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Abstract Recently, much attention has been paid to

chromatographic characteristics and applications of crown

ethers. These compounds were employed as chiral sta-

tionary phase for resolution of various racemic compounds

in high performance chromatography and capillary elec-

trochromatography techniques. Crown ethers also used in

gas chromatography as the stationary phase. Recently, it

has been found that, crown ethers also may be useful in

cation chromatographic separation in ion chromatography

for the determination of alkali and alkaline-earth cations,

ammonium, and amines. In this paper we have an overview

on these applications of crown ethers.

Keywords Crown ethers � Chromatography � Chiral

stationary phases � Solid phase microextraction

Introduction

Since the discovery of crown ethers [1], many investigation

has been made on the complexation of these compounds with

metal cations [2–6]. Due to this ability, these compounds

have been used extensively in extraction analysis studies of

various metal ions [7–9]. By polymerization or immobili-

zation of crown ethers on inert support materials they have

been used as stationary phases for chromatographic separa-

tions. Polymeric crown ethers possess special features such

as high resistance to chemicals, to temperature, to radiolysis

and also to polar solvents. Chromatographic techniques with

chiral stationary phases (CSPs) having crown ether selectors

have been extensively developed to achieve good enantio-

mer separation of amino compounds for analytical and pre-

parative purposes. Crown ether is a widely used stationary

phase in capillary gas chromatography (GC) because of its

high coating efficiency and unique selectivity in separation

of polar compounds having similar boiling points.

The development of simple and robust capillary elec-

trochromatography (CEC) column technologies plays an

important role for popularization of CEC. During the last

several years, various approaches for the preparation of

enantioselective columns based on crown ethers have been

reported. Currently, the monolithic column technology

(continuous beds) represents the most advanced approach

for the preparation of CEC columns. Preconcentration

method based SPME crown ethers have been used in the

preparation of the fibers.

Crown ethers are macrocyclic polyether compounds that

are capable of selectively forming complexes with a variety

of different cationic species. The ability of a crown ether

molecule to complex with a cation is dependent upon the

size of the hole formed by macrocyclic structure and, as a

result, crown ethers of different sizes exhibit significantly

different specificities for the complexation of cations, and

then may be useful in ion chromatographic separation quite

different in chromatographic behavior from conventional

‘‘ionic’’ cation exchangers. In this review we discussed on

the application of crown ethers as the stationary phase in

the chromatographic methods.

Crown ether chiral stationary phases developments

One of the most frequently used methods for the determi-

nation of enantiomeric compositions and enantio separa-

tions of mixtures of enantiomers is chromatography on

R. Mohammadzadeh Kakhki (&)

Department of Chemistry, Faculty of Sciences, University

of Zabol, Zabol, Iran

e-mail: romohammadzadeh@yahoo.com

123

J Incl Phenom Macrocycl Chem (2013) 75:11–22

DOI 10.1007/s10847-012-0158-0



CSPs. Over the past few decades there has been great

interest in designing new CSPs [10–14].

CSPs based on chiral crown ethers, were first developed

by Sogah and Cram in 1970s [15], but these CSPs are not

commercially available, presumably because of their low

chromatographic performance. In 1987 Shinbo and co-

workers reported the separation of amino acids using a CSP

in which a hydrophobic chiral crown ether was dynami-

cally coated on an ODS stationary phase [16, 17]. This type

of CSP was commercialized as CROWNPAK CR, which is

the first commercialized crown ether-based CSP, and it has

been proven useful for the resolution of chiral primary

amines [18]. However, solvents that can be used as a

mobile phase on this CSP are limited because of the

dynamic coating process. In view of the better complexa-

tion ability of crown ethers in organic solvents than in

aqueous media, the use of a normal mobile phase would be

advantageous for the separation of chiral amino com-

pounds. Therefore, it is desirable to develop CSPs that can

be used with a normal mobile phase eluent. Indeed, since

1998, chemically bonded type CSPs containing chiral

crown ethers have been developed actively [19–24].

Machida and co-workers reported this type of CSP using

(?)-18-crown-6-2,3,11,12-tetracarboxylic acid as a chiral

selector bound by an amide linkage to silica gel [19]. Hyun

and co-workers also developed CSPs using the same crown

ether as a selector, but a different bonding process that

Machida’s CSP [20–22]. Bradshow’s group reported CSPs

using selectors having a metacyclophane framework con-

taining a pyridine moiety [24].

Recently, chiral stationary phases-1(CSP-1) and chiral

stationary phases-2 (CSP-2) were developed (Fig. 1) for

ammonium salts where the chiral pseudo-18-crown-6 ethers

as selector are covalently bound to silica gel [25–27].

CSP-1 was commercialized as SUMICHIRAL OA-8000

in 2000 and it was one of the earliest CSPs with a cova-

lently bound chiral crown ether selector [25, 26].

