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I. INTRODUCTION 

In recent years much effort has been devoted to the development of separation 
methods especially in the field of analytical chemistry. Since the sixties, the progress 
in chromatography and related methods has been nearly explosive, connected with 
the rapid accumulation of experimental material and new information. The present 
stage can be characterized by the following trends: (1) efforts to improve the sepa- 
ration efficiency and speed of analysis leading to the development and application of 
high-performance techniques; (2) in order to achieve the widest possible applicability, 
new hybrid methods involving two or more formerly independent separation methods 
have been employed; (3) improvement in the separation of structurally related com- 
pounds and isomers, especially optical isomers (enantiomers) with the aid of various 
chiral discriminators. 

0021.9673/88/$03.50 @) 1988 Elsevier Science Publishers B.V. 
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These trends are increasingly evident in the electromigration methods (EMMs). 
The latest and very promising topic is the development of various pseudophases’ 
which substantially extend the application of EMMs towards various types of isomers 
and, on the other hand, to non-electrolytes. 

The aim of this review is to cover the most promising modern trends and to 
characterize the present stage in the utilization of micellar, inclusion and enentiose- 
lective metal-complex formation for the creation of pseudophases. This approach 
may help to characterize better the newly formed types of EMMs. 

2. HIGH-PERFORMANCE ELECTROMIGRATION TECHNIQUES 

The trend in modern electromigration methods can be characterized by a high 
resolution and sensitivity achieved in a short time. A major factor in performance of 
the system is its ability to dissipate the Joule heat generated by high potentials and 
currents. 

The first method in a planar arrangement dates from 1951, when MichF 
showed how paper electrophoresis (PE) could be speeded up by the use of high 
potentials (approx. 50 V/cm) and pointed out that the diffusion phenomena in the 
separation process could thus be considerably decreased. It was possible to separate 
amino acids, polypeptides, organic acids and metal ions in about 20 min whereas 
l-12 h were previously necessary. A rapid electrophoretic method that can yield good 
separation within a few minutes involving an extremely simple arrangement called 
“high-performance paper electrophoresis” has been developed by Lederer3. Some 
new and promising elements appeared in his experimental arrangement. The use of 
a sandwich type separation compartment (paper between two glass plates) minimizes 
the evaporation of solvent, contributes to a stabilization of the thermal conditions 
and thus improves substantially the reproducibility of the method. 

The introduction of open-tubular capillaries into EMMs represented great pro- 
gress in the instrumentation. In the past years, high-voltage (HV) or high-perform- 
ance capillary zone electrophoresis (HPCZE) have become powerful tools for the 
separation of ionic as well as neutral substances with remarkable efficiency4-‘. Cap- 
illary columns permit high potential fields to be employed to yield high-speed and 
high-performance separation. A major factor in the performance is the ability of the 
capillary tubing system to dissipate the Joule heat. In this way, diffusion is decreased 
and zone-broadening effects are minimized. 

The first successful high-performance separation of metal ions in capillary zone 
electrophoresis mode was carried out by Hjerten 4. The separation was achieved in 
about 2-3 min for simple and in lo-20 min for more complicated mixtures, respec- 
tively. 

A similar acceleration, based on the use of an HV power supply was developed 
in capillary isotachophoresis (ITP)8. The use of an high electric field strength increas- 
es the self-sharpening effect which represents an efficient counteraction to diffusion, 
convection and electroendoosmosis. 

The use of aqueous-organic and organic media9-’ l may extend the applicability 
and efficiency of HPCZE and/or ITP methods to a wide range of compounds which 
have about the same effective mobilities and pKvalues and/or are only slightly soluble 
in water. 
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As a combination of HPCZE and sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE)12, high-performance capillary SDS-PAGE (HPC- 
SDS-PAGE) has been developed l3 This method may serve as an example of a non- . 
micellar technique used for the separation and molecular weight determination of 
peptides and proteins. The SDS is able in general to disrupt all non-covalent bonds. 
In the case of proteins all multiple non-covalently linked chains are broken and free 
valences are saturated by SDS. The protein mixture is denaturated and the SDS- 
polypeptide complexes created are separated via sieving through the polyacrylamide 
gel matrix14. 

The apparatus for HPCZE may be adapted for isoelectric focusing (IEF). Rap- 
id and reproducible high-performance TEF experiments with human haemoglobin 
and transferrin were successfully performed in glass capillaries’ 5. The experiments 
confirmed that the IEF resolution under a pH gradient in the capillary separation 
compartment is very efficient but requires a special postseparation technique for on- 
line UV detection. This could be achieved either by pumping the zones past the 
stationary UV detector or by electrophoretic elution. 

Electroosmosis, usually performed in a device for HPCZE with extremely thin 
capillaries’ 6 or in a commercial capillary ITP device17, represents a transition be- 
tween the electrophoretic and liquid chromatographic methods. The electroosmotic 
effect in thin open tubes is used for pumping the mobile phase. The method could 
be used in principle for separations of both charged and uncharged species. The 
resolution of uncharged species depends mostly on their size differences. These dif- 
ferences are usually very small and, consequently, the technique is not very useful for 
the separation of neutral compounds. 

Recently, Terabe et al. l 8 introduced micellar solubilization into HPCZE and 
first reported the so-called “micellar electrokinetic capillary chromatography” 
(MECC). The technique combines many of the operational principles and advantages 
of micellar liquid chromatography’ and HPCZE. The surfactant is added to the 
mobile phase in a concentration above its critical micellar concentration (CMC). The 
micellar pseudophase formed provides an effective mechanism especially for the sep- 
aration of neutral hydrophobic compounds. They are resolved in harmony with their 
partitioning between the mobile phase and the hydrophobic interior of the micelles. 
An electroosmotic flow of the solvent enables the transport of solutes, including 
neutral ones, through the separation compartment. The electrokinetic separation 
seems to be applicable to a variety of non-polar and polar slow migrating solutes. It 
seems to be limited by the solubility of the solutes in water since the addition of an 
organic solvent causes a disintegration of the micellar pseudophase. 

