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- INTRODUCTION

The exceptional properties of cyclodextrins (CD) have been described 1in many
papers, books and reviews'™'? and increasing attention has been paid to their study
and use in receni years. This paper is intended to show. on the basis of the literature
data and the results of our research. the possibilities of using chromatographic meth-
ods for the study of CD and the use of the selective formmation of inclusion com-
pounds (IC of cycledextrins for separation and analvtical purposes using various
chromatographic procedures.

1.1, Cyelodextrins

Cyclodextrins, which are cyclic oligosaccharides composed of D(3-)-
glucopyranose units interconaected by x-{1.4) boads. are interesting chiefly for their
inclusion properties, which are exhibited both in the solid state and in agueous solu-
tions. Inclusion complexes are formed inside the CD cavity, the geometry and chemi-
cal composition of which determine the selectivity of the inclusion process.

* Presentad as plenary lecture at the International Microsymposivm on Clathrates znd Malecular
Inclusion Pheoomena, Starad Eespd, September 7-i1, 1981,
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On laboratory and industnial scales. CD are produced by enzymatic degrada-
tion of starch. 2 polvsaccharide containing glucose units inierconnected to form a
laevorotatory helix. The action of the enzyme disrupts the helix and the two ends of
the fragment are connected to form 2 cyclic molecule (Fig. ). As the enzymes used
cut the helix not completely specifically. CD with various numbers of glucose units
are formed; x-. fi- or 7-CD. formed by 6. 7 and 8§ glucose uniis, respectrvely, are
present in the greatest amounts. The CD structure has a special arrangement of the
functional groups. which has a great effect on the difference in the properties of «-_ -
and 7y-CD. For example. the structure of §-CD is @iven in Fig. 2. The secondary
hydroxyl groups on the C({2) 2nd C(3) atoms. O{2)H and O{3)H. are localized on one
side of the ring. whereas the primary hydroxy! groups on C(6). O{6)H. are on the
opposite side. The intertor of the ring contains only a circular configuration ot hvdro-
gen atoms and glycoside oxygen atoms; therefore, the ring interior 1s apolar relatine
to water. From a side view. the shape of the ring molecule is conical. The wider side
contains the secondary hydroxvl groups and the opposite opening is occupied by the
primary hydroxyl groups. The glucose units assume the chair conformation. the
C{6)-0O(06) groups deviaring out of the ring. However, during interaction with a guest
{hydrogen bonding) these groups can deviate into the ring. Intramolecular hydrogen
bonding. O(3)-0(2), occurs between the secondary hydroxyl groups of the neigh-
bouring glucose units and makes the CD ring more rigid.

CH,OH ‘ CHOH
’ 1 OoH In2

Feg_ 1. Structiral formaala c!' CD.

Fig. 2. Structure of g-CD.
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2-. - and +-CD form cavities with a size of 53-8 A that Jermit inclusion of
molecules (or their parts} of corresponding dimensions (Fig. 3)!°. Ar inclusion process
atween CD and a guest can be described by a dissaciation constant. K, with values
of the order of 10~ 2 mol;l characienistic of weak inteninolecular interactions; there is
no dependence on the guest chemiczal properties.

Fig. 3. Models of z-CD (left) and #-CD (right) molecules.

The thermodynamic parameters enthalphy (Af7 and entropy (45) can be
found from the temperature dependence of K, The .+ 7 values are always negative.
ie.. the inclusion compounds dissociate on increasing the temperature, whereas AS
can be either positive or negative depending on the force type.

The dependence of K; on the guest polarizability indicates that Van der Waals
forces predominate during the inclusion'>!?; it can be shown from the crystallograph-
ic data that hvdrogen bonding can also occur batween the guest and (primanily) the
Q(6)H group of the CD. Moreover, hydrophobic interaction can also occur during
the inclusion!*-!3. The question {3 which mechanism predominates in the inclusion of
the guest molecuie into the CD ring. The character of the interaction between CD and
a guest has been studied many times. but an vnambiguous picture has not yet been
obtained. It seems that Van der Waals interaciions ofien predominate. including
interactions of permanent and induced dipoles and London dispersion forces. These
forces are approximately proportional to the reciprocal of the sixth power of the
distance between the guest and host and to the poiarizability of the two components.
In view of the internal dimensions of CD. where the distance between the guest and
the host is small. the magnitude of these interactions can be significant.
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1.2. Cyclodextrin polymers