In order to respond to the increasing demand to separate

chiral amino compounds including lipophilic examples, it

is desirable to develop crown ether CSPs for which a

normal mobile phase can be used as the eluent. In addition,

it is also desirable to develop CSPs that provide short

retention times but large differences in the separation of

enantiomers. Therefore, Hirose designed CSP-2. He report

the preparation of CSP-2 and its use for enantiomer sepa-

ration of chiral amino compounds such as amines, amino

alcohols, and amino acids [27].

Hyun found that the variation in the structure of a-amino

acids effect on their resolution. In particular, the length of

the alkyl group at the chiral center of a-amino acid

homologues seems to be an important factor in control of

their resolution on CSP. A crown ether-based chiral sta-

tionary phase (CSP 3, Fig. 2) developed in Hyun laboratory

by bonding (?)-(18-crown-6)-2,3,11,12-tetracarboxylic

acid to 3-aminopropylsilica gel was very successful in the

resolution of various racemic primary amino compounds

including a-amino acids, b-amino acids, a-amino acid

derivatives [28] racemic amines [22] racemic amino alco-

hols [22] and racemic fluoroquinolone antibacterials [20,

29, 30]. However, CSP 3 intrinsically contains unreacted

residual aminopropyl groups on the surface of silica gel

because the process of bonding (?)-(18-crown-6)-

2,3,11,12-tetracarboxylic anhydride to aminopropylsilica

gel cannot be completed. The unreacted residual amino-

propyl groups of CSP 3 can be protonated under the acidic

mobile phase condition and the resulting primary ammo-

nium ions were expected to compete with the primary

ammonium ions of analytes for the complexation inside the

cavity of the crown ether ring of the CSP. Protection of the

unreacted residual aminopropyl groups of CSP 3 with

acetyl or butyryl group actually improved the retention

(k) and the resolution factors (RS) for the resolution of a-

amino acids, but diminished the separation factors (a)

slightly [31]. In order to avoid the problems related to the

unreacted residual aminopropyl groups on CSP 3, a new

residual aminopropyl group-free CSP (CSP 4, Fig. 2) was

prepared by bonding N,N0-triethoxysilylpropyl syn-diamide

of (?)-(18-crown-6)-2, 3,11,12-tetracarboxylic acid to sil-

ica gel directly [32].

CSP 4 has been successfully applied to the resolution of

various a-amino acids, amines and amino alcohols [32]. The

chiral recognition efficiency of CSP 4 was found generally

superior to that of CSP 3 in terms of the separation and the

resolution factors as expected. In one effort the effect of

analyte lipophilicity on the resolution of a-amino acids on

this CSP based on chiral crown ether has been examined by

the chromatographic resolution trends for a homologous

series of five a-amino acids with an alkyl group of different

length at the chiral center. The retention factors k1 and k2 for

the two enantiomers and the separation factors (a) were

found to depend on the lipophilicity of the a-amino acid. In

general, the retention factors increased as the organic mod-

ifier content in the mobile phase increased and the degree ofFig. 1 Structure of CSP-1 and CSP-2
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the enhancement of retention factors being dependent on

the analyte lipophilicity. The separation factors also

increased as the analyte lipophilicity and the organic mod-

ifier content in the mobile phase increased [33]. Using of

CSP 4 developed in Hyun laboratory and was successfully

applied to the resolution of various racemic primary amino

compounds [28, 29]. CSP 4 was also employed in resolving

aromatic halogen substituted phenylalanines, phenylglycine

homologues and other primary amino acids. The covalent

immobilization of a chiral crown ether ligand on a silica

substrate allows the use of methanol-rich mobile phases.

Retention generally increases with increasing methanol. The

addition of triethylamine also generally increases retention.

Highest enantioselectivities were observed in the presence

of high methanol, high triethylamine concentrations. How-

ever, the enhanced selectivity came at the expense of greatly

increased retention times [34].

As an effort to extend the use of CSP 4 further, Hyun

wish to first report the resolution of N-(3,5-dinitrobenzoyl)-

a–amino acids on CSP 4. N-(3,5-dinitrobenzoyl)-a-amino

acids do not contain any primary or secondary amino

group, but contain a free carboxylic acid group. In this

instance, the resolution of N-(3,5-dinitrobenzoyl)- a-amino

acids on this CSP is quite unusual and surprising

(0.54–2.81) [35]. However, CSP 4 has not been applied to

the resolution of b-amino acids yet while CSP 3 has been

found useful for the resolution of b-amino acids [36].

Optically active b-amino acids have attracted considerable

attention due to their potent pharmacological activities and

their usefulness as building blocks of many natural prod-

ucts [37]. In this instance, analytical methods for the exact

determination of the enantiomeric composition of b-amino

acids are essential and the liquid chromatographic chiral

separations on CSPs might be the desired analytical

method. After that, he applied CSP 4 to the resolution of

various b-amino acids and compared the chromatographic

resolution results with those on CSP 3. Comparison of the

chromatographic resolution results on CSP 4 with those on

CSP 3 is expected to elucidate the characteristics of CSP 4

in the resolution of b-amino acids. Results showed that the

CSP 4 is also quite applicable for use in analytical enan-

tioselective chromatography [38].