3. PSEUDOPHASES 

There are many possibilities of using the micellar, inclusion and enantioselec- 
tive complexating phenomena in the electromigration methods. Intensive research in 
this field was stimulated mainly by the requirement of the resolution of various iso- 
merit compounds, which do not differ in their mobilities and pK values. 

In recent years, the interest in chiral separations has grown considerably. The 
resolution of enantiomers by EMMs, in comparison with chromatographic methods, 
has just started and is still sporadic. The first successful attempts to separate optical 
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isomers were made in paper electrophoresis i9, HPCZEZo and capillary isotachopho- 
resis2 l, respectively. 

3.1. Micellar pseudophases 

The utilization of surface-active agents (surfactants) substantially alters the 
possibilities and limitations of EMMs and gives rise to the existance of newly modi- 
fied ones. Most EMMs employ the extraordinary ability of surfactants to form or- 
ganized aggregates (micelles) and thus may be classified as micellar techniques. Some 
of the earlier methods do not require the presence of an aggregated surfactant and 
belong to the non-micellar type. As an excellent example of the widely used non- 
micellar EMMs, SDS-PAGEl must be mentioned, where the presence of the sur- 
factant in micellar form is undesirable. Sometimes it is quite impossible to differen- 
tiate micellar and non-micellar techniques because the separation process can be 
mediated simultaneously by the presence of the micellar and monomeric form of the 
surfactant. 

Many reviews and articles describe the properties of surfactants and their be- 
haviour in aqueous and non-aqueous solutions and propose possible structures for 
the micelles created1,22. Only some fundamental properties of micellar systems, most 
important for applications in EMMs, will be mentioned here. 

The surfactants are amphiphilic molecules containing both hydrophobic and 
hydrophilic parts. Depending on the charge of the polar “head” group, the surfactant 
molecule can be classified as anionic, cationic, zwitterionic or non-ionic. The apolar 
hydrophobic part of the molecule is usually formed by a long alkyl chain, except for 
some biological surfactants like molecules, namely bile salts, which differ substan- 
tially in their structure and micelle formation mechanism24 and thus must be classi- 
fied separately. 

As suggested above, the surfactants may exist in the form of aggregates when 
their concentration in solution exceeds the CMC. The CMC value and aggregation 
number depend on various physicochemical parameters. In EMMs the dependence 
of the CMC upon the pressure is not significant and may be neglected, but the influ- 
ence of temperature may substantially alter the separation process. Plots of CMC W. 
temperature, for the commonly utilized ionogenic surfactants, exhibit a minimum 
between 20 and 30°C. Dramatic changes in CMC may occur when some electrolytes 
are added to the surfactant-water system 22. It can be concluded that an increase in 
ionic strength often results in an increase in the aggregation number and a decrease 
in the CMC. Both water-soluble and -insoluble organic solvents may play a signifi- 
cant role in micelle formation 24,25. Short-chain alcohols added to aqueous micellar 
systems enhance the micelle formation by decreasing the CMC, if the alcohols are 
present in low concentration. At higher concentrations they prevent the micelle for- 
mation. The organic solvents which are able to form strong hydrogen bonds with 
water molecules, acetone, dioxane, acetonitrile, tetrahydrofuran, etc., inhibit the for- 
mation of micelles. The addition of water immiscible organic solvents like long-chain 
alcohols or alkanes can either enhance or inhibit micelle formation depending on the 
concentration of surfactant present in the solution and amount of ‘le organic ad- 
ditive. 

The structural description of micellar systems demonstrates the difficult prob- 
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lem which has not yet been solved in detail. Many simplified models, which contribute 
to the understanding of micelle properties, have appeared in the literature. The sim- 
plest radial model of a normal aqueous micelle26-28 proposes an approximately spher- 
ical geometry with all hydrophobic chains in the central core and head hydrophilic 
groups situated on the surface (see Fig. 1). This oldest model may serve to explain 
the solubilization hydrophobic and electrostatic interactions between micelles and 
solutes in the separation process. Experimental observations, which confirmed a sig- 
nificant contact between water and the hydrocarbon chains of a normal micelle, 
resulted in the proposal of new and more complicated models. The Menger model 
of a normal micelle29-33 supposes that the hydrocarbon chains are extended to the 
surface and may interact directly with the solvent. The Fromherz model34 represents 
an highly organized spherical system with both the hydrocarbon chain portions and 
the head hydrophilic groups exposed to the solvent. The similar Dill mode135-37, 
developed recently, is much less structural but again there is a considerable amount 
of hydrocarbon exposed at the surface of the micelle. These models enable a better 
explanation of the interspacial surface interactions between micelles and solutes in 
the separation process. 

The shape of micelles depends on the surfactant concentration in the solution. 
The theoretical models propose a roughly spherical shape for a normal micelle. An 
increase in the surfactant concentration may result in the formation of other types 
of aggregatesz2qz9. Initially, a transition from spherical to rod-like or cylindrical mi- 
celles may be observed. Still higher surfactant concentrations lead to the formation 
of liquid crystalline aggregates1,22,3*. 

The utilization of reversed micellar systems22,39,40 is connected with the use 
of apolar organic media. Promising results with reversed micelles in liquid chro- 
matography methods could not be simply transferred to EMMs due to the necessity 
of using apolar systems with great electric resistance. The only technique which could 
be compared to the use of reversed-phase liquid chromatography was published by 
Walbroehl and Jorgenson4*. The solvophobic interaction between a non-polar solute 
and a tetraalkylammonium ion utilized is similar to that between a solute and a 
reversed phase. 

D hydrophile 

vv hydrophobe 

Fig. I. Radial model of the micelle. 
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The use of surfactants as pseudophases in EMMs is based on the partitioning 
of the solute between the micellar phase and the solvent which is a fast dynamic 
equilibrium process. The distribution constant is defined by the equation 

KD = [%/[sls 

where [S], = solute concentration in the micellar phase and [S], = solute concen- 
tration in the solvent phase, respectively. 

