with the con-
tribution of carbonyl groups in ODM side chains. For the positional isomeric separation of dihalogenated
benzenes (ortho-, meta-, para-), the ODM column also provided better separation of these isomers for the

adjacently eluted isomers that cannot be completely separated on an ODS column in the same mobile
phase. These results imply that the ODM column can be used as a better alternative to the ODS column
for the separation of other halogenated compounds.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Monolithic capillary columns are viable alternative to conven-
tional particle packed columns for high efficiency HPLC separations
at similar pressure drop because of small-sized skeletons and
relatively large through pores [1-5]. In previous work, hybrid
monolithic silica capillary columns were prepared from a mix-
ture of tetramethoxysilane (TMOS) and methyltrimethoxysilane
(MTMS) [3]. The surface of monolithic silica capillary column can
be modified to obtain various stationary phases in different chro-
matographic modes such as reversed-phase [1-4], ion-exchange [6]
and hydrophilic interaction [7] by following a monomeric or poly-
meric procedure, for achieving desired solute selectivities in HPLC.
Column characteristics and selectivities have been studied so that
chromatographers can choose suitable stationary phases for par-
ticular separations, and these properties are very useful in method
development [8-12].

C18 monolithicsilica capillary columns for reversed-phase HPLC
can be obtained by chemical modification with octadecyl moieties
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(ODS column) [13] or coating with poly(octadecyl methacrylate)
(ODM column) [14]. Recently, the different performance of ODM
and ODS monolithic silica capillary columns was reported for sep-
arating some polar and non-polar compounds such as benzene
and naphthalene derivatives, polycyclic aromatic hydrocarbons,
steroids and alkyl phthalates, and tocopherol homologues [15]. The
ODM column had a preference for the compounds with aromatic
characters, rigid and planar structures and lower length-to-breadth
ratios. The polymeric ODM stationary phase also showed differ-
ences in selectivity against the ODS column. Better separations were
observed for some compounds on ODM versus ODS columns under
the same condition. In addition, poly(octadecyl acrylate) (ODA)
grafted onto silica, which is similar structure of side chains with
an ODM stationary phase, has been reported for conventional HPLC
columns [21-23]. In comparison with an ODS phase, the comb-
shaped polymer phase showed greater selectivity for polycyclic
aromatic hydrocarbons. Selectivity in the ODA phase is enhanced
by the molecular ordering of the long-chain octadecyl groups and
interactions between the carbonyl groups of the polymer and 7-
containing compounds.

Halogenated compounds, a class of molecules of high envi-
ronmental concern, can be generated in many industrial and
natural processes [16,17]. These include a number of compound
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groups such as chlorophenols, polychlorinated biphenyls (PCBs),
halogenated dibenzo-p-dioxins, which contain various homo-
logues and isomers in each compound group. The development
of methods to separate and analyze these compounds is needed.
The separation selectivity of common halogenated organic sol-
vents between a typical C18 stationary phase and polymer-based
packing materials including poly(methyl methacrylate-ethylene
dimethacrylate) beads and poly(styrene-divinylbenzene) beads
was previously compared [18]. In general, these polymeric sta-
tionary phases demonstrate preferential retention of halogenated
compounds than a conventional silica-based C18 stationary phase
although the polymer packing materials have shown low column
efficiency. Therefore, it is interesting to extend previous work
[15,18] to study differences in retention and selectivity of ODM
and ODS stationary phases for halogenated compounds, using
halogenated benzene derivatives as test analytes relative to alkyl-
benzenes.

This work investigates the retention of halogenated and alkyl
substituted benzenes and compares the selectivity of these test
analytes on ODM and ODS monolithic silica capillary columns
in reversed phase HPLC. In addition to halogenated benzenes,
chlorophenols were separated on both ODM and ODS columns. The
chromatographic performance of these compounds was studied
using either methanol or acetonitrile mobile phase systems.
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2. Experimental \
2.1. Chemicals and materials

All reagents were of analytical grade. Tetramethoxysi-
lane (TMOS), methyltrimethoxysilane (MTMS), 3-methacryl-
oxypropyltrimethoxysilane (MOP) and octadecyldimethylchlorosi-
lane (ODS-Cl) were purchased from ShinEtsu Chemicals (Tokyo,
Japan). Acetonitrile, urea, and pyridine were obtained from Wako
Pure (Osaka, Japan); poly(ethyleneglycol) (PEG, MW = 10,000) from
Sigma-Aldrich (Steinheim, Germany); octadecyl methacrylate
from TCI (Tokyo, Japan). Methanol, hexane, toluene, acetic acid
(1M), diethylamine and a,o’-azobis-isobutyronitrile (AIBN) were
obtained from Nacalai Tesque (Kyoto, Japan). Methanol, acetonitrile
and toluene were distilled before further use. Purified water (Arium
611 UV system, Sartorius, Goettingen, Germany) was used. Fused
silica capillaries of 200 wm LD. and 375 wm O.D. were purchased
from Polymicro Technologies (Phoenix, AZ, USA).

Test analytes were purchased from Nacalai Tesque, TCI,
Sigma-Aldrich and Wako Pure. The following solution mix-
tures were used in this study: monoalkylbenzenes (benzene
(-H), toluene (-CHj3), ethylbenzene (-C,Hs) and propylben-
zene (-C3Hy)); monohalogenated benzenes (fluorobenzene (-F),
chlorobenzene (-Cl), bromobenzene (-Br) and iodobenzene
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Fig. 1. Chromatograms of mixtures of monohalogenated
acetonitrile. Uracil was used as an unretained marker.
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bénzenes and monoalkylbenzenes on ODM and ODS columns using (a) 70% (v/v) methanol and (b) 70% (v/v)



5870

A -CH3(ODM)
® 27 - « -Cl(ODM)
8 A -CH3(ODS)
7 4 A o -C(ODS)
6 4
= S 4
o 4%
3
2 1 b <
14 @
0 . . ' . e
40 50 60 70 80 90
%MeO H
(b) 9 1 A -CH3(ODM
g * -CI(ODM)
j A -CH3(ODS)
7 4 0 -CODS)
6 4
w5 4
2
3 )
g | &
. . :
0 : . . AR
40 50 60 70 80 90
%ACN

Fig.2. Retention factor (k) of toluene and chlorobenzenes on ODM and ODS columns
inawide range of organic modifier concentrations: (a) methanol and (b) acetonitrile.

(-1)); dialkylbenzenes (o-xylene (0-di-CH3), m-xylene (m-
di-CH3), p-xylene (p-di-CH3), o-diethylbenzene (0-di-CyHs),
m-diethylbenzene (m-di-CHs) and p-diethylbenzene (p-
di-GoHs)); dihalogenated benzenes (o-difluorobenzene (o-di-F),
m-difluorobenzene (m-di-F), p-difluorobenzene (p-di-F), o-
dichlorobenzene (0-di-Cl), m-dichlorobenzene (m-di-Cl),
p-dichlorobenzene (p-di-Cl), o-dibromobenzene (o-di-Br), m-
dibromobenzene (m-di-Br) and p-dibromobenzene (p-di-Br));
chlorophenols ((1) 2-chlorophenol, (2) 4-chlorophenol, (3) 3-
chlorophenol, (4) 2,6-dichlorophenol, (5) 2,3-dichlorophenol,
(6) 2,5-dichlorophenol, (7) 24-dichlorophenol, (8 34-

0.7 4 -C3H7 >
i i
’/
05 3-coms e
-Br ¢ =4
7
< o

g B $-c3 e
= C3H7 .~
e 01 H 4 gt
- o -
¥ " o

-0.1 4 ‘5. ne -

-G{BA o i
b A.A ACN
i «F& bia i €, O MeOH
¥ T
B5 e : : : v : —
05 03 01 01 03 05 07
log k (ODS)

Fig. 3. Plots of log k of monosubstituted benzenes on an ODM column against those

on an ODS column using (a) 70% (v/v) methanol and (b) 70% (v/v) acetonitrile as
mobile phases.
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Fig. 4. Comparison of log ®(CHz) on ODM and ODS columns using acetonitrile and
methanol mobile phases.

dichlorophenol, (9) 3,5-dichlorophenol, (10) 2,3,6-trichlorophenol,
(11)  2,34-trichlorophenol, (12)  2,4,5-trichlorophenol, (13)
3,4,5-trichlorophenol,  (14) 2,3,4,6-tetrachlorophenol, (15)
2,3,5,6-tetrachlorophenol, (16)  2,3,4,5-tetrachlorophenol and
(17) pentachlorophenol).
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Fig. 5. The selectivity ratio on ODM:ODS columns for monosubstituted benzenes
against selected reference analytes using (a) 50-80% (v/v) methanol and (b) 50-80%
(v/v) acetonitrile as mobile phases.
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2.2. Instrumentation

Chromatographic measurements were performed using a split-
injection/flow HPLC system which consisted of pumps (Jasco X-LC
3185PU, Jasco, Tokyo, Japan), an MU 701 UV-vis detector (GL
Sciences Inc., Tokyo, Japan) and an injection valve (model 7725,
Rheodyne, CA, USA) fitted with a T-union (as a splitter) with one
end connected to the capillary column and another end to a flow
restrictor (a stainless steel tubing 0.1 mm L.D., 1/16 in. O.D.). The
temperature of all systems was controlled in an air-circulating oven
at 30°C. UV detection was monitoring at 214 nm. Linear velocity
(u) was set at 1.0 mm/s. All chromatographic data were collected

in duplicate runs using version 2.8.3 EZChrom Elite Client/Server
software.

2.3. Preparation and chemical modification of monolithic
columns

Hybrid type monolithic silica capillary columns were pre-
pared from a mixture of TMOS and MTMS in 200 wm LD. fused
silica capillaries, as previously reported [1]. The surface mod-
ification of ODM columns was obtained similar to previously
reported procedures by free radical polymerization of octade-
cyl methacrylate using an AIBN initiator [14]. Briefly, monolithic
silica capillary columns were washed with methanol for 24h.
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\
Then, MOP bonding was carried out by rinsing columns with
a solution of MOP:pyridine 1:1 for 48h at 80°C, followed by a
methanol wash. MOP bonded columns were rinsed with toluene
for 3h and a polymerization reaction solution (250 L of octade-
cyl methacrylate monomer and 250pL of a 38 mg/mL AIBN
solution in toluene) was flushed into columns and allowed
to react at 80°C for 3h. For ODS column preparation, mono-
lithic silica capillary columns were washed with THF and then
toluene. ODS columns were obtained using octadecyldimethyl-
N,N-diethylaminosilane (ODS-DEA prepared from ODS-Cl and
diethylamine with a molar ratio 1:2.5 in toluene). The on-column
bonding reaction was carried out as previously reported [13], by
continuously feeding the columns with 20% (v/v) ODS-DEA solu-
tion in toluene at 0.8 MPa and allowing it to react for 3h at
60°C, followed by washes with toluene, THF and methanol, respec-
tively.

The performance of prepared ODM and ODS columns, such as
plate height (H) and permeability (K), was evaluated using a mix-
ture of uracil and alkylbenzenes in 80% methanol mobile phase
at u of 1.0mm/s. These two types of reversed-phase columns
showed high column efficiencies and permeabilities, with Hyracit
of 8.5 um, Hymyibenzene Of 9.1 m and K of 8.8 x 10~ m?2 for ODS
columns, while Hyr,q of 10.9 wm, Hamyibenzene Of 11.6 wm and K of
8.7 x 10~ m? for ODM columns. Retention factors of amylbenzene
on ODM and ODS were obtained to be 3.35 and 1.10, respectively,
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Fig. 6. Chromatograms of mixtures of dihalo
mobile phases.

genated benzenes and dialkylbenzenes on ODM and ODS columns using (a) 70% (v/v) methanol and (b) 70% (v/v) acetonitrile as
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with RSD of 1.2% and 1.0% (n=two columns in the same batch of
preparation).

3. Results and discussion

In this study, test analytes including halogenated benzenes and
alkylbenzenes were separated on ODM and ODS columns using
mobile phases with various concentrations of methanol or ace-
tonitrile in water. However, retention and selectivity for these
compounds on both ODM and ODS columns were relatively com-
pared with the same mobile phase composition, and therefore any
difference in retention and selectivity reflects different properties
of these two stationary phases for reversed-phase HPLC.

3.1. Monosubstituted benzenes

Fig. 1 shows an example of chromatograms of monosubsti-
tuted benzenes in 70% methanol and 70% acetonitrile mobile
phases on ODM and ODS columns. Monohalogenated benzenes
were eluted on both ODM and ODS columns with the follow-
ing retention order: -F<-Cl<-Br<-I and monoalkylbenzenes:
-H <-CHj3 <-C3Hs < -C3H5. This retention order can be expected in
the C18 reversed-phase system on the basis of the n-octanol/water
partition process (logP). Higher retention of monosubstituted
benzenes on ODM versus ODS columns was obtained in both
acetonitrile and methanol mobile phases. It can be seen from
Fig. 1a that the separation of -Cl and -CHj, and -I and -CoHs
are achieved using the methanol mobile phase for the ODM col-
umn, but co-elution of -Cl and -CH3 and reversed order of —I
and -CyHs were obtained on the ODS column under the same
conditions. The separation of -F and -H, -Cl and —CHj3, and -I
and -C,Hs was also obtained with the ODM column, while these
pairs co-eluted on the ODS column in the acetonitrile mobile
phase (Fig. 1b). The difference in retention of halogenated com-
pounds on ODM and ODS stationary phases was greater with
respect to alkylbenzenes in either acetonitrile or methanol mobile
phases.

Solute retention in reversed-phase HPLC can be divided into
two processes: mobile phase and stationary phase effects. The for-
mer commonly relates to hydrophobic interactions, while the latter
includes dispersion interactions as universal interactions along
with possible contributions of dipolar interactions depending on
a stationary phase structure and an organic solvent in the chro-
matographic system. Since the analytes were separated under the
same mobile phase, the different elution behavior of halogenated
and alkyl substituted benzene pairs was presumably due to the dif-
ference in the stationary phase effect. It should be noted that ODM
at 70% methanol (Fig. 1a) and ODS at 60% methanol (not shown)
gave comparable retention times for -CHs. Baseline resolution was
obtained for -Cl and ~CH; on the ODM column, while partial sepa-
ration of these two compounds was observed on the ODS column.

However, this work compares the selectivity of a given stationary

phase using the same mobile phase, but not separation selectivity
at optimum conditions of mobile phases for each stationary phase.

In order to compare the preferential retention of alkylbenzenes
and halogenated benzenes on ODM and ODS stationary phases over
the amount of organic solvents in the mobile phase, examples of
retention factors (k) for toluene and chlorobenzene are shown in
Fig. 2. Toluene and chlorobenzene showed higher retention on the
ODM than ODS columns under the same condition. At the lower
concentration of methanol, chlorobenzene, relative to toluene, gave
stronger retention on both ODM and ODS stationary phases. The
similar tendency was also observed using the acetonitrile mobile
phase. Organic solvent effects on the retention of monohalogenated
benzenes and monoalkylbenzenes were greater on the ODM col-
umn, especially for halogenated benzenes. As can be seen using

the acetonitrile mobile phase, a slight decrease in retention of ana-
lytes was observed because of the loss of dispersion interactions in
acetonitrile, in comparison with the methanol mobile phase [14].