The specific properties of CD are retained even if they are used in the form of
polymers which are less soluble in water than the orginal CD. This is important,
because the ability of CD to form water-seluble irclusion compounds is often a
limiting factor, especiaily when CD is to be used as a stationary phase in liquid
chromatography. Homopolymers are formed by polymerization of CE¥ derivatives'®,
Copolymers are formed by reaction of the CD hydroxyl groups with bi- or polyfunc-
tional molecules!”. These polymers are often termed resins. As CD are polyfunctional
molecules, cross-linking can occur and from a certain molecular weight resins with gel
structures are formed. which are insoluble in watsr. Immobilized CD on a polymeric
support has also been prepared (e.g.. on Sepharose), either chemically bonded!® or
obtained by mixing the CD with a water-insoluble polymeric gel [poly(vinyl acetate).
polyacrylamide, nitroceliulose]'®. Block polymerization was originally used for the
preparation of a water-insoluble resin and the product had to be mechanically
ground'®?°. During the pearl preparation®’-*? in which the heat is removed during
spatial cross-linking, a product with 2 uniform grain size can be obtained. Research
carried out in this direction has permitted the use of cyclodextrin polymers as chro-
matographic materials.

1.3. Chromarographic analysis of evelodexirins

In addition to deiection of CD by paper chromatography based on a charac-
teristic coloration of the ccmplexes with iodine and iodide®*® (x-CD yields a blue-
black colour, whereas the analogous complexes of 8- and -CD are brown-vellow).
chromatographic procedures have been developed which are less tedious and time
consuming than the classical separations. The oldest method for the separation of
individual CDs based on paper chromatography still required 18 h for a single analy-
sts. Thin-layer chromatography on cellulose has been found te be more advantageous
and applicable also to preparations. Column liquid and gas chromatography can also
be employed for the separation and determination of -, - and +-CD. Howeer, gas
chromatography requires prior derivatization to cvclodextrin dimethylsilyl ethers.
The best resnlts in the shortest time were obtained by using high-performance liguid
chromatography, when the analysis time decreased to 16 min. The methods of chro-
matographic separation, experimental conditions and references are summarized in
Table 1.

2. CYCLODEXTRINS AS STATIONARY PHASES iN CHROMATOGRAPHY

The fact that CD can form inclusion complexes preferentizlly with certain
types of compound, depending primarily on the molecular shape. has led to studies of
their use as stationary phases in chromatography.

2.1. Liguid chromatography

The course of the inclusion process, which has been described in most papers as
a process proceeding in the aquecus phase, agrees with the considerations about the
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TABLE 1
CHROMATOGRAPHIC SEPARATION OF CYCLODEXTRINS

Chromatography Chromatagraphic conditions Ref.
Paper Paper, Schleicher & Schiil 2045: 24 23
maobile phase. butanol-pyndine-water (1:1:1).
Paper. Whatman No. 1: 26

mobile phasa. butanol-dimethy Hormamide—
water (2:1:1);
detection. alcoholic sofution of I,

Thin-laser Microchromatoplates with silicic acid: 26
mobile phases.
{a) buianol-acetic acid—water-pyridine-dimethyi-

forrramide (6:3:1:2:4),

{b} buotanol-acetic acid-water (6:3:1): detection. H.50.-K,Cr,O-.
Microcrysialline cellulosa;
mobile phase. butanol-ethanol-water (4:3:3):
detection. [, solation.

Liquid column Ceilnlose: gradient elution. water—ethanol- 28
butanol.
Cellulose: elution, butanoi-ethanol-water 29
(42:29:29):  flow-rate. 73-90
mi h:
column length, 63 cm: detection, polanmeter.
Active carbon: gradient clution. batanol-water; 30
flow-rate. 130-170 ml h: detection.
polarimeter.
Sephadex G-15: elution. water-sadium azide (0.2 ° ).
Molselect G-23, G-13. cross-linked dextran;
clution. water: detection. polarimeter.

High-periformance rBondapak—carbohvdrate: mobile phase. aceto-

liguid nitrile-25-30°, water; column length.

30 cm: LD I mms: flow-rate. 2 ml min:
time of 2palysis. i$ min.

Gas Dimethyisilyl ethers of cyclodextrins:
column, 379, SXR on Chromosorb W AW DMCS (80- 100 mesh):
temperaiure, 325°C, programmed at 20°C min
up to 405°C: carrier gas. helium: flow-rate. 43-50 mi min.
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use of the selective character of inclusion m lisuid chromatography. The requirement
that the host be insoluble in aqueous media is met by c¢yclodexirin polymers (CDP)
whiich, as stated above, retain the inclusion properties. These subsiances have become
suitable chromatographic materials and have heen psed chiefly in gel inclusion chro-
matography>>.

2.1.1. Gel inclusion chromatography

Water-insoluble CD polymers in the form of gels can inieract with various
compounds according to various mechanisms®®. They involve (a) interactions in the
cavities, fe., the formation of inclusion compounds, (b) inierzctions in the internal
pores of polymeric pearls and {c) interactions on the surface {which can be neglecied).
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These mechanisms, compared with Sephadex gels as non-inclusion analogues, have
become the basis of gel inclusion chromatography (GIC).