For diluted solutions the distribution constant may be related to the solute- 
surfactant binding constant, K,, 

& = [s . W[SI[Ml 

where [S], [M] and [S . M] are the concentrations of the uncomplexed solute, the 
micellar pseudophase and the surfactant-solute “complex”, respectively, by the use 
of the equation42 

Kb= (KD - l).V 

where V = molar volume of the surfactant in the organized surfactant medium. 
As mentioned above, the association rate of the majority of solutes with the 

surfactant is very rapid and therefore a direct proportionality between the binding 
constant, Kb, and the stability of the associated solute-surfactant complex can be 
assumed. The structural differentiation, based on the use of the micellar pseudophase, 
depends directly on the differences in binding constants of the solutes. 

3.2. Inclusion pseudophases 

Inclusion complexes are molecular compounds of characteristic structural ar- 
rangements, in which one compound (the host molecule) spatically encloses another 
(the guest molecule) or at least part of it. The inclusion phenomena have found the 
widest use in separation methods, e.g., in chromatography22,43-46. In EMMs, increas- 
ing attention has recently been paid to the formation of inclusion compounds of 
cyclodextrins or its derivatives21,47-55 and crown ethers47,56-59. Both types of com- 
pounds are utilized as inclusion pseudophases. 

3.2.1. Cyclodextrins 
Cyclodextrins (also known as Schardinger dextrins, cycloglucopyranoses, cy- 

cloamyloses, cycloglucans)’ are cyclic oligosaccharide molecules built up of D-( +)- 

glucopyranose units, bonded via a-(1,4) linkages, with all glucose units in a Cl(D) 
chair conformation (Fig. 2A). Their structure is unique in that it resembles a trun- 
cated cone with both ends open (Fig. 2B). The top of the torus corresponds to the 
more open side which is rimmed with secondary hydroxyl groups on carbons 2 and 
3 of each glucose unit, all rotated to the right. The smaller opening of the cones is 
rimmed with the more polar primary hydroxyl groups on carbon 6 of the glucose 
unit. The interior of the cyclodextrin (CD) cavity contains two rings of C-H groups 
with a ring of glycosidic oxygens in between. Their surface is relatively hydrophilic, 
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:A) 

B) 

E.D. 

Fig. 2. Chemical structure (A) and schematic model (B) of cyclodextrin and/or its derivatives, For n, H., 
I.D., E.D. values and R’-s substitution see Table I. 

therefore the CDs are soluble in water. Their cavity, however, is of apolar character. 
Useful physical data and properties are given in Table I. 

The exceptional properties of CDs have been described in many papers, re- 
views1,43,44*60 and monographs 22,45,46,61-64. The remarkable property of CDs, its 

TABLE I 

CHARACTERISTICS OF CYCLODEXTRINS’,43.60.6’ 

Cyclodextrin 

c( B Y 

R’ = R2 = R3* H H H 
Number of glucose units 6 7 8 
n* 1 2 3 
Molecular weight 972.86 1135.01 1297.15 
Diameter of cavity, I.D.* (nm) 0.41-0.52 0.6W.64 0.75-0.83 
Diameter of outer periphery, E.D.* (nm) 1.46 f 0.04 1.54 f 0.04 1.75 f 0.04 
Height of cavity, H* (nm) (for all) 0.79-0.80 
Volume of cavity (nm”) 0.176 0.346 0.510 
PK. range of hydroxyl groups (for all) 12.1-12.6 
Solubility in water at 25°C 14.50 1.85 23.20 

(g/l00 ml) 
Number of water molecules taken up by cav- 6 11 17 
ity 
Melting point (K) 551 572 540 
Specific rotation, [~(]6’ 150.5 f 0.5 162.5 f 0.5 177.4 f 0.5 

* For meaning of abbreviations see Fig. 2. 
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derivatives and/or polymers is their ability selectively to include a wide variety of 
guest organic and inorganic molecules or ions into their hydrophobic cavity. 

The formation of inclusion compounds of CDs is a spontaneous process with 
a negative Gibbs energy. It can be described by an equilibrium 

CD + S+CD.S 

characterized by an equilibrium constant, Kb, defined by the relationship 

Kb = [CD . S]/[CD][S] 

where [CD . S], [CD] and [S] are the equilibrium molar concentrations of the inclusion 
compound, cyclodextrin and guest, respectively. The Kb values indicate the stabilities 
of the inclusion compounds and the possibilities for the separation of related com- 
pounds. 

The relative stabilities of the CD inclusion compounds are governed by factors 
such as hydrogen bonding, hydrophobic interactions (Van der Waals interactions), 
solvation effects (in liquid media) and the space-filling ability of the molecule. De- 
pending on the size and geometry of the guest molecule, in relation to the dimensions 
of the CD cavity, substantial differences in binding behaviour can be observed for 
series of structurally related solutes and optical isomers. This is the basis of the use 
of CDs in the separation process, including EMMs. 

For completeness, some other properties of CDs which may play a significant 
role in the separation process must be mentioned. Except for inclusion phenomena, 
the micellar pseudophase formation may occur in water solutions, using derivatized 
cyclodextrin. The methylated cyclodextrins are known to be extremely soluble in 
both water and organic solvents, less hygroscopic and highly surface active65,66. 
Their behaviour in aqueous solutions is very similar to that of non-ionic surfactants. 

3.2.2. Crown ethers 
The crown ethers belong to the group of synthetic macrocyclic polyethers 

which are able to form stable inclusion complexes with various inorganic and organic 
cations. Many papers and several monographs, published during the past two dec- 
ades, have been devoted to aspects of the synthesis and utilization of crown 
ethers67-71. In this review we shall limit the discussion to a brief description of their 
properties and their use in EMMs as selective pseudophases. 