Fig. 3 demonstrates that, mobile phases with 70% methanol
and 70% acetonitrile, log k values of monosubstituted benzenes
on the ODM column are higher than those on the ODS column,
indicating that both monohalogenated benzenes and monoalkyl-
benzenes have preferential retention for the ODM column in either
acetonitrile or methanol mobile phase systems. From Fig. 3, alkyl-
benzenes gave a linear increase with an increase in the number
of carbon atoms in the aliphatic chain, which is common behavior
for a reversed-phase system. Halogenated benzenes also demon-
strated a linear tendency with increasing size and polarizability.
In comparison with the slope of log k for monosubstituted ben-
zenes on ODM against ODS stationary phases (Fig. 3), the slope from
monohalogenated benzenes is greater in mobile phases with either
acetonitrile or methanol because of additional interactions affect-
ing the retention behavior of halogenated benzenes on the ODM
column compared with alkylbenzenes [12].

The logarithm of the methylene group selectivity (log @(CH,))
can be obtained from the value of the slope of a linear plot between
log k of the alkylbenzenes against the number of alkyl carbons. Fig. 4
shows plots of loga(CH;) of alkylbenzenes in a range of 50-80%
(v/v) organic solvents including acetonitrile and methanol on ODM
and ODS columns. The value of &(CH, ) reflects the stationary phase
hydrophobicity. The higher the value of a(CH3), the greater the
hydrophobicity of the stationary phase. In comparison with the
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phases.
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ODS column, the ODM column shows a higher hydrophobicity using
either acetonitrile or methanol mobile phases. This is caused by the
difference in bonding density or the amount of C18 bonded to silica
support. Due to the lower preference for planar solutes on the ODS
column (the higher C18 chain density on the ODM column) [14],
the greater distance between the C18 chains on the ODS stationary
phase allows for a higher amount of organic solvent to be adsorbed
onto the ODS stationary phase than that on the ODM stationary
phase. A significant difference in log a(CH3) or hydrophobicity on
ODM and ODS columns in Fig. 3 was observed in acetonitrile in
comparison to methanol mobile phases, probably due to the greater
amount of adsorbed acetonitrile on the reversed-phased stationary
phase [19].

Selectivity () is defined as the ratio of retention factors of two
analytes. In this work, the selectivity of ODM and ODS columns
for monosubstituted benzenes was compared by plotting the ratio
of the selectivity of ODM relative to ODS columns as shown in
Fig. 5. A similar selectivity, the « ratio ~ 1, on ODM and ODS
columns for homologous series of alkylbenzenes was observed.
When the « value is obtained from halogenated benzenes with
respect to toluene, the selectivity of the stationary phases for ana-
lytes is influenced by the structural fragments. The ODM column
provides a greater selectivity for monohalogenated benzenes rel-
ative to toluene in both acetonitrile and methanol mobile phases.

5873

An increase in the selectivity of halogenated benzenes relative tp
toluene was observed with an increasing size in the halogenated
atom. The difference in the selectivity of halogenated compounds
on these two columns could involve dispersive interactions [20] to
agreater extent for a large halogen atom as a substituent than in the
case of alkylbenzenes on the ODM column. According to previous
works on selectivity of poly(octadecyl acrylate) stationary phase
grafted on silica particles in a conventional HPLC column [21-23],
it can be mentioned in our work that the contribution of car-
bonyl groups in the side chain of the ODM stationary phase can be
involved through carbonyl-Tr interactions between the stationary
phase and solute to cause the enhanced retention of halogenated
compounds with the ODM phase.

3.2. Disubstituted benzenes

Fig. 6 shows chromatograms of disubstituted benzenes on ODM
and ODS stationary phases using 70% methanol and 70% acetonitrile
mobile phases. The general elution order of ortho, meta and para dis-
ubstituted benzenes has-similar tendencies as in the case of mono-
substituted benzenes. The elution order on ODM and ODS columns
are the same. These test analytes elute in the order of the following
retention times di-F~ -H<di-CH3 <di-Cl<di-Br<di-CyHs. The
elution order varies systematically with a change in substituents,

(a)

701 ODM '{ 70
60 5 5 60
MI\ |
3 i ’
50 ; 9 e 1 ts0
L2 i!‘ 45 i i ‘i
=2 ol W8 (W, L g I
3 £ 12 Ny oy 13 [ Ul i 2
-‘-g » £ ;I}!(n oo silo it fa o i i L doé
LA AR L S
£ 20 SISO B N L S \/vw\”"\_;’J 5 =
i, 9
obDs P 4 i
20 |§45| i : 20
i Ly o 413 |
=% 73{".: is% 12 " !
10 25 it (\_ 16 [ 10
e 1 i {1
] i i
() | JCevRSe——— 1§ R V] J VA ) \-—}\-—.—-»——-’—""J 0
0 2 4 & 8 10 . 12 14 16 TR ‘
Minutes
(b) 60 60
ODM
50. 50
17
40 E i 40
2 i
5 I
y I\
%) 30 W....._._.__.._A..__/\f_, J 30 &
K . i =
= oDs E
€ 20 20 €
10 i 10
‘r
0 5‘ \_~ -0
i
-10 : -10
ERRel Lz e 4 s 6 i aE OREE Gt i 4s 4 5
Minutes
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but it is not systematic within these groups. For dialkylbenzenes,
the elution order of each isomer is ortho < meta < para. Dichloroben-
zene and dibromobenzene isomers elute in the retention time order
of ortho < para < meta, while para <ortho < meta for diflurobenzenes
on both ODM and ODS columns. It is obvious that the ODM column
provides better separation of positional isomers of dihalogenated
benzenes for the adjacently eluted isomers that cannot be separated
under the same conditions on the ODS column.

Plots of log k values for disubstituted benzenes on the ODM
column were plotted against those on the ODS column using 70%
methanol and 70% acetonitrile mobile phases as in Fig. 7. The greater
retention of disubstituted benzenes on ODM than ODS columns was
obtained as the similar trends of monosubstituted benzenes. The
effect of the stationary phase on the retention for each positional
isomer of halogenated benzenes was greater on the ODM column
with an increasing size of the halogen atom owing to greater disper-
sion interactions together with the contribution of carbonyl groups
on the ODM stationary phase [21-23].

3.3. Chlorophenols

The performance of ODM and ODS columns for separating halo-
genated compounds was demonstrated using chlorophenols as
test analytes. These compounds contain a number of homologues
and isomers. The separation of mono- and polychlorophenols on
ODM and ODS columns are shown in Fig. 8, using methanol and
acetonitrile mobile phases. The retention of chlorophenols was
longer with increasing the number of the chlorine atom on phe-
nol due to the higher hydrophobicity of solutes. When chlorine
was substituted on the isolated substitution, these compounds
gave higher retentions compared to the congested substitution
due to higher hydrophobic areas [24]. As can be seen in Fig. 8a,
the separation of 4-chlorophenol/3-chlorophenol (2/3) and 2.4-
dichlorophenol/3,4-dichlorophenol (7/8) pairs was achieved on the
ODM column, while co-elution of these pairs was observed on the
ODS column under the same methanol mobile phase composition
with comparable times. In addition, the reversed retention order of
3,5-dichlorophenol/2,3,6-trichlorophenol (9/10) on ODM and ODS
columns was obtained. The better separation of chlorophenols on
the ODM column was also observed using the same mobile phase
as isocratic elution of 60% acetonitrile (Fig. 8b). The higher reten-
tion and better resolution of 17 chlorophenols on the ODM than
ODS columns was obtained due to greater dispersive interactions
of analytes on the ODM column. The retention is also enhanced by
the carbonyl-7 interactions on the ODM stationary phase [21-23].
It should be noted that the optimized separation of chlorophenols
with the ODM or ODS column may also be performed by appropriate
gradient elution with the mobile phase.

4. Conclusions

Monolithic silica capillary column modified with poly(octadecyl
methacrylate) (ODM) have greater preference and greater selectiv-
ity for halogenated benzenes, in comparison with the monolithic
silica capillary columns bonded using octadecyldimethyl-N,N-
diethylaminosilane (ODS). This is due to the greater contribution of
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dispersive interactions on the ODM stationary phase with the con-
tribution of carbonyl groups in ODM side chains. In most cases, the
separation of adjacently eluted positional isomers of halogenated
compounds was achieved on the ODM column which cannot be
separated on the ODS column using the same mobile phase. The
ODM column also provides better separation of homologues and
isomers of chlorophenols. The results imply that the ODM column
can be used as an alternative to the conventional ODS column for
separating other halogenated compounds.
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1 Introduction

MEKC and MEEKC are widely used for CE separation of
neutral as well as charged compounds [1-4], covering
vitamins [5, 6], commercial pharmaceuticals [1, 7], bioana-
lysis [8] and natural products [9, 10]. Typically, MEKC is
performed by adding a surfactant, such as SDS, to form a
micellar phase [1, 11, 12], while MEEKC is performed by
adding oil droplets (such as octane and ethyl acetate), a
surfactant as an emulsifier (such as SDS) to stabilize the
microemulsion and to generate charged oil droplets, and a
cosurfactant (such as short chain alcohols) to lower the
interfacial tension and to enhance the stability of the
microemulsion system [3-5, 13-15]. The EKC separation
mechanism is based on the difference in the partitioning of
analytes between an aqueous phase and a pseudostationary
phase (PSP), a micellar phase in MEKC [16, 17] and a
microemulsion in MEEKC [18, 19].
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In EKC, the retention factor (k), defined as the ratio of
the total moles of analytes in PSP versus those in the
aqueous phase, is one of the characteristics that express
the retention behavior of analytes in PSP [13, 20, 21]. The
retention mechanism in EKC may be explained using
quantitative structure-relationships and quantitative struc-
ture—property relationships between the analytes and the
PSP [22-24]. Theoretically, the retention factor is related to
K and the phase ratio (V/V,q) by the equation k= K(Vin/
Vag) [5, 25, 26], where K is the distribution constant of the
analyte between the two phases, and Vy, and V,4 are the PSP
volume and the aqueous phase volume, respectively. At the
same concentration of SDS in the buffers, higher values of
log k were found in MEKC than MEEKC for six herbicides
[25], bisphenol-A diglycidyl ether and its derivatives [26].
However, in comparison with MEKC at 50 mM SDS,
MEEKC at 60 mM SDS gave a higher log k for test analytes
[27).

Typically, the relative affinity of analytes in the same
PSP and phase ratio under particular conditions can be
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compared using k. The higher the retention factor, the
stronger the partitioning or the affinity of the analytes in
PSP. In the case of the different phase ratios or PSP, such as
the microemulsion and the micelle [27], it is more reason-
able to compare the relative affinity of the analytes between
two systems in terms of K rather than k, because k depends
on the phase ratio, while K is independent of the phase ratio.
However, with known k values derived experimentally, the
value of K in MEEKC cannot be calculated exactly because of
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an inexact value for the phase ratio as described in previous
work [21, 28, 29].

The retention index (I) or migration index is another
parameter to express the retention behavior of analytes, and is
compared with the reference standards, such as a homologous
series of alkylbenzenes (BZ) or alkyl aryl ketones [20, 21, 30).
The retention index is independent of the phase ratio and the
concentration of the surfactant in MEKC [20, 30] and MEEKC
[21], and, therefore, may be used for comparison of the relative
affinity of analytes in different PSP and/or phase ratios.

In previous work [31], the values of k and K for disub-
stituted benzenes in MEKC were predicted based on the
solute structure of monosubstituted benzenes using a group
additive approach. The predicted values of log k for positional
isomers (such as ortho-, meta- and para-) of disubstituted
benzenes were assumed to be equal, while the observed values
of log k for these compounds are different. Therefore, it is
interesting to extend previous work [31] so as to be able to
predict the retention behaviors of disubstituted benzenes.

Accordingly, the aims of this work are to investigate I
for comparison of the relative affinity of disubstituted
benzenes between the microemulsion in MEEKC and the
micellar in MEKC at either the same or at different SDS
concentrations, and to establish an alternative group-based
additive approach for the prediction of k and I for disub-
stituted benzenes with different moieties from those for
disubstituted benzenes with same moieties.

2 Materials and methods

2.1 Chemicals

Disodium tetraborate decahydrate (Na,B40,.10H,0), 1-butanol
and a homologous series of benzenes (BZ), such as benzene,
toluene, ethylbenzene and propylbenzene, were obtained from
Fluka (Buchs, Switzerland); SDS was from Sigma (St. Louis,
MO, USA); ethyl acetate was from Merck (Darmstadt,
Germany); dodecylbenzene (DB) and the following disubsti-
tuted benzenes were from Sigma-Aldrich (Steinheim,
Germany): o, m-, pxylenes (diMe); o-, m-, p-dimethoxyben-
zenes (diOMe); o-, m-, p-dibenzaldehydes (diCHO); dihaloge-
nated benzenes with same moieties (diX), such as o-, m-,
p-difluorobenzenes (diF), o-, m-, pdichlorobenzenes (diCl) and
0-, m-, p-dibromobenzenes (diBr); dihalogenated benzenes with
different moieties (X/Y), such as o-, m-, p-chlorofluorobenzenes
(F/Cl), o, m-, p-bromochlorobenzenes (Cl/Br) and o-, m-,
p-bromofluorobenzenes (F/Br); halogenated toluenes (Me/X),
such as o, m-, p<hlorotoluenes (Me/Cl), o-, m-, p-fluoroto-
luenes (Me/F) and o-, m-, p-bromotoluenes (Me/Br); haloge-
nated methoxybenzenes (OMe/X), such as o, m-
pchloromethoxybenzenes (OMe/Cl), o-, m-, p-fluoromethox-
ybenzenes (OMe/F) and o-, m-, p-bromomethoxybenzenes
(OMe/Br); halogenated benzaldehydes (CHO/X), such as o-,
m-, p-chlorobenzaldehydes (CHO/Cl), o-, m-, p-fluorobenzal-
deshydes (CHO/F) and o-, m-, p-bromobenzaldehydes (CHO/
Br); 0, m-, p-methoxytoluenes (Me/OMe); o-, m-, p-tolualde-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hydes (Me/CHO); o-, m-, p-methoxybenzaldehydes (OMe/
CHO).