Machida et al. [39] modified (?)-(18-crown-6)-2,3,

11,12-tetracarboxylic acid with S-1-(1-naphthyl)ethylamine

as a p-donor. A CSP based on this material was used to

enantioselectively separation of the secondary amine, N-3,5-

dinitrobenzoyl-1-(a-naphthyl)ethylamine. The separation

was explained by p–p interaction between the 3,5-dinitro-

benzoyl function of the analyte (p-acceptor) and the S-1-(1-

naphthyl)ethylamine moiety (p-donor),because a CSP based

on (1)-(18-crown-6)-2,3,11,12-tetracarboxylic acid without

the added p donor could not resolve the secondary amine.

In the another approach liquid chromatography columns

based on the (?) and (-)-(18-crown-6)-2,3,11,12-tetra-

carboxylic acid CSPs used for the separation of secondary

amine enantiomers. The method employs both the ability

of crown ethers to complex with amine groups and the

steric and electrostatic interactions afforded by the car-

boxylate functionalities [40].

Hyun and co-workers developed another effective

crown ether CSP (Fig. 3). The chiral crown ether moiety of

this CSP bears some similarity to the commercial

CROWNPAK CR, but differs in that it is covalently bon-

ded to silica gel. Consequently, covalently linked CSP is

useful in a variety of mobile phases. This was very effec-

tive in resolving various natural and unnatural a-amino

acids [41].

However, it has not been utilized for separating the

enantiomers of other chiral compounds. After that they

extend the use of this CSP to the enantioseparation of

investigational racemic fluoroquinolone antibacterials

containing a primary amino group [42]. However, it has not

Fig. 2 Structure of two types of

crown ether-based chiral

stationary phases

Fig. 3 Structure of a crown ether CSP covalently bonded to silica gel
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been utilized in resolving other racemic compounds con-

taining a primary amino group, and they wish extend the

use of this CSP to the resolution of racemic amines, amino

alcohols and the related compounds including pharma-

ceutically important compounds such as amphetamine

analogues, mexiletine, norepinephrine and norephedrine.

The resolution was quite successful and the resolution

behaviors were quite dependent on the type of mobile

phase additives and column temperature [43]. Hyun wish to

extend the use of this CPS to the resolution of tocainide and

its analogues. The resolution was quite good, the separation

(a) and resolution factors (Rs) being 1.84–15.32 and

1.34–13.78, respectively. Especially, the result for the

resolution of tocainide on the CSP turns out to be the best

one among other reported previously. The chromatographic

resolution behaviors were demonstrated to be dependent on

the content and the type of organic and acidic modifiers and

the ammonium acetate concentration in aqueous mobile

phase [44].

As an effort to improve the chiral recognition efficiency

of CSP (Fig. 3) even more, Hyun directed his attention to

the residual silanol groups of the CSP. The residual silanol

groups of CSPs were believed to provide non-enantiose-

lective hydrogen bonding sites and consequently they were

usually end capped by treating CSPs with hexamethyl-

disilazane (HMDS) or trimethylchlorosilane (TMCS) to

increase enantioselectivity, sometimes by decreasing

retention for the first enantiomer and increasing the reten-

tion for the second enantiomer [45]. In addition, he noted

that the increasing in the lipophilicity of CSPs based on

(?)-(18-crown-6)-2,3,11,12-tetracarboxylic acid improves

the separation (a) and the resolution factors (RS) quite

much even though the reason is not clear [46, 47]. To take

the advantage of both the residual silanol group protection

and the improved lipophilicity of the stationary phase,

Hyun prepared CSP (Fig. 4) by treating CSP (Fig. 3) with

n-octyltriethoxysilane. The n-octyl groups of CSP (Fig. 4)

are expected to play a role of protecting the residual silanol

groups on the silica gel surface and a role of increasing the

lipophilicity of the stationary phase [48].

Machida and co-workers also developed CSPs using the

same crown ether (Fig. 1) as a selector, but with a different

bonding process from that of Hyun’s CSP [19, 39]. The

separation of racemic primary amino compounds on CSPs

based on a neutral crown ether selector has been usually

performed under highly acidic conditions with an aqueous

mobile phase containing acid additives such as sulfuric

acid, perchloric acid, trifluoroacetic acid, and acetic acid. In

this instance, CSPs may not be ensured durable enough for

use over a long period of time. On the other hand, an acidic

crown ether such as a chiral phenolic pseudo-18-crown-6 is

expected to form stable salt-complex with a neutral amine

in the absence of acid additives, [49] because the phenolic

OH group in the binding site serves as an acid derivative to

form an ammonium phenolate, called ‘saltex,’ in which an

ammonium ion is stabilized by coordination of crown ether

oxygen atoms [50]. A highly enantiomer-selective com-

plexations between the OH type crown ethers and primary

amines was reported [26, 51–56]. Consequently, high

enantiomer separation on CSP having a chiral phenolic

pseudo-18-crown-6 as a selector is expected. Therefore, OH

type CSP-3 (Fig. 5) having a phenolic pseudo-18-crown-6

as a selector was designed. After that CSP-3 used for

enantiomer separation of chiral amino compounds such as

amines, amino alcohols and amino acids. Amines and

amino alcohols were separated well on CSP-3 when a non-

acidic additive was used in a mobile phase [57].