Crown ethers may be classified in general as synthetic macrocyclic compounds 
containing some electron-donor heteroatoms (O,N,S) in the cyclic structure. This 
definition includes not only the cyclic oligomers of epoxyalkanes but also derived 
aromatic and alicyclic crown ethers, thia- and aza-crown ethers which contain sul- 
phur and nitrogen atoms in the ring, respectively. 

The structure of a common crown-ether skeleton, with oxygen atoms only, is 
given in Fig. 3, and the cavity diameters of the simple crown ethers are given in Table 
II. Many aromatic and alicyclic crown ethers, derived from this fundamental skele- 
ton, with different dimensions and complexation ability, have been synthesized. The 
crown compounds, e.g., with aromatic or alicyclic units in the fundamental skeleton, 
are, in comparison to crown ethers of the basic structure, much less soluble in 
aqueous solutions. 
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Fig. 3. Chemical structure of a crown-metal (M’) complex, e.g., n = 1 for 18-crown-6-M’, n= 2 for 21- 
crown-7-M +, etc. 

Many crown ethers synthesized are able to form complexes not only with metal 
ions but also with organic nitrocompounds, aryldiazonium salts, amines and nitriles 
in their ionic forms. The complex formation is based on ion-dipole interactions be- 
tween the host and guest molecules. The most important factors influencing the sta- 
bility of crown complexes are summarized in the following paragraphs. 

The complex formation depends strongly on the relationships between the cav- 
ity diameter and the size of the host ion. The maximum stability is obtained when 
the cation diameter is comparable with the dimensions of the cavity. 

The number, geometrical position and geometrical symmetry of oxygen-donor 
atoms in the ring are of great importance. The higher is the number of oxygen atoms 
which lie in the same plane, the more stable is the complex created. A symmetrical 
arrangement of oxygen atoms is favourable for the stability of the complex. 

The partial negative charge of oxygen atoms present in the macrocycle, to- 
gether with the neighbouring aliphatic carbon atoms, increases the stability of the 
complex. The presence of aromatic rings in the crown structure decreases the negative 
charge on the oxygen atoms, thus the stability of the complex is decreased. 

Steric hindrance of the polyether ring decreases the stability of the complex 
formed. On the other hand, the introduction of an optically active group into the 
crown ether has great significance, especially for the separation of optically active 
organic compounds. An efficient liquid chromatographic separation of various chiral 
amino acids has been achieved recently74-76. 

TABLE II 

CROWN ETHER CAVITY DIAMETERS68.72,‘3 

A, From Corey-Pauling-Koltur atomic models; B, from Fisher-Hirschfelder-Taylor atomic models; C, 
from X-ray crystallographic data. 

NUVW Internal diameter (nm) 

A B c 

14-Crown-4 0.12 0.15 _ 

1 S-Crown-5 0.17 0.22 0.172-O. I84 
18-Crown-6 0.26 0.32 0.268-0.286 
21-Crown-7 0.34 0.43 _ 
24-Crown-8 0.4 _ 
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Solvation affects substantially the size of the included cation and thus the 
stability of the complex. It can be concluded that higher solvation of the cation means 
a less stable complex. 

The utilization of crown ethers in EMMs has been restricted to improvement 
in the separation of alkaline and alkaline-earth metals. The rapid progess in the 
synthesis of enantioselective crown ethers opens up new possibilities in the separation 
of enantiomers. 

Although the fundamentals of the cyclodextrin and crown-ether inclusion phe- 
nomena are rather different, both separation processes can be expressed similarly in 
terms of complex equilibria between the solvent and pseudophase. 

3.3. Enantioselective metal-complex pseudophases 

The utilization of enantioselective metal complexes represents one of the oldest 
approaches to the solution of chiral resolution. The so-called ligand-exchange phases 
for the separation of enantiomers were introduced in liquid chromatography by Da- 
vankov et a1.77P79. An amino acid, such as L-proline, attached to the support material, 
and Cu* + present in the mobile phase were used for the formation of ternary dia- 
stereomeric complexes of different stabilities with the racemic amino acids to be 
separated and thus an effective chiral resolution was achieved This technique remains 
one of the most effective means of separating underivatized amino acid racemates. 

The diastereomeric ternary complex formation, described above, is theoreti- 
cally applicable to the resolution of sample molecules with two polar correctly spaced 
groups which can simultaneously act as ligands for the central metal ion. Therefore, 
especially a-amino acids with their NH2 and COOH groups are very suitable for 
both formation of the enantioselective phase and its utilization as a solute. The struc- 
tural differentiation of the typical diastereomeric ternary complex, formed by two 
amino acids as ligands for the central metal ion, is shown in Fig. 4. 

The experiments with enantioselective metal complexes were recently trans- 
fered to EMMs. The chiral pseudophase may be obtained simply by adding com- 
plex-forming components to the support electrolyte without the need of its immo- 
bilization. Chiral CU*+-~histidine and Cu2+ -aspartame pseudophases were suc- 
cessfully used in HPCZEZo*so. Studies of chiral complexes of Co3+ and Cr3+ with 
amino acids, cyclohexanediamine and oxalate as ligands were performed in 
HPPEr9qs l--85, The detailed description of their behaviour in chiral support electro- 
lytes may help to extend the number of chiral complexes which are of potential use 
as enantioselective pseudophases. 

Fig. 4. Schematic model of amino acid chiral resolution by means of amino acid (Atmetal (M) complexes. 
R = R-enantiomer and S = S-enantiomer. 
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4. APPLICATION OF PSEUDOPHASES IN HIGH-PERFORMANCE ELECTROMIGRATION 

METHODS 

The pseudophases described allow a widening of the application range of mod- 
ern high-performance electromigration methods towards various types of structural 
isomers (positional, optical, geometrical, etc.) and even uncharged organic com- 
pounds. In some cases such modification of the electrophoretic system results in the 
introduction of quite a new method of separation, e.g., micellar electrokinetic chro- 
matography. The number of theoretical and application contributions, described in 
the literature, indicates the increasing interest in EMMs. 