2.2 Preparation of buffers and analytes

The MEKC buffer contained 10 mM Na,B40; at pH 9.2 and
SOmM SDS, while MEEKC buffer contained 10 mM
Na,B,0; at pH 9.2, 50 or 60mM SDS, 0.5% v/v ethyl
acetate and 1.2% v/v 1-butanol. It should be noted that oils
typically used in MEEKC include octane, heptane and ethyl
acetate. However, ethyl acetate/water has lower interfacial
tension and requires lower SDS concentration than octane/
water or heptane/water to form stable microemulsions
[4, 32). In MEEKC with high EOF, the higher the SDS
concentration, the longer the analysis time. Therefore, ethyl
acetate with 50 and 60 mM SDS (1.4 and 1.7% w/v) was
used in this work.

All buffers were sonicated for 30 min to obtain clear
degassed solutions. Stock solutions of each analyte, thiourea
(an EOF marker) and DB (a PSP marker), were separately
prepared at a concentration of 10000 ppm in methanol. In
MEKC, the sample mixture containing the desired analytes,
thiourea and DB at 100 ppm each, was obtained by pipetting
each stock solution and then diluting the mixture with 50 mM
SDS in water, while the sample mixture for MEEKC analysis
was diluted with the solution containing 50 mM SDS in water,
0.5% v/v ethyl acetate and 1.2% v/v 1-butanol. All buffers and
final test analytes solutions were filtered through a 0.45-pm
PTFE membrane filters prior to CE analysis.

2.3 CE conditions

All the CE separations were performed using a Beckman
Coulter MDQ-CE system equipped with a photo-DAD
scanning from 190 to 300 nm and monitoring at 214 nm.
An uncoated fused-silica capillary of 40.2cm in length
(30cm to detector) x 50 pum id, thermostated at 25°C,
was used. The voltage was set at 15kV and the sample
solution was introduced by 0.5 psi pressure injection for 3 s.
Each experiment was carried out in triplicate. Between
consecutive runs, the capillary was rinsed with methanol,
0.1 M NaOH for 2 min each and then with the buffer for
1 min.

3 Results and discussion

3.1 Retention and retention index in MEKC and
MEEKC

In MEKC and MEEKC, the retention index of analytes can
be estimated from the equation [20, 21]

£l 100 (log k — b)
a

1)
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where a and b are the slope and the intercept, respectively, of
a linear Eq. (2) between log k and z:

log k =az+b 2)

where z is the number of carbon atoms of a homologous series
used as standard reference compounds. From an electropher-
ogram of MEKC and MEEKC with high EOF, k for uncharged
analytes can be calculated according to the equation:

i tm i teo
& T @)

where ty, bye and t, are the migration times of an analyte, a
PSP marker (dodecylbenzene) and an EOF marker
(thiourea), respectively.

Table 1. Linear relationship between the log k and z values

obtained from a homologous series of alkylbenzenes in
MEEKC and MEKC ‘

CE and CEC 697

Using a homologous series of BZ (C6 to C9), the linear
relationship between log k and z was obtained, as given in
Table 1. Similar methylene selectivity, where ocy, = @ [29],
indicates that the microemulsion and micellar phases have a
similar hydrophobicity [21].

Figure 1 shows a comparison of the log k and I values for
disubstituted benzenes, obtained from MEEKC and plotted
against those obtained from MEKC, where I values were
determined using BZ as standards. Comparison of I and k
values between the same and different concentrations of SDS
revealed a similar relative I for each analyte in MEEKC against
MEKC (Fig. 1B and D) and thus the independence of I with
respect to the SDS concentration, whilst a different relative log
k value (Fig. 1A and C) was observed due to the dependence of
k upon the SDS concentration. This implies that I can be used
to compare the relative affinity of solutes in different PSP or
phase ratios. Similar I values in MEKC and MEEKC were
obtained for xylenes, dihalogenated benzenes and halogenated
toluenes, while significantly smaller I values were observed in
MEEKC than in MEKC for diCHO, diOMe and OMe/CHO.

Mode (SDS] mM T In addition, a sl.ighﬂy'smaller Iin MEEKC th.ar.l in MEKC was
observed for disubstituted benzenes containing a methoxy
a b i moiety or an aldehyde moiety, such as OMe/X, Me/OMe,
CHO/X and Me/CHO. This may be explained as being due to
MEKC 50 0.448+0.011 —2695+0.085  0.9987 the dominant hydrophobic interaction of the PSP-solute in the
:AAEEEE :g g-::;igﬂ:z —2615+0087  0.9986 highly hydrophobic xylenes and dihalogenated benzenes
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microemulsion. Since the methoxy and aldehyde moieties are
more polar than the alkyl and halogenated moieties, free
1-butanol in the aqueous solution and/or 1-butanol co-
surfactant at the oil surface decreases K with different selec-
tivity, resulting in a smaller I value in MEEKC than in MEKC.
It should be noted that the retention for disubstituted
benzenes are in the order of (i) diCHO <diOMe <diMe <di-
F<diCl<diBr, and (ii) F/Cl<F/Br<Cl/Br. The I order is
similar to the log Ko, order given in Table 2.

3.2 Octanol-water distribution constant (log K,w)
determined by MEKC and MEEKC

The value of log K, may be determined from the linear
relationship between log K, and log k [33-35] or log K,y

Electrophoresis 2010, 31, 695-701

and I [21, 28]. In our previous work, no significant
difference was found between K., values obtained from k
or I In addition, a calibration plot of log K, against I is
simpler when known values of nominal I for BZ are used as
I standards [21] according to Eq. 4

log Kow = cl+d 4)
where ¢ and d are the slope and the intercept, respectively.

Using C6-C9 BZ as standards (21, 36], a log K,y-nominal
I calibration gives the best fit as a linear equation (log
Kow = 0.00516( +0.0001)I-0.970( + 0.080)), with an r* value of
0.9992. The observed values of log K, for the disubstituted
benzenes obtained from MEKC and MEEKC are shown in
Table 2, with the literature values of the same compounds
where available. Excellent agreement of log Koy, from MEKC
and MEEKC was found for xylenes, dihalogenated benzenes

Table 2. Predicted and literature values of log K., values for the disubstituted benzenes in MEKC and MEEKC

Disubstituted benzene

log Kow

Observed® Literature [36]

MEKC MEEKC

Disubstituted benzene log Kow

Observed® Literature [36]

MEKC MEEKC

o-diMe 3.12 3.10 3112
m-diMe 3.18 317 3.20
p-diMe 3.18 3.17 3.15
o-diF 2.33 238 NA
m-diF 2.33 237 NA
p-diF 2.26 2.27 NA
o-diCl 3.42 3.45 338
m-diCl 3.46 348 3.48
p-diCl 334 334 3.38
o-diBr 378 3.76 NA
m-diBr 3.87 385 NA
p-diBr 3.74 3N NA
o-F/CI 2.87 291 NA
m-F/Cl 2.88 291 NA
p-F/Cl 279 2.80 NA
o-F/Br 3.06 3.09 NA
m-F/Br 3.09 an NA
p-F/Br 3.00 299 NA
0-Cl/Br 361 3.62 NA
m-Cl/Br 3.68 3.68 NA
p-Cl/Br 3.55 354 NA
o0-Me/F 2.85 2.86 NA
m-Me/F 2.81 2.81 NA
p-Me/F 2.80 2.80 NA
0-Me/Cl 3.42 342 342
m-Me/Cl 3.38 3.38 3.28
p-Me/Cl 334 3.35 333
0-Me/Br 359 359 NA
m-Me/Br 355 3.56 NA
p-Me/Br 3.54 354 NA
0-Me/OMe 295 288 274
m-Me/0Me 2.87 218 266
p-Me/0OMe 29 2.80 2.81

0-Me/CHO 2.68 241 2.26
m-Me/CHO 274 251 NA
p-Me/CHO 21 248 NA
0-OMe/F 246 2.36 NA
m-OMe/F 261 253 NA
p-OMe/F 254 241 NA
0-0Me/Cl 269 2.50 NA
m-0Me/Cl 2.80 2.64 NA
p-0Me/Cl 284 2.64 NA
0-0Me/Br 333 3.27 NA
m-OMe/Br 332 324 NA
p-OMe/Br 3.13 3.02 NA
0-CHO/F 2.16 1.96 NA
m-CHO/F 2.25 2.08 NA
p-CHO/F 2.26 2.08 NA
0-CHO/CI 2.95 2.86 NA
m-CHO/CI 3.1 3.12 NA
p-CHO/CI 3.14 3.08 NA
0-CHO/Br 2.87 2.66 NA
m-CHO/Br 2.99 2.80 NA
p-CHO/Br 3.03 2.82 NA
0-0Me/CHO 2.53 2.28 NA
m-0Me/CHO 2.56 232 NA
p-0OMe/CHO 2.56 229 NA
0-di0Me 259 233 NA
m-di0OMe 272 254 NA
p-di0Me 263 242 NA
0-diCHO 1.60 1.34 NA
m-diCHO 2.09 1.80 NA
p-diCHO 2.06 1.80 NA

NA = not available.
a) SD< +0.08.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and halogenated toluenes, while in contrast a smaller log K,y
value was derived from MEEKC than from MEKC for the
disubstituted benzenes containing a mono- or di-substituent
of methoxy or aldehyde. This difference can be explained in a
similar way as that of the differences in I values above. In
addition, the observed log Ky, from MEKC and MEEKC was
found to be in good agreement with the available literature
values of some compounds, except for o-methylbenzaldehyde,
indicating that in most cases either MEKC or MEEKC can be
used for determination of log K.

3.3 Predicted and observed retention for disubsti-
tuted benzenes with different moieties

The group additive approach is based on the assumption of
* additive-constitutive properties [30, 37, 38, and is applied for
calculation of log Ko [29, 39, 40], from Eq. (5)

log Kow (PR) = k(P)+ 3" k(R) (5)

where k(P) and «(R) are the values of log K, for the parent
P and substituent R, respectively.

The values of log K, for disubstituted benzenes with
the same and different R-values are given by Egs. (6)-(8),
where P in this work refers to CgH,.

log Kow (PR'RY) = x(P)+2k(R!) (6)
log Kow (PR*R?) = x(P)+2k(R?) (7)
log Kow (PR'R?) = k(P)+k(R!)+k(R?) (8)

It follows from Egs. (6)—(8) that

log Kow (PRIR!)+log Koy (PR?R?)
- : ©)

Since log k and I are directly related to log Ky, it follows
from Egs. (2), (4) and (8) that

log Ko (PR'R?)

CE and CEC 699

Therefore, with a known log K. I and log k
for the disubstituted benzenes with the same R moieties, the
predicted values for disubstituted benzenes with a different
R can be obtained from the average value for PR'R! and
PR?R?, without having to know the values of k.

Figure 2 compares the observed and predicted values of
I for different disubstituted benzenes, using I data obtained
from disubstituted benzenes with the same R. For example,
the predicted I for p-chlorofluorobenzene is obtained from
the average I for p-dichlorobenzene and p-difluorobenzene.
In general, the observed values of I were found to be
consistent with the predicted ones, and especially for halo-
genated toluenes and dihalogenated benzenes. However,
poor agreement between the observed and predicted I values
was seen for the methoxyaldehydes and tolualdehydes, and
particularly in the case of the ortho-isomers. This may be
caused by electronic effects for all positional isomers, such
as the electron withdrawing by aldehyde groups and electron
releasing by methoxy groups [41], and intramolecular
interactions of the ortho-substituents on a change in the
polarity of these compounds. This implies that the group
additive approach is suitable for the prediction of the reliable
retention rates for disubstituted benzenes with small effects
of electronic affecting groups. It should be noted that, in
previous work [31], the group additive approach was used for
prediction of the micelle-water distribution constant (Kmw)
in MEKC using a similar relationship to that of Eq. (5).
However, the known values of k., for P and R were needed
and, moreover, the predicted values of Ky for o-, m- and p-
PR'R? were equal, yet the observed values of K,y for these
positional isomers are in fact different.

3.4 Predicted and observed values of log k for
disubstituted aromatic compounds from our
previous work

I(PRIR?) = I(PR!R!)+I(PR?R?) 10
T 2 (10) In our previous work, the retention of bisphenol-A-diglycidyl
shd 5o ether derivatives (BADGES) [26] and curcuminoids [42] contain-
log k(PR'RY)+Iog k(PRZR? ing two different moieties were observed to be good between
log k(PR'R?) = og K Prlog k( ) (11) those containing the same two moieties. Tables 3 and 4 show
- the good agreement between the predicted and observed log k
MEKC MEEKC
l01)01 1000
9409 G004 #
M QiMesttes %AS [ U SR
o b AMelioly o o] Q# At 6 G0y
e R4 ) b K004 & %
£ FiMexs é +iMexs
2 700 WO G é w W DR
’ Oilttaky g “ﬁ O OMa s
: O .« Qim0 . o QUL
i 6001 - 5.
X A(x ¥y 0.' ALY
T Figure 2. Plots of the observed and
3004 v v v v g 50 - v - x predicted / values obtained for disub-
SO0 600 700 RO6 00 1000 500 600 70 800 900 1100 stituted benzenes with different

predicted
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Table 3. Observed and predicted values of log k for curcuminoids containing two different R moieties (-OCHz, -H)

Demethoxycurcumin
(R' =—0CH,, R?=-H)

MEEKC conditions log k

Predicted® Observed”

(a) Various types and concentrations of organic co-solvents (+180 mM SDS)

25% v/v ACN 0.651 0.649

25% v/v EtOH 0.828 0.825
. 25% v/v 2-PrOH 0.700 0.698

30% v/v 2-PrOH 0.602 0.600

(b) Various [SDS] and 25% v/v 2-PrOH

130 mM 0.646 0.643

180 mM 0.700 0.698

The MEEKC buffer contained 50 mM phosphate at pH 2.5, 1.1% v/v n-octane, 890 mM 1-butanol plus SDS and organic co-solvents as
indicated in the table. Other CE conditions are as reported in [42].

a) Obtained from the average log k for bis-demethoxycurcumin (R' = R? = —-OCHj) and curcumin (R' = R* =-H).
b) Data from previous work [42]. RSD for k<1.0%.