Recently a chiral monoaza-15-crown-5 ether derivative

was prepared from L-leucinol and used as a chiral sta-

tionary phase. This chiral stationary phase was employed in

separating the enantiomers of the sodium and potassium

salts of amino acids. The sodium and potassium salt of the

D-enantiomers of all amino acids (PhyAlaNa, PhyAlaK and

PhyGlyNa, PhyGlyK, and TrpNa, TrpK) show higher

selectivity than the L-enantiomers for this chiral stationary

phase [58].

Also a chiral stationary phase (CSP) based on (-)-(18-

crown-6)-2,3,11,12-tetracarboxylic acid was evaluated for

Fig. 4 Structure of a crown ether CSP covalently bonded to silica gel

via n-octyltriethoxysilane

Fig. 5 Structure of a OH type crown ether CSP (CSP-3)
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the direct resolution of the enantiomers of dipeptides and

tripeptides. The type and concentration of the acid and the

methanol content were optimized with regard to retention

time and resolution using Ala-Phe as model peptide. A

mobile phase consisting of 10 mM sulfuric acid in 70 %

aqueous methanol was applied to the separation of a set of

16 structurally diverse dipeptides and tripeptides. Gener-

ally, the configuration of the amino acid at the N-terminus

determined the enantiomer elution order. With a few

exceptions the LL- and LD-enantiomers interacted stronger

with the CSP compared to the corresponding DD- or LD-

enantiomers. The experimental conditions also allowed the

simultaneous separation of all four stereoisomers of Ala-

Phe. Addition of ammonium sulfate generally reduced

retention times and enantiomer resolution. Addition of

triethylamine as modifier led to an overall increase of the

retention times while the resolution did not show a general

trend, increasing in the case of Ala–Ala but decreasing in

the case of Ala-Phe [59]. Liquid chromatographic two

chiral stationary phases (CSPs) based on (?)-(18-crown-

6)-2,3,11,12-tetracarboxylic acid were successfully applied

in the resolution of aryl a-amino ketones, including cathi-

none, the (S) enantiomer of which is a psychoactive alka-

loid found in the leaves of the khat plant. The

chromatographic resolution behaviors were found to be

dependent on the type, and the content, of organic and

acidic modifiers in aqueous mobile phase. In addition, one

of the two CSPs was demonstrated to be quite useful in the

determination of the enantiomeric purity of cathinone [60].

A direct, isocratic high-performance liquid chromato-

graphic method is described for the enantiomeric resolution

of a number of phenylalkylamines, namely, racemic

cathinone, amphetamine, norephedrine, and norpheny-

lephrine, without sample derivatization. The separations

were achieved on an S-18-crown-6-ether chiral stationary

phase known as CR(?). The chromatographic parameters

alpha (separation factor) and Rs (resolution factor) lay

within a narrow range for all compounds used in this study

except for cathinone, which resulted in high alpha and Rs

values. The recognition mechanism for this column

involves the interaction of the crown structure with a

charged primary ammonium ion. The stereochemical

structures of the compounds in this study contribute to the

results obtained for the chromatographic parameters,

especially in cathinone’s case [61].

In the other work, a method for the enantiomeric sepa-

ration and direct detection of trans-2-aminocyclohexanol

by high performance liquid chromatography (HPLC) with

evaporative light scattering detection (ELSD) using a

crown ether column has been developed. The influence of

mobile phase composition on the separation was investi-

gated in detail. It was found that enantiomeric separation

could be achieved when a strong chaotropic counterion,

such as TFA, is used as the mobile phase modifier. Organic

modifiers, such as methanol, influence the retention times,

but have no effect on the separation factor [62].

With UHPLC, it is possible to use long capillary col-

umns or very small particles to provide high efficiencies,

even at high linear velocities [63]. Both cyclodextrins (CD)

and crown ethers have proven to be effective chiral

selectors [64]. While many chiral separations have been

accomplished using CD-type stationary phases [65], Park

et al. [66] reported that one drawback in utilizing CDs was

the low binding constants for most guest molecules.

Willner et al. [67] and Park et al. [66] reported that diaza-

18-crown-6-capped b-CD exhibited high binding constants

for several guest molecules due to cooperative functioning

of the b-CD and the crown ether, they can be bonded onto

silica to use as CSPs in LC [68, 69]. Crown ether-capped b-

CD bonded phases gave better enantioselectivity in CEC

for a number of analytes than either b-CD bonded phases

or crown ether bonded phases alone under the same sepa-

ration conditions [70]. After that, two novel types of crown

ether-capped b-CD bonded stationary phases, 8-amino-qui-

noline-2-ylmethyl- and 8-aminoquinoline-7-ylmethyl-diaza-

18-crown-6-capped [3-(2-O-b-cyclo-dextrin)-2-hydroxypropoxy]

propylsilyl silica particles (AQ2D18C6-CD-HPS and

AQ7D18C6-CD HPS), were prepared and used as new

stationary phases in UHPLC for chiral separations. High

column efficiency (up to 400,000 plates m-1) was achieved

for chiral separations. The selectivities of these bonded

stationary phases were examined by application to posi-

tional isomers of o,m,p-nitroaniline and enantiomers of

selected chiral compounds[71].