4.1. HPCZE and its modifications 

Most attention has been paid to the application of micellar pseudophases in 
this area. The modification of HPCZE which utilizes many of the operational prin- 
ciples and advantages of micellar liquid chromatography is frequently called micellar 
electrokinetic capillary chromatography (MECC). In this method a surfactant is 
added above its CMC, thereby affording an effective mechanism for the separation 
of both neutral and charged solutes. The separation of neutral solutes is based simply 
on their differential partitioning between the electroosmotically pumped aqueous 
mobile phase and the hydrophobic interior of the micelles, which are charged and 
moving at a speed slower than the mobile phase due to electrophoretic effects. 
Charged solutes are not only distributed between the micellar and liquid phases, but 
are simultaneously separated electrophoretically according to their mobilities. The 
superposition of the two phenomena may either enhance or deteriorate the separation 
efficiency. The electrophoretic velocity of charged species must be smaller than the 
electroosmotic flow in the opposite direction, otherwise there is no possibility to 
detect and thus quantify the moving zone. 

The use of other types of pseudophases in electrokinetic chromatography is 
based on the same principles mentioned above and may further extend its application 
area. The use of 2-0-carboxymethyl-/?-CD as a pseudophase permits the distribution 
process between the mobile phase and the CD cavity. This modification seems to be 
advantageous especially for the separation of neutral aromatic isomers. 

The creation of a metal-complexing pseudophase in the support electrolyte, 
e.g., of the Davankov type, enables the diastereomeric chiral discriminating complex 
formation between the pseudophase and the solutes. The enantiomeric resolution of 
positively and negatively charged solutes can 

The applications of pseudophases in 
summarized in Table III. 

4.2. Capillary isotachophoresis 

be achieved in principle. 
HPCZE, described in literature, are 

The use of pseudophases in capillary ITP is in the development stage. Most 
attention has been paid to the utilization of macrocyclic ionophores such as crown 
ethers and cyclodextrins. The mechanism of the separation process in ITP differs 
from that in CZE. The electroendoosmotic flow, which plays a significant role in 
CZE, is minimized here and we may presume that the uncharged inclusion pseudo- 
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TABLE III 

APPLICATION OF PSEUDOPHASES IN HPCZE 

Abbreviations used: D-Ala = 3-alanine, C = capillary, coumarin 540 A = tetrahydro(trifluoromethyl)ben- 

zopyrazolizin-I l-one, /I-CMCD = 2-0-carboxymethyl+cyclodextrin, CTAC = cetyltrimethylammonium chloride, 
D = detection, DE = device, DTAB = dodecyltrimethylammonium bromide, E = electrolyte, EACA = 6-ami- 
nocaproic acid, CD = Girard derivative, (hi),,, = relative step height, HEC = hydroxyethylcellulose, His = L- 

histidine, HPMC = hydroxypropylmethylcellulose, LE = leading electrolyte, MES = morpholinoethanesulphonic 
acid, NBD = 7-nitrobenzofurazan, n-CA = n-caproic acid, PTH = phenylthiohydantoin, PU = potential units, 
PVA = poly(viny1 alcohol), STS = sodium tetradecyl sulphate, TBAB = tetrabutylammonium bromide, TBAC 
= tetrabutylammonium chloride, TE = terminating electrolyte, TEA’ = tetraethylammonium, Tris = tris(hy- 
droxymethyl)aminomethane, Val = L-valine. 

Pseudophases Conditions Cornpout& separated Notes RcTfs. 

SDS E: borate-phosphate 
buffer (pH 7.0) 

C: silica tubing (650 or 
900 mm x 0.05 mm 
I.D.) 

D: UV (270 nm) 

SDS, STS E: borate-phosphate 
buffer (pH 7.0) 

C: silica tubing (500 mm 
x 0.05 mm I.D.) 

D: UV (210 nm) 

SDS, DTAB E: borateephosphate 

buffer (pH 7.0) 

C: fused-silica tubing 
(650 mm x 0.05 mm 
I.D.) 

D: UV (260 nm) 

SDS E: borate-phosphate 
buffer (pH 6.c9.0) 

C: fused-silica tubing 

(650 mm x 0.05 mm 
I.D.) 

D: UV (220 nm) 

SDS E: borate-phosphate 
buffer (pH 5.G9.0) 

C: fused-silica tubing 
(650 mm x 0.05 mm 
I.D.) 

D: UV (210 nm) 

Acetylacetone, phenol, o-, 
m-, p-cresols, chlorophenols, 
xylenols, p-ethylphenol 

Methanol, resorcinol, phenol, 
p-nitroaniline, nitrobenzene, 
toluene, 2-naphthol, Sudan 
III 

22 PTH-amino acids 

Chlorinated phenols (mono-, 
di-, tri-, tetra-, penta-), phe- 

nol, Yellow OB 

Methanol, resorcinol, phenol, 
p-nitroaniline, nitrobenzene, 
toluene, 2-naphthol, Sudan 
III 

Max. theoretical plate 
number 400000 for p-ethyl- 
phenol and xylenols (height 
equivalent to a theoretical 
plate of 1.9-3.6 pm) 

Fundamental characteristic 
of MECC; the mathemati- 
cal description of capacity 
factor, resolution, effective 
plates and peak capacity; 
Range of retention times of 
electrically neutral solutes 
are limited between elution 

time of water, !a, and that 
of the micelle, t,, 

Comparative measurements 
with anionic SDS and cat- 
ionic DTAB were per- 
formed 

The capacity factor of 
chlorinated phenols, which 
were partially ionized 
under given conditions, de- 
creases with increasing pH 

Coating of polymers poly- 
ethylene glycol 20M (DB- 
WAX), methylsilicone 
(DB-1) on the inner wall of 
fused-silica tubing; effect of 
pH and concn. of SDS on 
electrokinetic migration 
were investigated 

18 

86 

87 

88 

89 
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Pseudophases Conditions Compounds separated 

SDS E: phosphateeborate 
buffer 

C: 25-75 pm I.D. 
D: laser-excited fluores- 

cence 

SDS E: borate-phosphate 
buffer 

C: fused-silica (1 m x 
75 pm I.D.) 