Table 4. Observed and predicted values of log k for BADGE and BADGE.HCI containing two different substituting groups

‘\\\\

BADGE.HCLH,0
| O O " (R' = 2,3-dihydroxypropyl, R? = 3-chloro-2-hydroxylpropyl)
R R BADGE.H,0
b Sl

(R' = 2,3-dihydroxypropyl, R* = glycidyl ether)

CE conditions log k in MEEKC log k in MEKC

BADGE.HCI.H,0 BADGE.H,0 BADGE.HCLH,0 BADGE.H,0

Predicted Observed Predicted Observed Predicted Observed Predicted Observed

(a) Various types of organic co-solvents at 25% v/v and 180 mM SDS

ACN 0.591 0613 0.567 0.569 1.00 1.03 0.945 0.950
EtOH 0.571 0.582 0.538 0.531 1.44 1.48 1.36 1.36
2-PrOH 0.502 0.506 0.481 0.469 0.887 0914 0.850 0.849
(b) Various [SDS] and 25% v/v EtOH

180 mM 0.571 0.582 0.538 0.531 1.44 1.48 1.36 1.36
140 mM 0.511 0.524 0.474 0.467 1.38 141 1.29 1.28
100 mM 0.413 0.424 0.368 0.362 1.31 1.34 1.20 119

The MEKC buffer contained 50 mM phosphate at pH 2.5, plus SDS and organic co-solvents as indicated. The MEEKC buffer contained

50 mM phosphate at pH 2.5, 1.0% v/v n-octane, 890 mM 1-butanol, plus SDS and organic co-solvents as indicated. Other CE conditions
were as reported in [26]. RSD for k< 1.5%.

values obtained for the curcuminoid and bisphenol-A-diglycidyl 4 Concluding remarks

ether each containing two different moieties, which indicates

that the group additive approach can also be extended to be The values of k and I for disubstituted benzenes in MEKC and
used for prediction of the retention of disubstituted aromatic MEEKC were determined. Comparing the relative I values for
compounds with a large parent molecule. each solute in MEEKC against those in MEKC, revealed very

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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similar values, and was independent of I with respect to the
SDS concentration. In contrast, under the same comparisons,
different relative k values were found. This implies that I,
rather than k, can be used as the parameter to compare the
relative affinity of compounds in MEEKC and MEKC that have
different PSP and phase ratios. A similar I value in both the
MEEKC and MEKC was observed for the disubstituted
benzenes with —CH3 and/or halogen moieties (—F, —Cl and
—Br). In contrast, the same disubstituted benzenes with
—CHO and —OCH; moieties revealed a smaller I value being
obtained in MEEKC than in MEKC, presumably because free
1-butanol in the aqueous phase in MEEKC increases the
solubility of the solutes and thereby, reduces the affinity or I of
the solutes in the microemulsion. In addition, the predicted
log k and I values for disubstituted benzenes with different
moieties of —CHj3 and halogens were found to be in excellent
" agreement with the observed values, when the predicted values
were obtained from the average for disubstituted benzenes
with same moieties, according to a group additive approach.
However, a significant difference between the observed and
predicted retention was found for disubstituted benzenes with
at least one moiety of —CHO or —OCHj, due to electronic
effects of polar moieties causing a deviation in the actual
affinity of solutes away from the predicted interactions.
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1 Introduction

MEKC is one of the modes in CE in which the MEKC buffer
contains a surfactant, such as SDS, to form micelles acting
as a pseudo-stationary phase [1-5]. MEKC is widely used for
separation of neutral and charged compounds as reported in
reviews covering the literature up to 1999 [6], 2002 [7], 2003
[8], 2005 [3], and 2009 [9]. The MEKC separation of neutral
analytes is performed using ionic surfactants (1, 3-6, 9-13],
while charged analytes are separated using ionic, or non-
ionic surfactants [1, 3, 4, 6, 9, 10, 14-16). With different
partitioning of analytes in the micelle, neutral as well as
charged analytes show differences in effective electrophore-
tic mobility (Ap), and therefore these can be separated in
MEKC [2, 3, 6, 14, 17, 18]. Typically, the resolution, R, of
two analytes in CE is given by [19, 20]:

R—\/ﬁ‘ Ap
R T

203
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Equations and theoretical models for MEKC separation selectivity (oygxc) were estab-
lished to explain a change in separation and electrophoretic mobility order of fully
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selectivity in CZE (o.czg) and retention selectivity (oq) in MEKC, and where oz and oy
are defined as the ratio of electrophoretic mobility in CZE and the ratio of retention factor
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values of k. For example, in comparison with CZE separation of charged analytes, MEKC
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where N is the number of theoretical plates or efficiency, p
is the effective electrophoretic mobility, Ap is the difference
in p, py—p,y, for two analytes, and p., is the electroosmotic
mobility. For two analytes with same direction of p, Eq. (1)
may be rearranged to relate to the resolution Ry to the
efficiency term, the selectivity term, and the mobility term
as expressed in the following equation:

~~(FE)

where a., is the separation selectivity or mobility selectivity,
which is defined as the ratio of effective electrophoretic
mobilities for two analytes such as p,/p; for |py| > |py-

In MEKC with normal elution mode, the same direction
of electroosmotic velocity (ve,), the observed velocity of
analytes and observed velocity of micelles (vp,), and
[Veol > |Vinc|, the resolution equation for neutral analytes can
(1) be expressed to relate to the retention term as follows
21, 22}:

3]
AtHeo

(2)
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i N\ (o —1 ky 1 —Teo/tuic
RS - R A L R L o s i, (3)
iy Ot 1+k/ \ 1+ (teo/tmc )k

where k is the retention factor, oy is the retention selectivity
defined as the ratio of k such as k;/k,, and t., and t,,. are the
migration times of an EOF marker and a micelle marker,
respectively.

With the normal elution mode of the MEKC separation

of fully charged analytes due only to the difference in
micellar partitioning and not in their electrophoretic

www.electrophoresis-journal.com
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mobilities, the resolution equation is given as follows [21]:
VN (ak - 1)( ks )
Rs < =B (Reere? T——
4 Ol 1+k

% ( 1+teo/tep a2 teo/tmc_) (4)
1+ teq [tept (Feo/bmc )k

where t., is the migration time corresponding to the elec-
trophoretic mobility of the charged analyte, and
tep = tep2 = tepy for this case.

It can be seen in Egs. (3) and (4) that the separation
selectivity may be now referred to the retention selectivity.
In the case of analytes with a difference in their electro-
phoretic mobility (po) at zero concentration of surfactant or
CZE, the MEKC separation is based on the differences in
both k and po. In comparison with the CZE separation of
charged analytes, the addition of surfactant to the MEKC
buffer may result in improved separation for some analytes,
but lowered degree of separation for other analytes [4, 10,
13-17, 23-26). These dual effects are similar to those seen in
chiral separation using dual cyclodextrins as reported in our
previous work [27].

In order to explain the separation selectivity and elec-
trophoretic mobility order in MEKC for charged analytes
with differences in po, the aims of this work are to establish
theoretical models of MEKC separation selectivity which is
related to the dimensionless values of mobility selectivity in
CZE and retention selectivity in MEKC, and to compare the
observed and predicted separation selectivity in MEKC. The
MEKC separation with normal elution mode was carried out
using SDS surfactant in a 10-mM disodium tetraborate
buffer at pH 10.2, and the test analytes used were alkyl-
parabens.

2 Materials and methods

2.1 Chemicals

All the test analytes were purchased from Sigma-Aldrich
(Steinheim, Germany): isomethylparaben (methyl m-hydro-
xybenzoate; IP), ethylparaben (ethyl p-hydroxybenzoate;
EP), propylparaben (propyl p-hydroxybenzoate; PP), and
butylparaben (butyl p-hydroxybenzoate; BP). Sodium
hydroxide and disodium tetraborate  decahydrate
(Na;B407.10H,0) were supplied by Fluka (Buchs,
Switzerland), SDS from Sigma (St. Louis, MO, USA), all
organic solvents obtained from Merck (Dramstadt,

Germany), and dodecylbenzene/micellar marker (M) from
Sigma-Aldrich.

2.2 CE conditions

CE experiments were carried out with a Beckman Coulter
MDQ-CE system equipped with a photo-DAD scanning
from 190 to 300 nm and monitoring at 220 nm. The data-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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handling system comprised an IBM PC and 32 Karat
Software. The uncoated fused-silica capillary, 40.2cm in
length (30 cm to detector) x 50 um id (Polymicro Techno-
logies, AZ), was used for CZE and MEKC separations,
thermostated at 25°C. Voltage was set at 15kV. A sample
solution was introduced by 0.5 psi pressure injection for 3 s.
Prior to each daily analysis, the capillary was rinsed
sequentially for 15 min with methanol, 0.1 M NaOH, water,
and a running buffer. Between consecutive runs, the
capillary was flushed with 0.1 M NaOH and then with a
running buffer, each for 2 min. All experiment runs were
performed in duplicate.

2.3 Buffering electrolytes

The electrophoretic mobilities were determined in two
buffer systems: (1) CZE with 10 mM disodium tetraborate
buffer, adjusted to pH 10.2 with 1.0M NaOH, and (2)
MEKC with 20 to 60 mM SDS in a pH 10.2 10 mM disodium
tetraborate buffer. All buffers were prepared using Milli-Q
water, sonicated for 30min, and then filtered through
0.45 um PTFE filters prior to use.

2.4 Stock and standard solutions

Each test analyte was separately dissolved in SmL of
ACN, and then each analyte solution was diluted with
Milli-Q water in a 10 mL volumetric flask to give 1000 ppm
stock solutions. Stock solutions of DB and thiourea
were also separately dissolved in ethanol, and then diluted
to 20000 ppm with Milli-Q water. A working standard
solution containing 20-60 ppm of each test analyte, 30 ppm
thiourea, and 150 ppm DB was prepared by diluting each of
the stock solutions with a 1.0mM borate buffer. All
solutions were filtered through 0.45 um PTFE filters prior
to analysis.

3 Results and discussion

3.1 Theoretical models of separation selectivity
in MEKC for charged compounds

In MEKC, effective electrophoretic mobilities of two fully
charged analytes, pyexc, are given by [21]

= u0,1+k1umc (S)
HMEKC1) = = T ko
Mo +kap
HMEKC2) = (‘——“0 21 5 mc) (6)

where i, is the electrophoretic mobility at zero concentra-
tion of SDS or under CZE conditions, and p,. is the
electrophoretic mobility of the micelle marker. Subscripts 1
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and 2 refer to the analytes 1 and 2, respectively. The
separation selectivity in MEKC (ogkc), the ratio of HMEKC
with k;>k;>0, may be rearranged to relate to the
dimensionless values as follows:

2 B+acki [ (1+ky)
OMEKC = CXCZE( B:‘Cifl ) (1+akk1> 7)

where aczg is the mobility selectivity in CZE or the ratio of
Ho, €.8. Ho2/Ho1, 04 is the retention selectivity of the SDS
surfactant for two analytes or the ratio of k, e.g. k,/k;, and B
is the ratio for po,;/pme. It should be noted that o is always
> 1.0. The value of aczg>1.0 refers to the same order of [
in CZE and k in MEKC, e.g. ky>k; and |py|>|uy|, whereas
acze < 1.0 refers to the reversed order of |u| in CZE and k in
MEKGC, e.g. kz>k; and [p;] < |py).

According to Eq. (7) and our previous work on theore-
tical models of separation selectivity of chiral separation
using dual cyclodextrins [27], the proposed theoretical
models of apexc for two charged analytes in MEKC can be
classified into four types as listed in Table 1, based on the
ranges of aczg, oy, p, and the order of |u| in CZE and k in
MEKC. In order to predict the value of appkc for two
charged analytes, the value of B in Eq. (7) is assumed to be
equal to 0.5. Figure 1 shows plots of the aygpxc model of
Types I-1III over a wide range of k;. Practically, an increase
in k may be obtained by an increase in the concentration of
SDS ([SDS]) in an MEKC buffer.

According to the oygxc model for Type I in Fig. 1A, ata
fixed value of p except in the case p~ 1.0, the value of OMEKC
increases with an increase in k; to a maximum value, and
then decreases at higher values of k;. At a fixed value of ki,
the higher the value of oy, the greater the value of ajppkc.
The k, giving the maximum oygxc value decreases as the
value of oy increases. Therefore, the ovekc model of Type I
shows that, with the same order of |y| in CZE and k in
MEKC for charged analytes, higher oy than ocyp can
improve aygxkc of two solutes in MEKC. In contrast to Type
I, the oy gxc model for Type II (o <oiczg) in Fig. 1B shows
that the value of oypxc decreases with an increase in k1,
implying poorer separation for two charged analytes. For the
reversed order of |u| in CZE and k in MEKC for charged
analytes as shown in Fig. 1C, the theoretical dpEeke for the
Type III model starts from less than 1.0 (1/omEkc>1) to
near 1.0 (poorer separation) with increasing k; and then
higher than 1.0 (better separation) at higher k; values. At an

Table 1. Types of theoretical models for AMEKC
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amekc of 1.0, the value of k; is given by:

(1 — ocze)
ez — o) +(ox —1)/B ®)

The small value of oy gives a higher k; at apqgxc 1.0, which is
consistent with the bottom line for oygxc of 0.99 in Fig. 1C.
It should be noted that for a theoretical value of oczg or
amekc< 1.0, the practical separation selectivity is equal to
1/ocze or 1/oyekc. Therefore, an increase in k; may result
in a reversed order of electrophoretic mobility for two
charged analytes in MEKC. The model Type IV (o = 1.0
and aczg = 1.0) indicates that no resolution is obtained for
two solutes (plot not shown).

As can be seen in Fig. 1, the theoretical model of oygxc
can be employed to describe the separation of two charged
analytes. The greater the aygxc value (o4>1.0), the greater
the resolution. Better separation selectivity in MEKC over
CZE can be obtained for the ayexc Type I (u>ticzg), or
Type III models (ax>> ticzg, or oy >1/aczg) at appropriate
values of k;.

It should be noted that the direction of EOF velocity and
total velocity does not affect the electrophoretic mobility of
analytes and micelles, and the retention factor of analytes in
MEKC. Owing to independence of the values of a,, and oy
with the direction of these velocities, our proposed selectivity
models can be used for MEKC with normal, reversed, and
restricted modes classified by the direction of EOF and total
velocity as details given in [22].

k1=

3.2 Observed and predicted amexc for negatively
charged compounds in MEKC with normal
elution mode and anionic SDS surfactant

In this work, parabens such as IP, BP, PP, and EP, a weak
acid with HO-C4H4COOR, were chosen as test analytes. In a
basic buffer with pH > pK, of parabens, these parabens can
carry a negative charge. The apparent pK, values were found
to be 8.80, 7.98, 8.00, and 7.97, respectively (literature values
of 9.2 for IP [28] and 8.4 for other parabens [29]). It should
be noted that the apparent pK, values were determined by
measuring effective mobility (p.q) in CZE with a 10-mM
Na,B4O; buffer at various pH values of 7.8-10.2, and
plotting 1/p.q versus 10°* ((H;0%) to obtain pK, from log
(slope/Y-intercept) [30]. A pH 10.2 borate buffer was used to

Type Order of |u| in CZE and k in MEKC ocze oy p Assumed values

ocze Ol B
| Same acze>1 o >ogze> 1 p>1 11 1.2-33 0.5
Il Same acze>1 oz 0> 1 p<i 15 1.0-15 0.5
Il Reversed acze<1 o> 1> o010z p>1 0.8 1.0-6.4 0.5
v Co-migration aeze=1 o =oeze=1 p= = Lo 05
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Figure 1. Predicted models of the separation selectivity (amexc)

for two charged analytes in MEKC. Calculation using Eq. (7) and

data as listed in Table 1. a—e refer to the values of o, for (A) 1.2,

1.4, 1.7, 22 and 33, respectively, (B) 1.0, 1.2 and 1.5,

respectively, and (C) 1.0, 1.6, 3.2, 4.8 and 6.4, respectively.

afford almost fully negatively charged analytes with degrees
of ionization of 0.96 for IP and 0.99 for other parabens,
calculated using apparent pK, determined under our CE
conditions and the equation for degrees of ionization
reported in the textbook [31].