Crown ethers as stationary phase in GC

Crown ethers are useful as chromatographic stationary pha-

ses because of the good selectivity resulting from the cavity

structure and the strong electronegative effect of heteroatoms

on the crown ether ring [72]. Although the synthesis of crown

ethers is expensive, the amount of crown ether for making a

capillary column is small, only 3 mg of it is sufficient to

prepare a typical 20-m capillary column [73]. Crown ethers

are used as a stationary phase for capillary gas chromatog-

raphy. There have been some articles concerning such use of

crown ethers as stationary phases in capillary GC [74–76].

The use of small crown ethers is limited because of coating

difficultly, poor column efficiency, and column bleeding at

high temperature. Polymerization of the crown ethers may

alleviate some of these problems. In 1985, Fine [75] bonded

vinyl crown ethers onto the inner wall of capillary column,

but his results were not satisfactory. Lee [76] synthesized a

crown ether substituted polysiloxane with a polymer spacing

of three, which showed a unique selectivity for nitrogen-

J Incl Phenom Macrocycl Chem (2013) 75:11–22 15
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containing polycyclic aromatic compounds. Then w-unde-

cyleneoxymethyl-18-crown-6 is substituted onto a polysi-

loxane backbone to yield a stationary phase for capillary GC.

Then a crown ether, n-undecyloxymethyC18-crown-6

poly- siloxane (PSO-11-18C6) is prepared and coated on a

fused silica capillary column. Chromatographic character-

istics, including column efficiency, allowable temperature

range, thermal stability, polarity, and selectivity, are studied.

The new stationary phase is comparable to Carbowax-2OM

in polarity and selectivity and has an operational temperature

range of 70–300 �C. Selectivity is superior to Carbowax-

20 M for n-alcohols and esters, and some aromatic com-

pounds separate well on the crown ether column [77].

The solution of compound, mono-6-(1-benzo-aza-15-

crown-5)-2,3,6-permethyl-b-cyclodextrin, in the moder-

ately polar polysiloxane OV-1701 was coated onto fused

silica capillary column. The chromatographic characteris-

tics including column efficiency, polarity and selectivity

were studied. Excellent selectivity for the separation of

enantiomers and positional isomers was obtained. The

results show that the combined effect between the special

caves of [3-cyclodextrin and crown ether plays a significant

role in the separation [78]. Two new kinds of crown ethers:

3,5-dibutyl-unsymmetrydibenzo-14-crown-4-dihydroxy

(cis-, and trans-) with the OH-terminal silicone oil in dif-

ferent proportion were coated on glass capillary columns,

and immobilized by condensation using a coupling agent of

alkyltrimethoxysilane. Chromatographic characteristics,

including column efficiency, polarity, selectivity, phase

transition temperature and thermal stability were studied.

The columns were compared with PEG-20 M in terms of

polarity and selectivity. The immobilization and retention

mechanisms are also discussed [79].

A new type of capillary gas chromatographic stationary

phase containing OH-dibenzo-14-crown-4 (OH-DB14C4)

was fabricated by the sol–gel process and coated onto the

inner walls of a fused silica capillary. Multiple preparation

steps in conventional column technology were avoided.

The column demonstrates high column efficiency, out-

standing thermal stability (to 330 �C) and a significant

ability of deactivation. Compared with a sol–gel OH-ter-

minated silicone oil (OH-TSO) column, the sol–gel OH-

DB14C4 column has unique selectivity for the separation

of positional isomers of aromatic compounds. In compar-

ison with the dibenzo-propyl-15-crown-5 polysiloxane

(PSO-DB-3-15C5) stationary phase, the sol–gel OH-DB14C4

has a high column capacity in separating small-molecular-

mass compounds, such as low-molecular-mass alcohols,

short-chain fatty acids, and volatile amines. The possible

mechanism involved in sol–gel coating with OH-DB14C4

is also discussed [80].

Cholesteric liquid crystal crown ether CH-B-15-C-5 has

different phase states under a range of different

temperatures, and a large variety of physical properties

under different operating conditions in the same temperature

range. When the temperature is decreased from 182 to

165 �C, the compound forms cholesteric liquid crystal. If it

is decreased to 125 �C, it remains anisotropic liquid crystal;

then if the temperature decreases below 125 �C it forms

anisotropic solid crystal. But, in the course of heating from

below 125–182 �C it cannot form cholesteric liquid crystal.