D: UV (280 nm) 

SDS, CTAC E: soln. Na2HP04 

C: fused-silica (650 mm 
x 0.05 mm I.D.) 

D: fluorescence (488 
nm/540 nm) 

SDS E: borateephosphate 
buffer (pH 7.0) 

C: quartz (700 mm x 
0.05 mm I.D.) 

D: UV (206 nm) 

SDS E: phosphate buffer (pH 
7.0-l 1 .O) 

C: fused silica (800 mm 
x 0.1 mm I.D.) 

D: UV (214 nm) 

SDS E: borate-phosphate 
buffer (pH 7.0) 

C: fused silica 
(650 mm x 0.05 mm 
I.D.) 

D: UV 

SDS E: borateephosphate 

(+zn , g , 2+ M 2+ buffer (pH 7-9) 
cu2+) C: fused silica (500-850 

mm x 0.05 mm I.D.) 
D: UV (260 nm) 

SDS E: Na2HP04 solutions 
C: fused silica 

(750 mm x 0.025, 
0.075 and 
0.10 mm I.D.) 

D: fluorescence 
(480/540 nm) 

B6 vitamin and its five 
metabolites 

Theobromine, hypoxanthine, 
theophylline, caffeine, uric 
acid. xanthine 

NBD-ethylamine, -n-propyl- 
amine, -n-butylamine, -cy- 
clohexylamine, -n-hexylam- 
ine, coumarin 540A 

Phenol, PTH-alanine, 4-ni- 
troaniline, di-, triglycine, (S)- 
cis-verbenol, GD of nonanol 
and undecanol, (E)-9-dode- 
ten-l-01, (8E, lo.!?)-8,10-do- 
decadien-l-01, l- and 2- 
naphthol 

Acetylsalicylic acid, caffeine, 
p-acetamidophenol, salicyl- 
amide, o-ethoxybenzamide 

Chlorinated phenols (mono-, 
di-, tri-, tetra-, penta-), meth- 
anol, Yellow OB, resorcinol, 
p-nitroaniline, nitrobenzene, 
2-naphthol 

Eight bases, nucleotides, 18 
oligonucleotides 

NBD-cyclohexylamine, 
ethylamine 

Notes 

Determined in human ur- 
ine; efficiency as high as 
60 000 theoretical plates/m; 
limits of detection are less 
than 1 pg injected 

Effect of injection proce- 
dures on efficiency in 
MECC; 240 000 theoretical 
plates/m are reported for 
caffeine 

Inside wall of the column is 
silanated by trimethylchlo- 
rosilane. The effect of 2- 
propanole on diminution 
of solute-wall interaction 
and separation efficiency 
was studied 

Inside wall of the column 
coated by Sylgard 184 (di- 
methylpolysiloxane RTV). 
The experimental device 
was constructed utilizing 
the components of capil- 
lary ITP 

Ethyl p-aminobenzoate was 
used as the internal stan- 

dard for on-column detec- 
tion. Column efficiency: 
70 000-l 30 000 theoretical 
plates. 

Phenol was used as internal 
standard. Reproducibility 
of retention times, peak 
area and peak heights for 
repeated injection of con- 
stant amounts of samples is 
presented. 

Combination of low con- 
centration of divalent 
metals and SDS micelles is 
demonstrated. 

Effects of the applied volt- 
age, column dimensions, 
concentration of buffer and 
surfactant on the separa- 
tion efficiency were studied. 

RejYy. 
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TABLE III (continued) 

Pseudophases Conditions Compounds separated Notes 

SDS E: borate-phosphate 
buffer (pH 8.4 
8.9) 

C: fused silica 
(685 mm x 0.06 mm 
I.D.) 

D: UV (256 nm) 

Fourteen normal and modi- 
fied deoxyribonucleosides, 
deoxyribomononucleotides, 
ribonucleoside and pyrimi- 
dine 

SDS E: phosphate buffer 
(pH 6.95-7.0) 
MES buffer (pH 6.05) 

C: fused silica (879 mm 
x 0.026 mm I.D. and 

651 mm x 0.052 mm 
I.D.) 

D: amperometric 

fi-CMCD 
B-CD 

E: phosphate buffer (pH 
7.0) 

C: silica tubing (650 mm 
x 0.05 mm I.D.) 

D: UV (210 nm) 

Cu’+-L-histidine E: L-histidine, CuS04, 
complex ammonium acetate 

(PH 7-8) 
C: fused silica (750 mm 

x 0.075 mm I.D.) 
D: laser fluorescence 

(325 nm) 

Cu’+-aspartame E: aspartame, CuS04, 
complex STS ammonium acetate 

(PH 7.5) 
C: fused silica 

(1 m x 75 pm I.D.) 
D: laser-induced 

fluorescence 
(325/550 nm) 

Dopamine, norepi- 

nephrine, epineph- 
rine, catechol, 

4-methyl- and 
4-ethylcatechol 

Acetophenone, anisole, meth- 
yl-, ethyl-, propyl-, butyl-ben- 
zoate, cresols, nitroanilines, 
chloroanilines, dinitroben- 
zenes, nitrophenols, xylidines, 
xylenols 

Ten enantiomers of DL-dan- 
syl amino acids 

Eighteen racemic dansylated 
DL-amino acids 

The number of theoretical 98 

plates: 370000-540000 
(highly dependent on the 
solute concentration). The 
dependence of the applied 
voltage and electroinjection 
time on the separation effi- 
ciency was studied. 

New type of detection 105 

for MECC was developed. 
The detection limit was 
less than 20 fmol. 
The number of theoretical 
plates was more than 
400 000. 

Host-guest interactions be- 55 
tween I-CMCD and the 
solute operates as distribu- 
tion process. This concept 
extends the utilization of 
specific interactions in elec- 
trokinetic chromatography. 
The number of theoretical 
plates are 12000~130000. 