In order to obtain the predicted value of dmEeke for two
charged analytes in MEKC, the following parameters must
be known: the mobility selectivity in CZE, the retention
selectivity in MEKC, and the retention factor in MEKC.
Figure 2 shows the separations of parabens using an SDS-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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free system (or a CZE system) and an MEKC system with
various SDS concentrations (20-60mM). From CZE
separation (Fig. 2A), in which the electrophoretic mobility
vectors of negatively charged parabens are opposite to an
EOF vector, the migration time order EP>PP>BP>IP with
the effective electrophoretic mobilities p of —2.25, —2.13,
-2.03 and —-1.97 x 107 ¥ m?Vv~ts7, respectively, indicates
the |u| order EP>PP>BP>IP, in line with the charge-to-size
ratio for homologous series EP>PP>BP. The smaller || for
IP than other parabens may be due to the smaller degree of
ionization, and/or larger hydrodynamic size of IP.

Theoretically, for MEKC separation of neutral analytes
with normal elution mode in ionic surfactant, the migration
behavior depends only on the retention factors of the
analytes. The higher the retention factor, the longer the
migration time. However, for the MEKC separation of
charged analytes with the above conditions, the migration
behavior depends on the electrophoretic mobility and
retention factor of each analyte, and therefore it is difficult to
predict the order of the migration time or the effective
electrophoretic mobility in MEKC.

The retention factor k is calculated from MEKC elec-
tropherograms using the following equation [18, 21, 32
b — Bmexc — Ho

Hmc — UMEKC

9)

where all parameters are previously defined in Egs. (5) and
(6). From the MEKC electropherograms in Fig. 2B-D, the
retention factors (Table 2) for negatively charged parabens
were obtained in the order BP>PP>IP>EP, which are
consistent with the magnitude order of octanol-water
distribution constants in this series BP>PP>EP [33-35].

As seen in Fig. 2D for MEKC separation with 60 mM
SDS, the order of ty, or |umekc| is obtained to be BP>PP>
IP>EP, whereas different orders are obtained in MEKC at
20 mM SDS (Fig. 2B): BP>PP>EP>IP, and in CZE (Fig. 2A),
EP>PP>BP>IP. These differences in migration behavior can
be explained using the separation selectivity models in
Section 3.1.

Figure 3 shows the observed and predicted values of
anmekc for parabens in MEKC over a wide range of [SDS]
(Fig. 3A) and k; values (Fig. 3B). The former is useful to
consider the SDS concentration giving the achieve resolu-
tion of all solutes and the reversed migration, whereas the
latter is useful to compare the observed and the predicted
model without known [SDS]. The predicted values of oypxc
at different [SDS] (6.0-60 mM) were calculated using data in
Table 2 and Eq. (7). Table 2 also lists the mobility selectivity, -
retention selectivity, retention factor, selectivity ratio, and
predicted models of oygxc. As previously mentioned, for
MEKC separation of a particular analyte pair, such as PP
and IP, k, refers to the retention factor for the solute with
smaller k, such as kip. Using a wide range of [SDS]
(20-60 mM), the observed k; can be plotted against [SDS] to
derive a linear calibration plot, allowing predicted values of
ky at various [SDS] to be obtained. Using data in Table 2 and
Eq. (7), the observed values of oygxc in Fig. 3 were found to

www.electrophoresis-journal.com
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Figure 2. Electropherograms of parabens
using (A) 0 (CZE), (B) 20, (C) 40, and (D)
60 mM SDS in a 10-mM Na,B,0; buffer
adjusted to pH 10.2 with 1.0 M NaOH. Other
CE conditions: uncoated fused-silica capi-
llary, 50pm id x 40.2cm (30cm to the
detector), a temperature of 25°C, an applied
voltage of 15kV, UV detection at 220 nm,
and 0.5 psi pressure injection for 3s.

Table 2. Mobility selectivity (xcze), retention selectivity (o), retention factor (k;), selectivity ratio (p), and types of oymexc model

Pair Solute 1

ki = alSDS]+b oczE ] p Types of model for opexc in MEKC
IP/EP EP 0.00236[SDS]—-0.013 0.888 0.575 p>1 Il
PP/IP IP 0.00871[SDS]—0.028 1.066 0.511 p>1 |
BP/PP PP 0.01004{SDS]—0.035 0.953 0.544 p>1 |
BP 0.03068[SDS]—0.057 —
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Figure 3. Observed (symbols) and predicted (solid lines) opmexc
for two charged analytes in MEKC. (A) Various concentrations of
SDS and (B) various values of k;. Predicted values are obtained
using Eq. (7) and data as listed in Table 2.

be in good agreement with the predicted values, indicating
that Eq. (7) can be used for prediction of the oygkc values
over a wide range of [SDS] and k;.

According to electropherograms in Fig. 2 and data in
Table 2, the same order of |u| in CZE and k in MEKC was
obtained, and therefore 0.czg>1.0 and opegc>1.0. Although
the p value is greater than 1.0, a slight decrease in the
observed and predicted values of ayexc with an increase in
[SDS] and k; is due to small calculated values of p between
1.032 and 1.072 for 10-60 mM SDS. Therefore, a change in
amekc for PP/IP in MEKC is consistent with the opgkc
model of Type I described earlier with small values of p.

Owing to the reversed order of |u| in CZE and k in
MEKC for IP/EP and BP/PP, and the theoretical value of
ocze being less than 1.0, the reversed |u| order for IP/EP
and BP/PP at high [SDS] and at low or zero [SDS] is
consistent with the ayekc Type III model. At an oppkc
value of 1.0, the predicted values of k; in Fig. 3B are esti-
mated to be 0.003 for BP/PP at very low [SDS), and 0.052 for
IP/EP which is in good agreement with the observed k; of
0.064. It should be noted that, employing Eq. (8) with an
average oy of 3.831 for IP/EP at 6.0-60mM SDS, the
predicted values of k; of 0.057 giving oigxc of 1.0 are found
to be in good agreement with k, in Fig. 3B (0.052).

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Concluding remarks

We have shown that a change in MEKC separation
selectivity for two charged analytes over a wide range of
[SDS] and k values can be explained and predicted using our
proposed equations and theoretical models of separation
selectivity, where the separation selectivity is related to the
dimensionless values of the mobility selectivity in CZE and
retention selectivity in MEKC. In comparison with CZE, the
ability of MEKC to improve or reduce separation selectivity
for two charged analytes depends on the model of separation
selectivity. In addition, excellent agreement was found
between the observed aygexc and the proposed oekc
models of test analytes in MEKC over a wide range of
[SDS] and k values.
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Abstract: Simple equation and theoretical models, related to the dimensionless values of separation
selectivity (aczg) in capillary zone electrophoresis (CZE), binding selectivity (), B,y and KC, are proposed
in order to explain a change in the separation selectivity (a.cp) in cyclodextrin electrokinetic chromatography
(CD-EKC) for two charged analytes using neutral cyclodextrin (CD), and where o and « are defined as the
ratio of effective electrophoretic mobility in CZE () and the ratio of binding constant (K), respectively, C
the free CD concentration, K, the weaker CD binding constant, p., the electrophoretic mobility of analyte-CD
complex, B, the po,/py, ratio and y the ., /., ratio. Using substituted benzoic acids and phenoxyacetic
acid as test analytes with 3-CD, the changes in the observed ocp values were found to be in good agreement
with the theoretical acp models over a wide range of K,C and C values. For example, in comparison with
CZE, the presence of CD in the buffer can enhance ocp up to the maximum value with the selectivity ratio (p
= k/ocze) > 1.0, while a worse a.cp is obtained with p < 1.0.

Keywords: Capillary electrophoresis, Capillary zone electrophoresis, Cyclodextrin electrokinetic
chromatography, Separation selectivity

1. Introduction

Cyclodextrin electrokinetic chromatography (CD-EKC) is one of the modes in CE which is
performed by the addition of cyclodextrin (CD) in the buffer to form an inclusion complex between the
analyte and the CD. The effective electrophoretic mobility (i) of the analyte in CD-EKC is given by Eq. (1)
[1-3];

1+ KE
where i, and ., are the electrophoretic mobilities of the analyte and its complex at zero (capillary zone
electrophoresis, CZE) and at infinite CD concentrations, respectively, K is the binding constant of the analyte
to CD, and C is the free CD concentration at equilibrium that is assumed to (i) equal the initial CD
concentration and (ii) that it is significantly greater than the analyte concentration.

CD-EKC is widely used for the separation of enantiomers [4-12] with identical p, and p., values but
with different K values and, therefore, CD-EKC separation is based on the differences in p only that arise
from the differences in K of each isomer to CD. The resolution, R, of two analytes in CE is given by Eq. (2)
3, 13];

_IN A
4 Rpg
where N and W are the average efficiency and electrophoretic mobility, respectively, Ap is the

electrophoretic mobility difference, and ., is the electroosmotic mobility. Generally, the resolution equation

in CE (Eq. (2)) may be rearranged to relate to the efficiency, separation selectivity and mobility terms, as in
Eq. 3) [14];

R, =[E](“—“)‘ = ®
4 o AR+,

where o is the separation selectivity or mobility selectivity, defined as the ratio of p for two analytes: o =
Ho/py, o >1.

In addition to chiral separation, CD-EKC can be also used for separating achiral compounds [15-22],
such as small molecules and positional isomers. Here, with a difference in p,, the separation in CD-EKC is
then not only due to the difference in K but also to the difference in po. In comparison with CZE, the use of
CD may result in an enhancement of o for some analytes or a loss of o for other analytes, and
consequentially the same or a reversed migration order of analytes may be obtained between CD-EKC and
CZE [16-17, 19-20, 22]. These dual effects with the presence of a pseudo-stationary phase are similar to
those in the chiral separation of charged enantiomers with dual neutral CDs [23], and in the micellar
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electrokinetic chromatographic (MEKC) separation of charged compounds [14] in our previous works. A
change in separation selectivity from dual effects can be clarified using theoretical models of separation
selectivity for charged compounds, as detailed previously [14, 23].

Therefore, the aim of this study is to develop equation and theoretical models in order to explain a
change in the neutral CD-EKC separation selectivity (co.cp) and electrophoretic mobility order for charged
analytes with different po values. According to our previous work [14, 23], the equation and theoretical
models of op are related to the dimensionless values. In addition, the observed and predicted ocp values
were compared from various B-CD concentrations, using four negatively charged analytes of substituted
benzoic acids and phenoxyacetic acid.

2. Experimental
2.1 Chemicals

All reagents were of analytical grade. Disodium tetraborate decahydrate (Na,B40;-10H;0), and
sodium hydroxide were purchased from Fluka (Buchs, Switzerland), B-CD was from Sigma (St. Louis, MO,
USA), mesityl oxide was from Aldrich (WI, USA). The following substituted benzoic acids were obtained
from Sigma-Aldrich (Steinheim, Germany): 3-chlorobenzoic acid (3C), 4-chlorobenzoic acid (4C) and 4-

methylbenzoic acid (4M). 4-Chloro-2-methylphenoxyacetic acid (MCPA) was supplied from Riedel de Haén
(Seelze, Germany).

2.2 Preparation of running buffers and analytes

CE measurements were carried out in two buffer systems: CZE and CD-EKC. The CZE buffer
contained 10 mM Na,B,0; at pH 9.2, whilst the CD-EKC buffers are derived from this by the addition of
various concentrations of B-CD (2 to 16 mM, limited by the solubility of B-CD of 16 mM), in the 10 mM
Na2B4O7 at pH 9.2.

Stock solutions of each test analyte at 5.0 mM were separately dissolved in methanol and then
diluted with purified water. The sample mixtures containing each analyte at 0.1 mM and 50 ppm mesityl
oxide were obtained by pipetting each stock solution and then diluting the mixture with 1.0 mM Na,B,O;.

All sample solutions and buffers were sonicated and filtered through 0.45 pm membrane filters prior to CE
analysis.

2.3 CE conditions

All CE separations were performed on a Beckman Coulter MDQ CE system equipped with a photo-
diode array scanning from 190 to 300 nm and monitoring at 214 nm and an uncoated fused-silica column
(Polymicro Technologies, Phoenix, AZ, USA) of 40.2 cm in length (30 cm to detector) X 50 um LD., and
thermostatted at 25 °C. The applied voltage was set at 15 kV. A sample solution was introduced by 0.5 psi
pressure injection for 3 s. Prior to analysis each day, the capillary was rinsed with 0.1 M NaOH and then the
buffer for 10 min each. Between consecutive runs, the capillary was rinsed with 0.1 M NaOH and then the
buffer for 3 min each. Each experiment was carried out in duplicate.
3. Results and discussion
3.1 Theoretical models of neutral CD-EKC separation selectivity

As can be seen in Eq. (3), the resolution mainly depends on a., and the separation selectivity in CD-
EKC (ocp), instead of o in Eq. (3), is defined as the ratio of u for two analytes, e.g. p/p,;. From Eq. (1), in
the case of charged analytes 1 and 2 to neutral CD with K, > K,, the CD-EKC separation selectivity may be
rearranged to relate to the dimensionless values of oczg, k, B,y and KC as Eq. (4);

i S B =K.C 148K .0 @)
B, +05xK,Cy A 1+K,C

where aczg is the separation selectivity in CZE (defined as the ratio of y, for two analytes, e.g. po2/Ho,1), K iS
the CD binding selectivity (defined as the ratio of K for two analytes, e.g. Ki/Kj, k 2 1.0), B, is the po»/pe2
ratio and y is the p, 1/pe 2 ratio. It should be noted that the stronger binding of analyte 1 than 2 to CD results
in smaller apparent |u| of analyte 1 than 2 and, therefore, the separation selectivity (0iczg Or ocp) was
calculated from the ratio of p for analyte 2/1, whereas k was from the ratio of K for analyte 1/2.