Therefore, the stationary phases of CH-B-15-C-5 have three

gas chromatographic functions: gas–solid chromatography

(GSC), general gas–liquid chromatography (GLC) and

crown ether liquid crystal gas–liquid chromatography (CL-

GLC). Xiaotian separated organic compounds, such as,

n-alkanes, alcohols, ethyl asters of C1–C8 carboxylic acid,

halogen derivatives, etc., and position-isomers of the

replacement aromatic hydrocarbons, such as the o,m,

p-xylenes, -dichlorobenzenes, -nitrochlorobenzenes, and

1,3,5- and 1,2,4-trimethylbenzene, etc. Good separation

results were achieved using crown ether liquid crystal sta-

tionary phase under the different chromatographic conditions.

The chiral resolutions of optical isomers of ethyl lactate and

isoamyl alcohol in gas chromatography (GC) with a new

cholesteric liquid crystal crown ether (CH-B-15-C-5) sta-

tionary phase was also discussed [81].

Side-chain liquid crystalline polysiloxanes have been

developed and used as capillary gas chromatographic sta-

tionary phases since 1982 by Finkelmann [82]. These kinds of

stationary phase possess unique separation properties, espe-

cially for geometrical isomer separation. On the other hand,

side-chain crown ether polysiloxanes have been used as sta-

tionary phases for capillary gas chromatography since 1988.

These stationary phases exhibit some excellent selectivity.

Both side-chain liquid crystalline siloxane and side-chain

crown ether polysiloxane were synthesized and used as cap-

illary gas chromatographic stationary phases. It was demon-

strated that these stationary phases have unique selectivity

and thermostability and are suitable for the separation of a

variety of isomeric compounds. In 1989 Perceca [83] syn-

thesized some side-chain liquid crystalline polysiloxanes

containing crown ether. Then a novel side-chain liquid

crystalline polysiloxane containing crown ether was devel-

oped, which was used as a stationary phase for capillary gas

chromatography. This phase can be easily coated on the

fused-silica tubing and possesses a high efficiency and

moderate polarity. It exhibits the retention properties of both

liquid crystal and crown ether stationary phases and is suitable

for the separation of a variety of isomeric compounds [84].

Ion chromatography (IC)

Extensive studies about use of crown ethers in liquid

chromatography of cationic species, especially, alkali and

16 J Incl Phenom Macrocycl Chem (2013) 75:11–22
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alkaline-earth metal ions, have been made so far. In most

cases polymeric crown ether resins [85–87] and silica gels

on which crown ether moieties are immobilized through

covalent bonding [88–90] or which are coated with poly-

meric crown ether [91, 92] have been applied to the sta-

tionary phases for the ion chromatography. The crown

ether stationary phases are quite different in chromato-

graphic behavior from conventional ‘‘ionic’’ cation

exchangers. For instance, the elution order of alkali metal

ions in the ‘‘ionic’’ cation exchangers follows the ionic size

(Li? \ Na? \ K? \ Rb? \ Cs? in the retention time),

not being varied from one cation exchanger to another. In

contrast, the retention behavior of the crown ether sta-

tionary phases depends on the type of the immobilized

crown ether moiety. This variable elution order on the

crown ether stationary phases is attractive for chromato-

graphic analyses of the cationic species. Hence, various

cation-specific stationary phases may be designed for

liquid chromatography of ionic species by selecting the

immobilized crown ether moiety. The crown ether immo-

bilized stationary phases, however, might not be easily

available for most analytical chemists due to some diffi-

culty with the syntheses.

During synthesis and purification of crown ether deriv-

atives incorporating long aliphatic chain it has been found

that the highly lipophilic crown ethers are retained strongly

on octa-decylsilanized silica (ODS) by powerful hydro-

phobic interaction. Some of them could not be eluted out

from ODS columns even by using pure methanol as the

mobile phase. This incident induced the test ODS coated

with highly lipophilic crown ethers for usefulness as sta-

tionary phases for liquid chromatography of ionic species.

For convenience it has been attempted in situ coating of

lipophilic crown ethers on ODS by passing coating solu-

tions through commercially available, high-performance

ODS-packed columns. Kimura communicated the pre-

liminary results concerning the use of crown ether coated

ODS for chromatography [93]. After that he wish to report

in detail the liquid chromatography of alkali and alkaline-

earth metal ions on ODS columns modified with lipophilic

crown ethers and their analogues [94].

IC is one of the most widely used techniques for the

determination of alkali and alkaline-earth cations, ammo-

nium, and amines. However, samples that contain very

different concentration ratios of cations are difficult to

quantify by IC, especially if they elute next to each other.

Many environmental and industrial samples contain either

very low levels of ammonium in the presence of high

concentration of sodium or very low levels of sodium in the

presence of high concentrations of ammonium. It is diffi-

cult to separate these cations on a standard sulfonate or

carboxylate-based cation exchangers because they have

similar selectivities toward sodium and ammonium. In one

approach crown ethers were added to the mobile phase

[95]. This approach resolves sodium and ammonium;

however, since crown ethers are toxic, this present hazard

to the analysts and the toxic waste is expensive and difficult

to dispose. Other approaches incorporated the crown ether

onto the stationary phases, producing a trifunctional [96] or

bifunctional [97] cation exchanger. A nice separation of

sodium and ammonium and some amines can be achieved

with these columns. After that an alternative approach to

enhancing the cation selectivity was developed. Two sep-

arate packings, one carrying a conventional cation-

exchange phase and the other carrying a crown ether phase

are used. This new approach has advantages in controlling

cation selectivity compared to previous methods. Inde-

pendent carboxylate cation-exchange and 18-crown-6 ether

packings enhance cation selectivity in ion chromatography.