Chiral recognition is ex- 20 

plained by mixed chelate 
complexation to form two 
diastereomeric, ternary 
complexes. Replacement of 
L- by D-His in the support 
E reverses the migration 
order of the D- and L- ami- 
no acids. 
Aspartame = dipeptide L- 80 
aspartyl-L-phenylalanine 
methyl ester. The separa- 
tion is based on the diaster- 
eomeric interaction be- 
tween DL-amino acids and 
chiral Ct?+~aspartame 
complex present in the sup- 
port electrolyte. Effect of 
electrolyte composition, pH 
and temperature are de- 
scribed as well as linearity 
and sensitivity of response. 
Micellar (STS) electrolyte 
solution has been employed 
in order to ii&ease the dif- 
ferentiation of neutral ami- 
no acids. 
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TABLE Ill (continued) 

Pseudophases Conditions Compounds separated Notes Refs. 

Review, univ. microfilms, 99- 
etc. 104 

Mixed micelles di- E: Sodium acetate, Dansylated D,L-threonine, Overviews several aspects 104 
decyl-L-Ala + SDS,N,N- -methionine and -1eucine of HPCZE and presents 
SDS didecyl-L-Ala, chiral resolution of dansy- 

cu2+, 10% fated amino acids using a 
glycerol chiral metal chelate micelle. 

C: 800 mm x 0.075 mm 
I.D. 

D: UV (260 nm) 

TABLE IV 

APPLICATION OF PSEUDOPHASES IN ITP 

For abbreviations used, see Table Ill. HEPES = N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid. 

Pseudophases Conditions Compounds separated Notes Refs. 

r-CD DE: Shimadzu IP-2A Li+, Na+, K+, Rb’, Cs+, 
18-crown-6 C: 40 mm x I mm I.D. NH:, TEA+, Mg2+, Gas+, 
(12.crown-4 and + 150 mm x 0.5 mm Sr’+, Ba’+, I-, Cl-, Br-, 

15-crown-5) I.D. ClO;, Fe(CN)z-, Fe(CN)%- 
LE: 5 mM p-toluenesul- 

phonic acid, 0.01% 
Triton X-100 

TE: 5 mM TBAB 

/&CD 

B-CD 

DE: Shimadzu IP-2A o-, m-. p-lodobenzenesul- 
C: 40 mm x 1 mm I.D. phonate, toluenesulphonate, 

+ 150 mm x 0.5 mm naphthalene-mono- and di- 
I.D. sulphonate 

LE: 10 mM HCI, B-Ala 

(PH 3.6) 
TE: 10 mM n-CA 

DE: Shimadzu IP-2A 
C: 40 mm x 1 mm I.D. 

+ 150 mm x 0.5 mm 
I.D. Acidic electrolyte 
systems (pH 354.0) 

o-, m- and p-Substituted 
benzenesulphonic acids 
(BSA):NHz-, OH-, 
MeO-, EtO-, Me-, 
Cl-, I-; naphthalene- 
sulphonic 
acids (NSA) 

TEA+ was used as an in- 47 

ternal standard. Li + , 
Mg’+, Ca’+ and TEA+ do 
not interact with IS-crown- 

6. 12-crown-4 and 15- 
crown-5 were practically 
without any effect on the 
electrophoresis. 
2% a-CD allowed the 
otherwise impossible sepa- 
ration of I- in the presence 
of Cl- and Br-. 1% a-CD 
allowed the separation of 
CIO; in the presence of 
ferri- and ferro-cyanide. 

The dependence of PU val- 49 
ues on P-CD concentration 
in the LE was studied. 

Me-, Cl-, I-BSA and NSA 50 
can be separated effectively 
in the LE with B-CD. 

(Continued on p. 586) 
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Pseudophases Conditions Compounds separated Notes Rejk. 

a-CD DE: Shimadzu IP-2A 
C: 150 mm x 0.5 m I.D. 
LE: 10 mM HCI or acetic 

acid + potassium acet- 
ate (1:1), 0.01% PVA 

TE: 5 mM (p-methylben- 
zyl)trimethylammon- 
ium bromide or l- 
naphthylamine 
hydrochloride 

a-, p- and y-CD DE: LKB Tachophor 
2127 

C: 400 mm x 0.5 mm 
I.D. or 520 mm x 0.5 
mm I.D. 

LE: 5 mM HCI + EACA 
(pH 4.34.8) or P-Ala 
(pH 3.5-4.0) 0.2% 
HPMC 

TE: 5 mM MES or n-CA 

X-, /?- and y-CD DE: LKB Tachophor 
2121 

C: 400 mm x 0.5 mm 
I.D. 

LE: 5 mM HCI, EACA 

(pH 4.7) 0.2% HPMC 
TE: 5 mM MES 

B-CD DE: LKB Tachophor 
2127 

C: 400 mm x 0.5 mm 
I.D. 

LE: I, 5 mM sodium 
acetate, acetic acid (pH 
5.5) 0.2% HPMC; II, 
5 mM HCl, His (pH 
5.0) 0.2% HPMC 

TE: I, 10 mM EACA; II, 
5 mM MES 

/I-CD, diMe$- DE: LKB Tachophor 
CD, triMe#-CD 2127 

C: 370 mm x 0.5 mm 
I.D. or 250 mm x 0.5 
mm I.D. 

LE: I, 5 mM sodium 
acetate, acetic acid (pH 
5.48) 0.2% HEC; II, 5 
mM Ba(OH)Z, Val (pH 
9.69), 0.2% HEC 

TE: I, 10 mM B-Ala; II, 
20 mM Tris 

Li’, Na+, K+, TEA+ (o-, m- 
and p-methylbenzyl)- 
trimethylammonium ions, 
(o- and p-nitrobenzyl)- 
trimethylammonium ions, 
(m-, p- and o-, p- 
dimethylbenzyl)trimethylam- 
monium ions, quaternary 
pyridinium ions 

Related penicillins (sulbac- 
tam, its synthetic intermedi- 
ates and alkaline degradation 
product) 

0-, m-, p-Halogenobenzoic 

acids: F-, Cl-, Br- and I- 

Naftidrofuryl and its syn- 
thesis intermediates position- 
al isomers 

Ephedrine alkaloid enantiom- 
ers 

Li+ Na+ K+ TEA’ = 3 3 , 48 
calibration ions. The evalu- 
ation of the binding equili- 
brium constants between a- 
CD and investigated ions. 