Using a similar concept to our previous works on the chiral separation selectivity for charged
enantiomers with dual neutral CDs [23], and the separation selectivity for charged compounds in MEKC [14],
the separation selectivity for charged compounds in neutral CD-EKC in this work can be classified into four
types, as given in Table 1, based on the selectivity ratio (p) which is defined as the k/oczg ratio, and the
orders of || in CZE and K in CD-EKC. The same order refers to when K; > K, and |po,1| > |po2], while the
reversed order refers to when K, > K, but |pg2| > |io,1- It should be noted that Eq. (4) can be also used for
# Moo OF Mo = Moa (0cze > 1.0, < 1.0 or = 1.0), x is always > 1.0, and the practical separation selectivity is
equal to 1/aiczg or 1/aicp for the theoretical value of aczg or acp < 1.0. Using Eq. (4) and the data in Table 1,
with B = 3 and y= 1, Figure 1 shows the plots of ocp models of Types I to III as a function of the K;C
products at various p values. At a K,C value of 0, the acp value refers to oczg.
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According to the acp model for Type I as shown in Fig.1A with k > acze > 1, an increase in the
concentration of CD in CD-EKC enhances o.cpto a maximum value at K,C ~ 1, and then decreases at higher
K,C values. At a given K,C, the higher the value of p, the greater the value of acp. This indicates that, in
comparison with CZE, neutral CD-EKC with the Type I o,cp model can improve the resolution of charged
compounds. This may simply be explained by that, for |, > |po| in CZE (oicze > 1), analyte 1 with a
stronger binding to CD (K; > K, with k > aczg) results in a much smaller |u,| than || and, therefore, a
higher acp or p,/p; at the appropriate K,C value.

In contrast to that observed with the Type I model, CD-EKC with the Type II acp model (oicze = k
> 1), or when the CD binding selectivity is less than the |p,| selectivity (Fig. 1B), showed a gradual decrease
in the acp over a wide range of K,C values. The smaller the p value, the smaller the ocp value. This implies
an inferior separation ability of the two analytes in CD-EKC than in CZE for the case of the Type II acp
model.

As can be seen in Fig. 1C, for the Type Il o,cp model with k > 1 > acz, the reversed order of || in
the CD-EKC, compared to that in CZE, results in a loss of the separation, starting from 1/a.cp > 1 (oicp < 1)
to near 1 and then increases the separation (cep > 1) at higher K,C values. From Eq. (4), it follows that the
value of K,C giving acp of 1 is given by Eq. (5);
ch = ﬁ(l_aCZE)

Blotezek = 1) + oz (1 - %)

With aiczek = 1 or k = 1/0iczg as shown in Fig. 1C, when k = 1.25 the same order of || in CD-EKC
and |p,| in CZE is observed over a wide range of K,C values, and K,C gives ocp of 1 at -B, implying that a
ocp of 1 occurs at an infinite K,C value. The higher the value of p, the lower the value of K,C at acp of 1.
The K,C value that gives a maximum ocp value decreases with increasing p values. In comparison with CZE,
CD-EKC with this acp model, especially at high k values, can provide a better separation with k > 1/0czg.

With x = aiczg = 1 for the Type IV ocp model (Table 1), there is no separation of the charged analytes under
either the CZE or CD-EKC conditions (plot not shown).

3.2 Observed and predicted neutral CD-EKC separation selectivity for negatively charged compounds

In order to predict the theoretical models of ocp for charged compounds in neutral CD-EKC, the
values of oz, k, p and y must be known. In initial experimental work, several weak acids were used in the
CD-EKC separation. However, the substituted benzoic acids and phenoxyacetic acid, including 3C, 4C, 4M
and MCPA, were chosen here to be representatives to cover three types of a.cp models. With pK, < 4.4 for all
test analytes [24, 25], then in the pH 9.2 buffer used here, each analyte carries a fully negative charge. Figure
2 shows an example of the obtained electrophoregrams for the simultaneous separation of 3C, 4C, 4M and
MCPA in CZE buffer with 0 mM B-CD (Fig. 2A) and in the CD-EKC buffers with 2 and 12 mM B-CD (Fig.
2B and 2C, respectively). As can be seen in Fig. 2A, when using CZE the negatively charged analytes
migrate against the electroosmotic flow (EOF) with the || order of 3C > 4C > 4M > MCPA, depending on
the ratio of charge to hydrodynamic radius of the analytes. From the CD-EKC electropherograms, the |y
orders of the test analytes were obtained to be 3C > 4C ~ 4M > MCPA in 2 mM B-CD (Fig. 2B), whereas 3C
>4M > 4C > MCPA in 12 mM B-CD (Fig. 2C). In comparison with CZE, the same migration order in CD-
EKC was found for 4C/3C, 4M/3C and MCPA/4C over a wide range of CD concentrations from 2-16 mM f-
CD, while a reversed order was obtained for 4C/4M at a CD concentration above 2 mM B-CD. This different
migration behavior for these analytes can be explained by using the a.cp models in Section 3.1.

Table 2 shows the values of o, po, Gicze, K, &, p, B, ¥ and types of acp model for each pair of test
analytes. The K and p,, values were determined using the CEfit Program of a nonlinear least-squares fit to the
data points of the corrected electrophoretic mobilities, with a change in the buffer viscosity, as a function of
the CD concentration [23, 26-27]. Accordingly, from the data in Table 2 and Eq. (4), the observed and
predicted acp values were evaluated and plotted for the test analytes in various K,C products (Fig. 3A) and
B-CD concentrations (0-16 mM, Fig. 3B). The former can be used to compare the observed and predicted
model without known CD concentrations, while the latter can be used to consider the CD concentrations
giving the achieved resolution of the analytes and the reversed migration orders. As can be seen in Fig. 3, the
observed values of acp were found to be in good agreement with the predicted values, indicating that Eq. (4)
can be used for the prediction of the ocp values over a wide range of K,C and C values.

From the electropherograms in Fig. 2 and the data in Table 2, a reversed order of || in CZE and K
in CD-EKC was obtained for the 4C/3C, 4M/3C and MCPA/4C analyte pairs, but the same order was
observed for |po| in CZE and || in CD-EKC. In comparison with CZE, a greater ocp value was obtained at a
higher K,C value and C for 4C/3C and 4M/3C with p > 1.0 and, therefore, a change in o.cp for 4C/3C and
4M/3C is consistent with the Type I acp model. In contrast to that seen for 4C/3C and 4M/3C above, at
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higher K,C and C values, smaller acp is seen for MCPA/4C with p < 1.0, which is consistent with the Type
IT acp model.

Due to the same order of || in CZE and K in CD-EKC for 4C/4M with oczg < 1.0 and p> 1.0
(Table 2), the reversed order of || in CZE and || in CD-EKC was found at higher K,C and C values, as
shown in the Fig. 2. Therefore, the CD-EKC separation for 4C/4M is consistent with the Type III ocp model.
The aicp of 1 for a pair of 4C/4M was observed at 2 mM B-CD and K,C of 0.170, which is in good agreement
with the calculated K,C of 0.166 using Eq. (5).
4. Conclusions

The proposed equation and the theoretical models for CD-EKC separation selectivity presented
herein, which are related to the dimensionless values of aczg, K, B,y and KC, can be used to explain and
reliably predict the change in the CD-EKC separation selectivity and electrophoretic mobility order for
charged analytes over a wide range of neutral CD concentrations and K,C products. In comparison with CZE,
the presence of CD in the buffer may improve or reduce separation selectivity for charged analytes in CD-
EKC, depending on the CD-EKC separation selectivity models. When using substituted benzoic acids and
phenoxyacetic acid as test analytes with B-CD, a good agreement was found between the observed and
predicted values of CD-EKC separation selectivity across various CD concentrations and K,C values.
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Figure 1 Predicted models of CD-EKC separation selectivity for charged analytes. Calculated using Eq. (4) and the data listed in Table 1.
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Abstract: CE separation selectivity for monochlorobenzoates/monomethylbenzoates (C/M") and
dichlorobenzoates/dimethylbenzoates (DC/DM"), having similar electrophoretic mobilities, were compared
in three CE modes including CZE, MEKC and cyclodextrin-EKC (CD-EKC). Small CZE separation
selectivity (oczg) was obtained for each pair of C/M™ and DC/DM". The very slightly higher MEKC
separation selectivity (oexc) than oczg was obtained due to the small retention selectivity. The higher CD-
EKC separation selectivity (c.cp) than oiczg and ciexc was obtained for C/M™ and DC/DM’, due to the great
CD binding selectivity. In addition, simultaneous separation of ten phenoxy acid herbicides, especially 2,4-
DB/MCPB and 2,4-D/MCPA having the difference in chloro and methyl substituents on a benzene ring, was
also obtained using the CD-EKC buffer containing 3.0 mM DM-B-CD. Therefore, in comparison with CZE

and MEKC, CD-EKC can be used as the better alternative to separate compounds having the different
substituents only by chloro and methyl groups.

1 Introduction

CE is a high efficiency separation technique for separating charged and neutral compounds.
Basically, the separation mechanism in CE is based on the difference in the electrophoretic mobility (u) of
the analytes. The resolution, R, of two analytes in CE is given by the equation [1, 2]:

VN A
R =-—“:—£— M
4 p+p,

where N and W are the average efficiency and the average electrophoretic mobility, respectively, Ap is the

electrophoretic mobility difference, and p., is the electroosmotic mobility. Typically, the resolution (R;) in
CE (Eq. (1)) may be rearranged to relate to efficiency, separation selectivity and mobility terms, as follows

[3]:
R :‘ﬁ§(a—f“ K, |
: 4 o Aﬁ+uw

where o is the separation selectivity or mobility selectivity, defined as the ratio of the effective
electrophoretic mobility (1) of two analytes: o = py/py, o0 >1.

The separation selectivity is a characteristic that simply describes separation in CE. This parameter
shows the ability of the separation method to distinguish analytes from the others. Since the CZE separation
for charged analytes arise only from the differences in charge-to-size ratio, it is difficult to reach baseline
resolution for separating the analytes having very similar p or small o (o = 1.0). As a result, several methods
to improve the CZE separation have been reported. The use of the pH of the buffers close to the pK, of the
analytes [4-9] is one of the methods to obtain the difference in  for acid compounds. The optimum pH value
is theoretically calculated to be the average pK, values for two analytes [7-8]. However, this method is not
impractical use for the simultaneous separation of several pairs of analytes having different average pK,
values. Moreover, the additives, such as ionic liquids [10] and organic solvents [4-5, 11-16], may be used to
improve a because of their influence on p and p.,. In addition to CZE, the addition of any pseudo stationary
phases such as micelles in MEKC [11, 17-18] and CDs in CD-EKC [11, 19-23] has been reported to improve
the separation due to the interaction of the analytes and pseudo stationary phases.
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From the literature [24], chlorobenzoate (C™) and methylbenzoate (M~) show very similar measured
absolute electrophoretic mobility (1°, 10® m®> V' s of each positional isomer of C/M™: -3.16/-3.07, -3.22/-
3.11 and -3.17/-3.07 for 2C/2M", 3C/3M™ and 4C/4M", respectively. Therefore, the calculated separation
selectivities are 1.029, 1.035 and 1.033 for 2-, 3- and 4-C”/ M~ isomer, respectively, indicating low resolution
of each pair.

The aims of this study are to investigate and to compare the separation selectivity in three CE modes
for benzoic acids with chloro and methyl substituents: i) CZE with different types and concentrations of
organic solvents, ii) MEKC with different SDS concentrations, and different types and concentrations of
organic modifiers, and iii) CD-EKC with different types and concentrations of CDs. In addition, the CE
separation for acidic herbicides having the difference in a chloro- and a methyl-substituent on the aromatic
ring was also examined. In comparison with CZE, a change in separation selectivity in MEKC and CD-EKC
will be also explained using our recent works on separation selectivity models [3, 25].

2 Materials and methods
2.1 Chemicals

All reagents were of analytical grade. Disodium tetraborate decahydrate (Na,;B;0,-10H,0), and
sodium hydroxide were purchased from Fluka (Buchs, Switzerland); thiourea, methanol (MeOH) and ACN
were from Merck (Darmstadt, Germany); SDS, a-CD, B-CD and dimethyl-B-CD (DM-B-CD) were from
" Sigma (St. Louis, MO, USA); mesityl oxide was from Aldrich (WI, USA); dodecylbenzene (DB) and the
following benzoic acid derivatives with chloro and methyl groups were from Sigma-Aldrich (Steinheim,
Germany): 2-, 3-, 4-methylbenzoic acid (M); 2-, 3-, 4-chlorobenzoic acid (C); 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5-
dimethylbenzoic acid (DM); 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5-dichlorobenzoic acid (DC). All herbicide
standards were obtained from Riedel de Haén (Seelze, Germany) and Dr. Ehrenstorfer GmbH (Augsburg,
Germany): 4-Chloro-2-methylphenoxyacetic acid (MCPA), 4-(2-methyl-4-chlorophenoxy) butyric acid
(MCPB), 2,4-dichlorophenoxyacetic acid (2,4-D), 4-(2,4-dichlorophenoxy) butyric acid (2,4-DB), (2,4,5-
trichlorophenoxy) acetic acid (2,4,5-T), 5-(2-chloro-4-trifluoromethylphenoxy)-2-nitrobenzoic acid
(acifluorfen), 3,6-dichloro-pyridine-2-carboxylic acid (clopyralid), 2-methoxy-3,6-dichlorobenzoic acid
(dicamba), 2-(4-chlorophenoxyl)-2-methyl-propionic acid (mecroprop), and 4-amino-3,5,6-trichloro-picolinic
acid (picloram).

2.2 Preparation of running buffers and analytes

CE measurements were carried out in three buffer systems: i) CZE, ii) MEKC, and iii) CD-EKC.
BGEs used for CZE contained 10 mM Na,B,0,at pH 9.2 with or without the addition of organic modifiers (0
to 20% v/v) such as methanol (MeOH) and ACN. The MEKC buffers contained a 10 mM borate buffer at pH
9.2 and SDS (20-80 mM). The effect of organic modifiers in MEKC was studied using a 10 mM borate
buffer at pH 9.2, 40 mM SDS and various concentrations of organic modifiers (0 to 20% v/v MeOH or ACN).
For CD-EKC, BGEs containing o-CD (2-60 mM), B-CD (2-16 mM) or DM-B-CD (2-50 mM) were prepared
at various concentrations by weighing an appropriate amount of CD and dissolving these in 10 mM Na,B,0,
at pH 9.2.

Stock solutions of each test analyte at 5.0 mM were separately dissolved in MeOH and then diluted
with purified water. The mixtures contained each analyte at 0.1 mM and mesityl oxide as EOF marker in
CZE and CD-EKC, while thiourea as EOF marker and DB as micelle marker in MEKC. All sample solutions
and buffers were filtered through 0.45 um membrane filters prior to CE analysis.

2.3 CE conditions

All CE separations were performed on a Beckman Coulter MDQ CE system equipped with a photo-
DAD scanning from 190 to 300 nm and monitoring at 214 nm. An uncoated fused-silica used (Polymicro
Technologies, Phoenix, AZ, USA) was 40.2 cm in length (30 cm to detector) X 50 um id, and thermostatted
at 25 °C. The applied voltage was set at 15 kV. A sample solution was introduced by 0.5 psi pressure

injection for 3 s. Prior to analysis each day, the capillary was conditioned as detailed in previous work [25].
Each experiment was carried out in duplicate.