Columns packed with each material may be used in series,

or the packings may be combined in one column. Both

systems improve the resolution between sodium and

ammonium and allow the separation of amines from alkali

and alkaline-earth cations. This system eliminates the need

for toxic crown ether mobile phase additives. The ability to

independently control the cation-exchange and complexa-

tion contributions to resolution and retention is more

flexible than fixed-ratio bifunctional media and column. In

the two-column configuration, system peaks are present for

cations that are retained on the CE column. The system

peaks generally do not interfere with the analysis, and are

eliminated when a suppressor is used [98].

Capillary electrochromatography (CEC)

CEC, which combines the desirable features of both HPLC

and CE, has become increasingly popular. CEC is a pow-

erful separation method which affords higher theoretical

plate number and superior efficiency due to its plug like

flow profile, compared with micro HPLC which uses the

same packing material. In CEC, as in HPLC, the solutes of a

given sample mixture can be preferentially separated based

on differences in distribution ratios between the mobile

phase and the stationary phase. Compounds possessing a

charge can also be affected by the applied voltage, leading

to differential migration caused by electrophoresis, as in

CE. Therefore both charged and uncharged species can be

separated according to their differential migration through

the column based on the solute’s interaction between the

two phases or a combination of such interactions and the

inherent electrophoretic mobilities of the solutes [99].

Capillaries packed with a typical stationary phase for HPLC

have been used in various CEC studies [99], while mono-

lithic stationary phases, which are ungranular polymeric

separation media, are increasingly attracting attention for
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CEC because of their simple preparation method, wide

variety of functionalization and good stability [100–109].

Thus far, enantiomeric separation by CEC has been per-

formed with various columns such as capillaries packed

with CSPs for HPLC [110–113], capillaries with the inner

surface coated with CSPs [114–116], capillaries filled with

molecularly imprinted polymer as monolithic CSPs for

CEC [117] and capillaries filled with monolithic CSPs for

CEC (not molecularly imprinted polymer) [118–120]. It

was also reported enantiomeric separation methods of CEC

with monolithic CSPs immobilizing b-CDs as chiral

selectors [121–124] with reference to the concept of enan-

tiomeric separation by capillary gel electrophoresis [125].

Use of macrocyclic polyethers having oxygen atoms as

donor atoms (crown ethers) is also effective. One of the

fundamental characteristics of crown ethers is selective

complexation ability. They bind the cationic portion of

alkali and alkaline earth salts and that of ammonium salts

into their cavity. The formation of host–guest complexes is

based on ion–dipole interactions between the cation and the

donor oxygen atoms in the cyclic polyether [126].

(?)-18-Crown-6 tetracarboxylic acid (18C6H4) shown

in Fig. 6, which is one of chiral crown ethers, was syn-

thesized for the first time by Behr et al. [127] and used as

buffer additive in CE by Kuhn and coworkers [128] for the

enantiomeric separations of racemic amino acids. Recently,

18C6H4 seems to be the first choice for enantiomeric

separations of primary amino compounds in CE in spite of

its high cost [129, 130]. Koide report the successful

enantiomeric separations of primary amino compounds by

CEC with monolithic chiral stationary phases of 18C6H4

derivative-bonded negatively charged poly acrylamide

gels. High efficiencies of more than 100,000 plates m-1

were obtained for some compounds. Good within- and

between-run reproducibilities of retention time and sepa-

ration factor were obtained [131].

Koide developed another enantiomeric separation

method by capillary electrochromatography with chiral

crown ether-bonded negatively charged polyacrylamide

gels. Two kinds of chiral crown ether derivatives, (?)-tet-

raallyl 18-crown-6 carboxylate and (?)-18-crown-6 tetra-

carboxylic acid 2-allyl ester were synthesized and allowed to

covalently bind to a negatively charged polyacrylamide gel,

a so-called monolithic stationary phase, respectively. The

gel was placed in fused-silica tubing, the walls of which had

been activated with a bifunctional reagent to make the

resulting gel bind covalently to the inner surface. Enantio-

meric separations of 12 primary amino compounds were

achieved using these columns and mobile phases of 200 mM

triethanolamine-300 mM boric acid buffers with high effi-

ciencies of up to 135,000 plates m-1. Both the within- and

between-run reproducibilities of retention time and separa-

tion factor were good. The reproducibilities of retention time

and separation factor for three different columns prepared

from a different batch of monomers were acceptable. The

gel-filled capillaries were stable for at least 13 months with

intermittent use for 3 months followed by storage at room

temperature for 10 months. The result of the optical purity

test of alanine-2-naphthylamide is also described [131].