Comparative measurements 51 
with p-glucose and starch 
were carried out to confirm 
the role of the cyclic struc- 
ture of CD for separation 
improvement. The most 
important factors are: CD 
ring diameter, pH and CD 
concentration in LE. 

The dependence of (hi),,, 52 
values on the concentration 
of CDs, CD cavity diame- 
ter and size of substituents 
was demonstrated. 

The study of axial and 53 
equatorial inclusion com- 
plex formation in both cat- 
ionic and anionic ITP 
mode. The possibility of 
quantitative evaluation and 
purity control of final 
sunstances is demonstrated,. 

Chiral ITP resolution of 21 
pseudoephedrines is 
demonstrated. The depen- 
dence of the chiral resolu- 
tion quality on the type 
and concentration of CD 
was studied. 



HIGH-PERFORMANCE ELECTROMIGRATION METHODS 

TABLE IV (continued) 

587 

Pseudophases Conditions Compound.y separated 

t-?D, diMe#- 

CL, /?- and y-CD, 
diMe-B-CD, 
triMe-/?-CD 

I8-crown-6 

I8-crown-6 

DE: LKB Tachophor 
2127 

C: 370 mm x 0.5 mm 
I.D. 

Ketotifen and its polar inter- 
mediate 

LE: 5 mM sodium acet- 
ate, acetic acid (pH 
5.5) 0.2% HEC 

TE: 10 mM /&Ala 

DE: LKB Tachophor 
2127 

17 bile acids 

C: 230 mm x 0.5 mm 
I.D. or 370 mm x 0.5 
mm I.D. 

LE: 5 mM HCI + His 
(pH 6.4) 0.4% HEC 

TE: 10 mM HEPES + 

Tris (pH 8.3) 
DE: LKB Tachophor 

2127 
C: 200 mm x 0.8 mm 

I.D. 

Li+, Na+, K+, Rb+, Cs+, 
NH; and lysine 

LE: IO mM HCl 
TE: IO mM Tris or 

TBAC 

DE: non-commercial Na+, K+, Cs+, Ca*+, Srzf, The method for metal ion 58 
LE: CsNOa, HNO, (pH Ba’+, Pb2+, A13+ analysis in glass is demon- 

4.4-4.5) 0.05% PVA strated. 
TE: 5 mM acetic acid 

The discovery of ketotifen 54 
enantiomers; the dependen- 
ce of maximum racemate 
loads on the type and con- 
centration of CD in the LE 
was studied. The possibility 
of ketotifen’s quantitative 
evaluation is confirmed by 
statistically processed cali- 
bration data. 

The study of solubilization 106 
and structural differentia- 
tion effect onCDs. 

The simultaneous determi- 56,57 
nation of metal ions in 18- 
crown-6-modified LE. Sim- 
plified mathematical model 
for the evaluation of stabil- 
ity constants for 1: 1 
crown-metal complexes is 
presented. The monitoring 
of lysine neutralization 
with KOH was performed. 

phase does not migrate and acts simply as a pseudostationary phase. This experi- 
mental arrangement is advantageous especially for the separation of rapidly migrat- 
ing organic ions. The deliberate use of micellar and enantioselective metal-complex 
pseudophases for the improvement of separation has not been reported. 

Crown ethers were utilized for the selective retardation of inorganic ions, es- 
pecially for the differentiation of alkaline and alkaline-earth metals. 

Cyclodextrins seem to be useful especially in the area of structurally related 
organic compounds and also inorganic anions. In ITP the cyclodextrins are free in 
the solution and therefore inclusion complex formation should be the main resolution 
mechanism. The increasing number of cyclodextrin derivatives, which are commer- 
cially available, greatly extend the application area of ITP to organic isomeric com- 
pounds, including enantiomers, in their cationic as well as anionic forms. Several 
other parameters affect the resolution, such as the concentration of the pseudophase, 
pH value and type of counter ion. The possible applications of ionophore pseudo- 
phases are summarized in Table IV. 
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5. CONCLUSIONS 

The use of various pseudophases in EMMs represents one of the most prom- 
ising approaches to increasing the resolution power of the latter and the extension 
of their applications especially to organic molecules. The application of new types of 
pseudophases is determined by the rapid progress in the theory of inclusion and 
micellar phenomena and steadily increasing number of suitable carrier molecules and 
tenzides. 

The utilization of pseudophases enables the introduction of another important 
factor which may contribute to improvement in separations. The experience with 
micellar pseudophases has enabled to the applicability of electromigration methods 
to be extended to uncharged organic molecules. The use of inclusion pseudophases 
significantly improves the differentiation of structurally related organic solutes. There 
is no sharp boundary between micellar and inclusion pseudophases. It was experi- 
mentally confirmed that derivatized cyclodextrins form organized systems in aqueous 
solutions and thus may act also as micellar pseudophases. 

The use of optically active pseudophases is the only way of separating enan- 
tiomers. Promising results with cyclodextrins in TTP has demonstrated their useful- 
ness as chiral discriminators for the separation of aromatic solutes. Copper-amino 
acid complexes were utilized for the separation of various a-amino acids in capillary 
electrophoresis. New possibilities exist for the use of newly synthesized chiral crown 
ethers and chiral micellar systems in high-performance electromigration methods. 

SUMMARY 

An overview of important trends in electromigration methods, with emphasis 
on development of highly efficient techniques and application of various complex- 
forming discriminators, is presented. The fundamental characteristics of micellar, 
inclusion and metal-complex pseudophases and their utilisation in high-performance 
electromigration methods are discussed in detail. Their advantages are demonstrated 
on numerous practical examples. 
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