3 Results and discussion
3.1 CZE separation of C/M™ and DC/DM™

The CZE separation mechanism is based on the difference in p of the analytes due to the difference
in the ratio of charge to hydrodynamic radius of solutes [1]. Figure 1A shows the separated
electropherograms of a pair of monosubstituted benzoates: 2C7/2M™, 3C/3M™ and 4C/4M", using 10 mM
borate buffer at pH 9.2 without the addition of organic modifier. In the pH 9.2 buffer, each analyte, with pK,
<4.5 [26-27], carries a fully negative charge and, therefore, each analyte migrates after an EOF marker with
the migration time order or the electrophoretic mobility (juf) order: C” > M. A pair of C/M" in each
positional isomer migrates closely for each other. The p values (10® m? V' s) of the C/M™ are shown in
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Table 1, with %RSD < 1.0. As can be seen from Fig. 1A, the baseline resolution of C/M™ for all pairs was
not achieved, R; < 1.5. Figure 1B shows the CZE separations of disubstituted benzoates DC/DM™ 2,3-,2,4-,
2,5-,2,6-, 3,4 and 3,5-isomers). The |p| values of disubstituted benzoates were found in the order DC™ > DM~
(Table 1), similar to the |p1| order of monosubstituted benzoates C” > M. The baseline resolution of DC /DM~
was achieved for 2,6-, 3,4- and 3,5-isomers (R, = 1.53—1.72), while not achieved for 2,3-, 2,4- and 2,5-
isomers (R; = 0.88-1.42).

From Fig. 1A for the separation of monosubstituted benzoates, the CZE separation selectivities
(aicze) were obtained to be 1.018, 1.025 and 1.023 for 2-, 3- and 4-C /M isomers, respectively, which have
the same trend but slightly less than those of literature values calculated using p° as previously mentioned in
Section 1. The values of oz for disubstituted benzoates were obtained in the range of 1.019-1.038. The
acze value close to 1.0 indicates small separation selectivity or small difference in p. According to Eq. (2),
the most important parameter to enhance R; is the separation selectivity. The higher the value of o, the better
the value of R,. The resolution also scales with the mobility term (|u s (| +p)
the efficiency.

The addition of organic solvent into BGEs was reported to improve the separation of sample
mixtures in CZE due to a change in pand p, [4-5, 11-16]. In this work, the effect of organic solvents to dcze
was studied by separately adding 10-20% v/v MeOH or ACN into 10 mM Na,B,0- buffer. With an increase
in organic modifier concentrations, the same |p| order was obtained with longer migration time (data not
shown). Figure 2 shows an example of the effect of MeOH on acze and R, for monosubstituted benzoates

(C/M). From Fig. 2A1, although a slight decrease in oczg Was obtained with increasing the amount of
MeOH in the buffer, the better R; was observed (Fig. 2A2) because of the slightly higher values of the

mobility term and the greater /N (data not shown) according to Eq. (2). The similar result with MeOH was
also observed using ACN as an organic modifier (data not shown).

The use of a buffer with suitable pH at the average pK, values for two analytes [7-8] is one of the
alternative methods to enhance oczg. For example, using the pK, values reported from literature [26-27] for
calculation of suitable pH of the buffers, the different pHs of 3.39, 4.05 and 4.17 may be used for separating
each pair of 2-, 3- and 4-C”/M", respectively. Another alternative method to improve a for benzoic acid
derivatives is the addition of pseudo-stationary phases such as micelles in MEKC [11, 17-18] and CDs in
CD-EKC[11, 19-23].

3.2 MEKC separation of C/M™ and DC /DM~

Using an MEKC buffer containing 40 mM SDS in a 10 mM borate buffer at pH 9.2, anionic
micelles and negatively charged solutes migrate toward the cathode with the presence of high EOF. As
shown in Table 1, the migration of analytes in MEKC were found in the |u| order C” > M~ and DC™ >
DM, similar |u| order in CZE. Typically, the charged analytes in MEKC are separated due to the differences
in their micellar partitioning and their electrophoretic mobility (ciczg). In our recently previous work [3], the
separation selectivity for charge analytes in MEKC relates to o and aiczg as the equation:

Oy

et

a 1+k
o e = aCZE CZE 1 (7)
B+k |14k

) and the square root of

where aexc is the mobility selectivity in MEKC, a is the retention selectivity defined as the ratio of
retention factor (k) in MEKC for two analytes and B is the ratio of the analyte pu in CZE (o) to the micelle
marker p in MEKC.

In comparison between MEKC and CZE as shown in Table 1, the very slightly higher ok than
acze is due to the small oy giving the small ratio of ou/oicze ranging from 1.013 to 1.063. According to
theoretical models for anexc [3], a slight increase in gk for C/M™ and DC/DM™ is consistent with the
model of Type I (0 > oicze = 1.0) with small values of oy/otczg. In comparison with CZE, the slightly better
R, for C'/M™ and DC/DM™ in MEKC was obtained due to the slightly higher oigkc than oczg and the greater
mobility term for MEKC with comparable N. In most cases, the baseline resolution in MEKC was achieved
for a pair of C/M™ (R, = 1.59-1.77) and DC/DM~ (Rs= 1.73-2.67), except for 2C/2M™ (R, = 1.09) and
2,4DC7/2,4ADM (R, = 1.25).

Over a wide range of SDS concentrations of 20-80 mM, the cygxc values for each pair of C'/M™ or
DC™/DM" were insignificantly different (data not shown). Figure 2B1 and 2B2 show an example of the effect
of MeOH in the MEKC buffer on aygkc and R, respectively, for monosubstituted benzoates (C/M"). As can
be seen in Fig. 2B, an increase in organic solvent concentrations gives a very slight decrease in oggc (Fig.
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2B1) but the better R, (Fig. 2B2) in MEKC, a similar trend found in CZE with the addition of organic
solvents.

3.3 CD-EKC separation of C/M™and DC /DM
In order to enhance separation selectivity of the charged analytes, o-CD (2-60 mM), B-CD (2-16 '

mM) and DM-B-CD (2-50 mM) were separately added into the pH 9.2 borate buffer. It should be noted that
16 mM for B-CD is the saturated solubility in water, 60 mM a-CD gave the achieved baseline resolution with
Rs > 2.4, except for the co-elution of 2,6DC7/2,6DM", and 50 mM DM-B-CD gave R, > 4.5, except for the
co-elution of 2C7/2M™ and 2,6DC/2,6DM". In the presence of CD, the CD-EKC separation for two charged
analytes arises from the differences in their binding constant (K) to CD and their electrophoretic mobility
(aczg). The different ability of CD to form inclusion complex with the analytes is governed by several factors

such as the match between the cavity size of CD and the molecular size of the analytes, hydrophobic
interaction and hydrogen bonding interactions [1, 2].

In our recently reported work [25], the CD-EKC separation selectivity for charge compounds was

developed to relate to k and oz as the following equation:

%, B, +K,C 1+xK,C €]
e "aCZE[sZ +aCZEKK2CyI 1+K,C ] /
where ocp is the mobility selectivity in CD (py/py), « is the CD binding selectivity defined as the ratio of K
for two analytes (K,/K, with K, > K5), B is the ratio of the analyte p in CZE to the analyte-CD complex p in
CD-EKC (po2/Hw,2), Y is the ratio of p,, for two analytes (ki 1/}, 2), and C is CD concentration.

Table 2 shows the values of K, k, observed maximum selectivities in CD-EKC (0tcp, max) and types
of acp model for each pair of C/M™ or DC/DM", using 2-60 mM o-CD, 2-16 mM B-CD or 2-50 mM DM-
B-CD. The K and p,, values were determined using the CEfit Program of a nonlinear least-squares fit to the
data points of the corrected electrophoretic mobilities, with a change in the buffer viscosity, as a function of
C[28-29]. The calculated p,, of weakly-binding analytes was obtained from the average of yu,, values of other
positional isomers and used to calculate K, as previously suggested [21]. The greater K for chlorosubstituted
than methylsubstituted benzoates in each isomer indicates the strong CD binding to C” than M~ and also DC™
than DM". This is possibly due to the stronger hydrophobicity of chlorosubstituted than methylsubstituted
benzoates to CD cavity as seen from the higher k in MEKC for C™ than M~ and DC™ than DM". In addition,
the steric effect of ~CH; than —CI may reduce inclusion complexing for M~ or DM~ to CD. In comparison
with other isomers, 2C”, 2M", 2,6DC™ and 2,6DM™ have weaker binding to CD possibly due to the steric
effect of substituents adjacent to a —~COO™ group.

Depending on the match between the interior size of CD (B-CD larger than o-CD) and the molecular
size of the analytes, the higher K in a-CD than B-CD for C™ and DC™ was observed except for 2C7, 2,3DC",
2,6DC" and 3,4DC", while the higher K in B-CD for M~ and DM~ was obtained except for 3,5DM". For the
B-CD derivative, the smaller K in DM-B-CD than B-CD for all analytes was observed due to steric hindrance
of methyl groups on the upper rim of DM-B-CD cone. In most cases, a-CD and DM-B-CD gave the higher
binding selectivities (x = K,/K;) than did B-CD, implying that a-CD and DM-B-CD is the better selector for
separation of C"/M™ and DC/DM". The k values ranging from 1.0 to 21.2 indicates that the position of ‘
substituents affects on the difference in the CD binding of substituted benzoates.

Over a wide range of CD concentration, the values of c.cp increase to maximum values and then
decrease and, therefore, the observed maximum acp as listed in Table 2 is the value for each pair of C/M™ or
DC’/DM" at a given CD concentration in a working range used in this work. According to theoretical models
for acp [25], in comparison with CZE, an increase in acp for each pair of C/M™ or DC/DM" is consistent
with the Type III aicp model (k > 1 > acz), except for the Type I ocp model (k > olezg >1) for 2C/2M™ with
a-CD-EKC.

It should be noted that the analyte 2 in CD-EKC refers to the analyte with lower K, in order to fit
with Eq.(3) and the Type of acp model [25]. For example, for 3C7/3M~ with a-CD having K values of
80.7/22.3 M, the selectivities are obtained from the following calculation; acp = p(BM)/u3C), k =
K(3C)/K(BM") and acze = Ho(3M7)/ue(3C"). Therefore, for pairs only with the Type III ocp model, the
theoretical oczg used in Eq.(3) for CD-EKC is equal to the reciprocal of the practical oczg in CZE shown in
Table 1, such as 0.976 or 1/1.025 for 3C/3M".

According to theoretical models for acp in our previous work [25], for the Type I ocp model giving
the same |u| order in CD-EKC with CZE, an increase in C enhances Ocp to a maximum value and then
decreases at higher C. Due to the opposite selectivities of ocze and k for the Type III acp model giving the
same |u| order in CZE with CD-EKC at low C and possibly reversed |u| order at high C, an increase in C
results in a loss of the separation, starting from 1/ocp > 1 (acp < 1) to near 1, and then increases the |
separation (a.cp > 1) at higher C.
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In comparison with CZE, CD-EKC provides the better separation for a pair of 2C/2M™ with a-CD
with the Type I ocp model and other pairs with the Type III acp model. As previously explained [25], the
Type Il acp model can improve the separation with the larger k than acze values and high C. For the
following four pairs, such as 2C7/2M~ with DM-B-CD, and 2,6DC/2,6DM" with o-CD, -CD or DM-B-CD,
worse separation in CD-EKC than CZE were observed due to the small ratio of «/oczg.

As a result of most cases, the better R, for C/M~ and DC /DM~ was achieved with CD-EKC than
CZE and MEKC (aicp > ke > czg). Using a wide range of C, such as 2-60 mM o-CD, 2-16 mM B-CD
or 2-50 mM DM-B-CD, the baseline resolution was achieved for a pair of C/M™ (R; = 1.51-15.8) and
DC/DM™ (R, = 1.66-28.5), except for 2C/2M™ and 2,6DC/2,6DM™ with 3-CD or DM-B-CD.

3.4 Simultaneous separation of positional isomers of C/M™ and DC /DM~

In CZE with 10 mM borate buffer (Fig. 3A), the co-elution of three pairs of C/M~ was observed
due to similar u for each positional isomer C/M™. As can be seen from Fig. 3B using an MEKC buffer
containing 40 mM SDS, the slightly better separation was obtained for positional isomeric separation C/M~
because of slightly higher ay than aczg for each pair of C/M™ isomers. In comparison with CZE (Fig. 3A)
and MEKC (Fig. 3B), the reversed apparent |u| order in CD-EKC for M™> C”, particularly at 20 mM o-CD
(Fig. 3C), 16 mM B-CD (Fig. 3D) or 5.0 mM DM-B-CD (Fig. 3E), was observed, except for 2C7/2M™ with 20
mM o-CD and 5.0 mM DM-B-CD. This is due to the stronger binding of C™ than M™ to neutral CD, resulted
in the lower apparent || of analyte and its complex. In comparison with CZE and MEKC, CD-EKC gave the
better simultaneous separation for similar p compounds of C/M™ due to greater acp resulting from higher
K than oczg and oy. Over a wide range of 15-60 mM o-CD, e. g 20 mM (Fig. 3C), in the buffer, CD-EKC
achieved the baseline resolution for simultaneous separation of C/M".

The similar trend was also found for the better simultaneous separation of DC/DM™ with CD-EKC
(Fig. 3F-3H) than CZE and MEKC (data not shown for CZE and MEKC). Using 40 mM DM-B-CD (Fig. 3H),
the baseline separation of positional isomeric separation of DC/DM™ was achieved, except for 2,3DM7/2,5
DM and 2,6DC"/2,6DM". It should be noted that simultaneous separation of positional isomers of DC/DM™

may be improved by the addition of organic solvents, the change of CD types and concentrations or the use
of dual CDs.

3.5 Application to phenoxy acid herbicides

The separation selectivity was also compared for phenoxy acid herbicides using three CE modes:
CZE, MEKC and CD-EKC. Initial study is focused on the separation of 2,4-DB/MCPB and 2,4-D/MPCA
which have only one different substituent of chloro and methyl group on a benzene ring. For CZE separation
in Fig. 4A, the co-elution peaks of 2,4-DB/MCPB and 2,4-D/MCPA were observed due to their similar | or
small a.czg, which is consistent with the previous work [23]. In MEKC with 40 mM SDS in Fig. 4B, these
two pairs were also co-eluted. With the addition of MeOH or ACN up to 20 %v/v in the CZE or MEKC
buffer, the baseline resolution was not obtained for 2,4-DB/MCPB and 2,4-D/MCPA (data not shown). Using
CD-EKC with various types and concentrations of CD, the values of K, k and Olcp, max and types of ocp model
for 2,4-DB/MCPB and 2,4-D/MCPA are listed in Table 2. According to theoretical models for acp [25], in
comparison with CZE, an increase in acp for 2,4-DB/MCPB and 2,4-D/MCPA with a-CD is consistent with
the Type III acp model (k > 1 > acze), whereas the Type I acp model (k > oczg >1) for these analytes with
B-CD or DM-B-CD. Due to the small k of the analytes to B-CD (1.06 for 2,4-DB/MCPB and 1.02 for 2,4-
D/MCPA), co-elution of two pairs was observed (data not shown). In comparison with B-CD, a-CD and DM-
B-CD have the much higher separation selectivity (a-CD with 1.61 for 2,4-DB/MCPB and 1.39 for 2,4-
D/MCPA, and DM-B-CD with 1.30 for 2,4-DB/MCPB and 1.41 for 2,4-D/MCPA). Baseline resolution was
achieved over a wide range of C, for example, 2.0-30 mM a-CD for 2,4-DB/MCPB, 2.0-15 mM a-CD for
2,4-D/MCPA, 2.0-8.0 mM DM-B-CD for 2,4-DB/MCPB, and 2.0-50 mM DM-B-CD for 2,4-D/MCPA.
Using 2.0-15 mM «-CD, the simultaneous separation of 2,4-DB/MCPB, 2,4-D/MCPA and other six
phenoxy acid herbicides was not achieved. With 2.0-8.0 mM DM-B-CD for simultaneous separation of ten

phenoxy acid herbicides, 3.0 mM DM-B-CD gave the achieved baseline resolution for all analytes within 4.0
min as shown in Fig. 4D.