After that two novel types of crown ether capped b-cyclo-

dextrin (b-CD) bonded silica, namely, 40-aminobenzo-X-

crown-Y (X = 15, 18 and Y = 5, 6, resp.) capped [3-(2-O-b-

cyclodextrin)-2-hydroxypropoxy] propylsilyl-appended silica,

have been prepared and used as stationary phases in CEC to

separate chiral compounds. The two stationary phases have a

chiral selector with two recognition sites: crown ether and

b-CD. They exhibit excellent enantio selectivity in CEC for

a wide range of compounds. After inclusion of metal ions

(Na? or K?) from the running buffer into the crown ether

units, the stationary phases become positively charged and

can provide extra electrostatic interaction with ionizable

solutes and enhance the dipolar interaction with polar neu-

tral solutes. This enhances the host–guest interaction with

the solute and improves chiral recognition and enantiose-

lectivity. Due to the cooperation of the anchored b-CD and

the crown ether, this kind of crown ether capped b-CD

bonded phase shows better enantioselectivity than either

b-CD- or crown ether bonded phases only. These new types

of stationary phases have good potential for fast chiral

separation with CEC [70].

Conclusion

Crown ether-based CSPs have been known to be quite useful

for the liquid chromatographic resolution of racemic com-

pounds. Crown ethers also used in gas chromatography and

Ion chromatography as the stationary phase. The develop-

ment of new chiral stationary phase used for CEC is another

important issue in this field. We expect that use of these

compounds in this field will be more developed in the future.
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monolithic columns for enantioselective capillary electrochro-

matography prepared by copolymerization of a monomer with

quinidine functionality: 2. Effect of chromatographic conditions

on the chiral separations. Anal. Chem. 72, 4623–4628 (2000)

121. Koide, T., Ueno, K.: Enantiomeric separations of cationic and

neutral compounds by capillary electrochromatography with

charged polyacrylamide gels incorporating chiral selectors.

Anal. Sci. 14, 1021–1023 (1998)

122. Koide, T., Ueno, K.: Enantiomeric separations of cationic and

neutral compounds by capillary electrochromatography with b-

cyclodextrin-bonded charged polyacrylamide gels. Anal. Sci.

15, 791–794 (1999)

123. Koide, T., Ueno, K.: Enantiomeric separations of cationic and

neutral compounds by capillary electrochromatography with

monolithic chiral stationary phases of beta-cyclodextrin-bonded

negatively charged polyacrylamide gels. J. Chromatogr. A 893,

177–187 (2000)

124. Koide, T., Ueno, K.: Enantiomeric separations by capillary

electrochromatography with charged polyacrylamide gels

incorporating chiral selectors. Anal. Sci. 16, 1065–1070 (2000)

125. Guttman, A., Paulus, A., Cohen, A.S., Grinberg, N., Karger,

B.L.: Use of complexing agents for selective separation in high-

performance capillary electrophoresis: chiral resolution via

cyclodextrins incorporated within polyacrylamide gel columns.

J. Chromatogr. A 448, 41–53 (1988)

126. Verleysen, K., Vandijck, J., Schelfaut, M., Sandra, P.: Enan-

tiomeric separations in capillary electrophoresis using

18-crown-6-tetracarboxylic acid (18C6H4) as buffer additive.

J. High Resolut. Chromatogr. 21, 323–331 (1998)

127. Behr, J.-P., Girodeau, J.-M., Hayward, R.C., Lehn, J.-M., Sau-

vage, J.-P.: Molecular receptors. Functionalized and chiral

macrocyclic polyethers derived from tartaric acid. Helv. Chim.

Acta 63, 2096–2111 (1980)

128. Kuhn, R., Wagner, J., Walbroeh, Y., Bereuter, T.: Potential and

limitations of an optically active crown ether for chiral separation in

capillary zone electrophoresis. Electrophoresis 15, 828–834 (1994)

129. Nishi, H., Nakamura, K., Nakai, H., Sato, T.: Separation of

enantiomers and isomers of amino compounds by capillary

electrophoresis and high-performance liquid chromatography

utilizing crown ethers. J. Chromatogr. A757, 225–235 (1997)

130. Mori, Y., Ueno, K., Umeda, T.: Enantiomeric separations of

primary amino compounds by nonaqueous capillary zone elec-

trophoresis with a chiral crown ether. J. Chromatogr. A 757,

328–332 (1997)

131. Koide, T., Ueno, K.: Enantiomeric separations of primary amino

compounds by capillary electrochromatography with monolithic

chiral stationary phases of chiral crown ether-bonded negatively

charged polyacrylamide gels. J. Chromatogr. A 909, 305–315

(2001)

22 J Incl Phenom Macrocycl Chem (2013) 75:11–22

123


	Application of crown ethers as stationary phase in the chromatographic methods
	Abstract
	Introduction
	Crown ether chiral stationary phases developments
	Crown ethers as stationary phase in GC
	Ion chromatography (IC)
	Capillary electrochromatography (CEC)
	Conclusion
	References