4 Concluding remarks

CE separation selectivity for two analytes having similar 1, such as C/M™ and DC/DM", were
compared in three CE modes: CZE, MEKC and CD-EKC. Small oczz was obtained for each pair of C/M™
and DC/DM". A slightly higher owgxc than acze was observed due to the small difference in partitioning of
C/M” and DC/DM" into micelles. With the addition of organic solvents in the buffer of CZE or MEKC, a
slight decrease in aiczg and ayekc was observed. In comparison with CZE and MEKC, CD-EKC gave the
higher acp than ocze and oege for C/M™ and DC/DM™ because of large different in binding constant of
analytes to CD. The better simultaneous separation of positional isomers of C/M~ and DC/DM™ was also
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observed using CD-EKC than CZE or MEKC. In addition, the baseline separation for 2,4-DB/MCPB and
2,4-DIMCPA, two pairs of phenoxy acid herbicides having the difference in chloro and methyl substituents
on a benzene ring, was achieved in CD-EKC using a-CD or DM-B-CD, while not achieved in CZE and
MEKC. The results imply that CD-EKC can be used as the better alternative to separate compounds having
the different substituents only by chloro and methyl groups, in comparison with CZE and MEKC.

The authors gratefully acknowledge the financial support provided by the Thailand Research Fund
(RMU5080054 to TN), the Royal Golden Jubilee Ph.D. Program (PHD00252550 to WS) and the Nation
Research University Project of CHE and the Rachadaphiseksomphot Endowment Fund (FW6481). We extend
our thanks to the Thai Government Stimulus Package 2(TKK25), under the Project for Establishment of
Comprehensive Center for Innovative Food, Health Products and Agriculture (PERFECTA), for CE

instrument support, and the Center of Petroleum, Petrochemicals and Advanced Materials, CU, Jor partial
SUpport.

References

[1] Khaledi, M. G., High Performance Capillary Electrophoresis, John Wiley & Sons, New York 1998.
[2] Chankvetadze, B., Capillary Electrophoresis in Chiral Analysis, John Wiley & Sons, Chichester 1997.
[3] Puangpila, C., Petsom, A., Nhujak, T., Electrophoresis, doi: 10.1002elps.201000405.

[4] Isemura, T., Kitagawa, F., Otsuka, K., J. Sep. Sci., 2009, 32, 381-387.

[5] Benz, N. J., Fritz, J. S., J. High Resol. Chromatogr., 1995, 18, 175-178.

(6] Friedl, W., Kenndler, E., Anal Chem. 1993, 65, 2003-2009. ‘
[7] Wren, S. A. C., J. Microcol. Sep. 1991, 3, 147-154.

[8] Terabe, S., Yashima, T., Tanaka, N., Araki, M., Anal. Chem. 1988, 60, 1673-1677.

[9] Reijenga, J. C., Gagliardi, L. G., Kenndler, E., J. Chromatogr. A, 2007, 1155, 142-145.

[10] Yu, L., Qin, W., Li, S. F. Y., Anal. Chim. Acta, 2005, 547, 165-171.

[11] Farran, A., Serra, C., Sepaniak, M. J., J. Chromatogr. A 1999, 835, 209-215.

[12] Sarmini, K., Kenndler, E., J. Chromatogr. A 1999, 833, 245-259.

[13] Sarmini, K., Kenndler, E., J. Chromatogr. A 1998, 806, 325-335.

[14] Sarmini, K., Kenndler, E., J. Chromatogr. A 1997, 792, 3-11.

[15] Lee, Y. J., Price, W. E., Sheil, M. M., Analyst 1995, 120, 2689-2694.

[16] Fujiwara, S., Honda, S., Anal. Chem. 1987, 59, 487-490.

[17] Cigi¢, 1. K., Guéek, M., Zupanti¢-Kralj, L., Pihlar, B., J. Sep. Sci. 2003, 26, 1253-1258.

[18] Ge, L., Yong, J. W. H,, Tan, S. N, Yang, X. H, Ong, E. S., Electrophoresis, 2005, 26, 1768-1777.
[19] Chen, M. -H., Ding, W. -H., J. Chromatogr. A 2004, 1033, 167-172.

[20] Kartsova, L. A., Komarova, N. V. J. Anal. Chem. 2003, 58, 972-978.

[21] Ferguson, P. D., Goodall, D. M., Loran, J. S., J. Chromatogr. A 1997, 768, 29-38.

[22] Khaled, M. Y., McNair, H.M., J. High. Resol. Chromatogr. 1996, 19, 143-150.

[23] Hsieh, Y. -Z., Huang, H. -Y., J. Chromatogr. A 1996, 745, 217-223.

[24] Li, D., Lucy, C. A., Anal Chem 2001, 73, 1324-1329.

[25] Soonthorntantikul, W., Leepipatpiboon, N., Srisa-art, M., Nhujak T., Submitted. \
[26] Dean, J. A., Lange’s Handbook of Chemistry, 13™ Edition, McGraw-Hill Book Co., Singapore 1987.
[27] Tehan, B. G., Lloyd, E. J., Wong, M. G., Pitt, W. R., Montana, J. G., Manallack, D. T., Gancia, E.,
Quant. Struct. -Act. Relat., 2002, 21, 457-472.

[28] Nhujak, T., Goodall, D. M., J. Chromatogr. A 2001, 907, 313-320.

[29] Penn, S. G., Bergstrom, E. T., Knights, I. Lui, G., Ruddick, A., Goodall, D. M., J. Phys. Chem. 1995, 99,
3875-3880.



"y [[ews A19A 03 onp odA ], pay1IUSPI-UOU 0} SIJAI X
‘sisoypuared ur ™ ‘@20 paAIssqo ay) SUTAIS (JAW) SUOENUIU0D (0D,
“[11 2dA 1 90 a3 103 Jane] oy} dIyMm ‘T 3dA T 990 Jy3 J0oJ JSULIO} 3} 0} SIYAI T Leuy,

I (09)8LT'T  1¥'1 'IFI'6S/T'1F6' 1Y I (ODLEOT 20T €I1F9°011/9°1FT'801 m (L0161  09FECL6I/SLFEVLT VdOW/A-vT
I 9) LLO'T  0E1  99FV'SLT/TYFY 11T I (ODLZOT 901  ['LFV09v/8 6F8 veEY m (9LST'T 191 6vF6'SET/OTIFS I8¢  ddOW/dd-+v'T
11 (08) LT9'1 . TIE €0F6'1/6'0FE 0Y m (1861 Lol ¥ 1FC9/1°0F599 m D wr1  se6v C1F8'8€/8'SF6'I61  INAS'E/OAS’E
111 0S)6L9T L6T T1F5°89/S" €¥9°€0C m OLiT1 1WwT  TIFYLIV/TEFI VOV m (09)sz0c 069 SOFI'YSTFS Yl JNAY'E/ 0av'e
X (0) TE0ITE O T 0'1>/0'T> m (1e01r SOl L'OFE /S 0FS Y m (©1e01 601 VOFI'T/C0FCT  JNA9T/0A9T
111 09) 1vT1  SS°6 €0FCT/90F0°1C m 19z1 981 L'0FE €V/9°0FS 08 m 09 Ly¥T1 79T I'IFTLE/6'TFE L6  INAST/OAST
111 08)09z1 S¥'1 SOFL'SI/SOFL'TT m DT 651 9°0F0°0S/8 0FL 6L m 2zsy't €8¢ gOFI'SE/ZEFSHOT  NAY T/ _OA¥T
111 09) LIv'T  S8'1 SOFT8/V 0FT ST m niIsor 811 6'0F0° SH/S 0F6'CS m (09 vL0'1  SL'1 8'0F0°7/6°0FS’E  JNAET/ OAET
111 o) ¥9T1  ¥S'1 SOFS 6T IFY'SY m GDsro'r €71 €' 0F8'¥8/90FL ¥01 m 09 vl 697 9'0FS'LT/0EF0'6C1 A OY
11 09) vor'1T  $9°¢€ TO0F'8/8 0FL0E m (91 €8I'T  8€T TOFL6T/7 0F8°0L m  (0s)sor'lt  79°¢ 9'0FE'TT/0'TFL 08 JNE/DE
X 08101 01~ 0'1>/0'1 > m fo1)1cot. SE1 € 0F8 ¥/S'0FS9 I (09)9¢0'1 LO'I S'0F6'C/ SOFL'T JNT/0T
adAL mm_naww b G X 9dAL mmmww & G Y adA1, mwaqu 5 (N Y
(Aw o5 01 0) d0-g-INd (Aw 91 01 0) O-¢ (Aw 09 01 0) @O-© SA[euy

76 Hd 1o 10ynq 21e10q W (] © UI SAS NW (b PAUIEINOD JINq DN,

"OMA-AD W VdOW/A-+'C
pue GOIW/Ad-H NQ/_Od ‘YD 103 [9pow 92 o sadA 1, pue (** ‘) saniAa[es ANIqow wnurxews {(Zy/Ly = %) SANIANO3]as Surpulq ‘() siueIsuod SuIpulg T JqeL

‘7'6 Hd 18 Jagnq 9jeIoq AW (] B PAUIRIU0D 19JJnq GZ0,

I 6601 90T 80T TRl TNASE.0asE

I €or'l b0l 8€0°1 SOTISLT NAELOar's

I 950'T b0l 1€0'1 9T0LT- _NA97/-0a9°T

I £50'l £€0'1 0£0'T SOT/ELT NAST.0asT

I 9€0'T 120'1 6101 9TIT INAYT.0arT

I 0S0'1 620'] 970'1 LT-HLT JNAET.DAET

I 80 1 €20 7201 LTI T Wb

I 1901 L2701 S20'T 6LT-198'T- INE/LOE

I 1€0'T 6101 3101 8L7-/E8°T JWTOT

adA ] D cﬁs m_u%w (! Hﬁé (s _.>m=_ +01) e
DVAN C7A) Gy
"SIoIpow

SIUESI0 JO UOIIPPE 24} INOYNM DN PUe 970 Ul _NA/.Od PUE _JA/_D 0] (D) SIHIANOI[3s Uonual pue (X0 pue 3200) sanianddes Anpiqou (i) saniiqol I 21qe.L

uo1ssiuqng 40f 1drionuvpy paivdadd



Prepared Manucript for Submission 8

A acE=1018 wczp=1025 wocp=1022
R, =088 R;=1335 Ry=121
296104 / _k i
H 217 o
g = f | ﬁf
- 3 } 1
o | i i
20000 4 Jgj‘
&
aoosd  J ]
v 1 ey el e :
30 32 34 30 32 34 39 32 34
RS Thruees Thmdes
B) wrzE=1026 oacz=1019 aczz = 1.030 oeze = 1.031 cezz = 1.038 aczz = 1,038
Ry=131 R, =058 Ry=14) B=i53 Re=172 R 1x:
= > = A = S ox
e, R =& a9 I, I ’ = g
b TN Qf‘i oy ot i - - 2 Lo g,
oo = o4 ; -,
£ Py H L
2001 4 i i i
i i ' !E
500 ! d
L L LA SR
B0t 4 M\j ! ‘
¥ T T T L4 T ¥ b
300 325 360 300 325 330 200 325 330 300 325 55 00 325 33 300 325 360
Waenaas Lhaues Linutes Rlstan Lirenes Hlewdes

Figure 1 Electropherograms for CZE separation of (A) chlorobenzoate/methylbenzoate; C/M~ and (B)
dichlorobenzoate/dimethylbenzoate; DC/DM . CE conditions: a 10-mM borate (Na,B,0) buffer at pH 9.2, 50 um idX40.2 cm (30 cm

to detector) uncoated fused-silica capillary, temperature of 25 °C, applied voltage of 15 kV, UV detection at 214 nm and 0.5 psi pressure
injection for 3 s.
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Figure 2 Effect of MeOH in the buffer on mobility selectivity (A1, B1) and resolution (A2, B2) of C/M™ in CZE and MEKC: (Al)
mobility selectivity in CZE (owcze), (A2) resolution in CZE (Rs, cze), (B1) mobility selectivity in MEKC (cvexc) and (B2) resolution in
MEKC (Rs, mexc). A CZE buffer contained a 10-mM borate buffer at pH 9.2 and MeOH. An MEKC buffer contained 40 mM SDS and
MeOH in a 10-mM borate buffer at pH 9.2. Other CE conditions as shown in Fig. 1.
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Figure 3 Simultaneous separation of positional isomers of C/M" (A) and DC/DM" (B) in three CE modes at a pH 9.2 buffer: (A1) CZE
with 10 mM Na;B,0, (A2) MEKC with 40 mM SDS in 10 mM Na;B4O7, and CD-EKC with 10 mM Na,B,0; containing (A3) 20
mM a-CD, (A4) 16 mM B-CD, (A5) 5 mM DM-B-CD, (B1) 60 mM o-CD (B2) 12 mM B-CD and (B3) 40 mM DM-B-CD. (Analytes:
2,3DC" (C1), 2,4DC" (C2), 2,5DC" (C3), 2,6DC™ (C4), 3,4DC" (C5), 3,5DC™ (C6), 2,3DM™ (M1), 2,4DM"™ (M2), 2,5DM™ (M3), 2,6DM™
(M4), 3,4DM™ (M5), 3,5DM™ (M6). Other CE conditions as shown in Fig. 1.
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Figure 4 Simultaneous separation of chlorophenoxy acid herbicides in three CE modes at a pH 9.2 buffer: (A) CZE with 10 mM

Na,B,0, (B) MEKC with 40 mM SDS in 10 mM Na,B,0, and (C) CD-EKC with 10 mM Na;B,0; containing (C1) 2.0 mM o-CD and
(C2) 3.0 mM DM-B-CD. Other CE conditions as shown in F ig. 1.
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