A comparison of the interaction isotherms for two types of gel, Sephadex and a
CD polymer!” (prepared from a mixture of -, 8- and y-CD by cross-linking with
epichiorohydrin) with aniline, pyridine. benzaldehyde. butyric acid and ¢- and p-
nitrophenol (Fig. 4). is very illustrative. Great differences have been found in aill these
instances, confirming the inclusion character of interactions with the CD polymer. It
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Fig 4. Interaction isotherms of various organic éompounds on a mixture of &, # and 7-CD resin {soiid
lines) and epichlorhydrin—dextran resin {(broken lines) (from ref. 17).
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follows from the shape of the 1sotherms of ¢- and p-nitrophenol that these subsiances
cannot be separated on Sephadex, whereas the different inclusion interactions on the
CD polymer can be used 10 advantage for their chromatographic separation’®.

Similar conclusions can be drawn frem the interaction isotherms for the iso-
mers of chlorobenzoic acid with x- or #-CD polymer (Fig. 5)*". It follows from the
slopes of the isotharms that sr-chlorobenzoic mteracts most strongly, whereas p- and
o—chlorobenzoic acids interact differcntly, but both substantially less. The stronger
inieraction with §-CPD than with x-CD corresponds to the inclusion mechanism whic*
is governed by the size of the cavity in the CD ring. The elution daia given in Table _
demonstrate the different behaviour of the substances studied on 2 §-CD polymer and
Sephadex®®. The daia confirm a strong interaction with the §-CD polymer and the
fact thai g-chiorobenzoic acid can be separaied chromatographically from benzoic
acid. whereas the peaks of the two componenis overlap on Sephadex.
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Fig. 5. Interaction isotherms of chlorbenzoic acids with x-CD {solid lines) and B-CD (broken lines) at
30°C (from ref. 35).

TABLE 2
ELUTION VOLUMES (¥} ON SEPHADEX G-25 COARSE AND f-E25 RESIN

Compound V. rmi,
Sephadex G-23 B-E23 resin
Apiline - H{C1 150 511
Bepzoic acid 100 100~
Phenol 133 —
o-Chlorabenzoic acid g3 G8
m-Chlorobenzaic acid 3 100+
Brextran blus 55 10
= Tailing.

** oas nof leava the colnmn.
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A general conclusion can be made on the basis of the above data about an
increased affinity of CD towards aromatic molecuies and a steric specificity towards
their isomers. This property has been examined in detail with amino acids as model
substances on CD polvmers prepared for chromatographic purposes by polymeriza-
tion with ethylene glycol diepoxypropy!l ether in the presence of poly{vinyl ac-
etate}®¥*%. Comparative experiments performed on z-, §- and -CD polymers in
weakly acidic solutions {(pH 3-6) showed the greatest differences in thc retention data
on the §-CD gel. This polymer has been found most suitable for separations of
aromatic amino acids {phenylalanine, tyrosine, tryptophan). A high separation ef-
ficiency (H = 0.7-0.8 mm) was attained for these substances at laboratory tempera-
ture and a flow-rate of 10-20 mi/h. Under these conditions aromatic acids could be
separated from non-aromatic acids (lysine, alanine), as well as from one another. The
behaviour of these substances on z-, §- and 7-CD polymers can be demounstrated by
chromatograms obiained under the same conditions (Fig. 6). The results obtained for
aromatic acids, especially on #-CDP, correspond to the assumption of the exient of
mnclusion in the total interaction, whereas the mechanism of the separation of lysine
and alanine depends primarily on adsorption. This conclusion is zlso confirmed by
comparing the chromatograms obtained with 8-CDP and Sephadex under identical
conditions (Fig. 7},

Analogously, separation of indole alkaloids could be achieved on -CDP.
whereas on other carbohydrate type gels such as Sephadex, high and different reten-
tions of alkaloids have been observed®!. This suggests that the mechanism of the
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Fig. 6. Gel inclusion chromatographic separation of amino acids (a) on z-CDP, (b} on §-CDP and (c)
n 7-CDP (from ref. 39).

Fig. 7. Gel inclusion chromatographic separ=tion of amino acids (a) on S-CDP and (b) on Sephadex G-
25 gel {from ref. 39).
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interaction is governed by inclusion complex formation or a combined effect of inclu-
sion and adsorpiion, rather than by adsorption only.

Recently separations of some aromatic amino acids on x- and f-CD polyure-
thane resins have been reported™?. Good separation was achieved on the -CD poly-
urethane resin. whereas no separation was observed on the x-CD resin and on poly-
urethane without CD. The retention behaviour on different kinds of 8-CD polyure-
thane resin was found to be dependent vpon the specific type of isocyanate cross-
linking agent used. This suggests that some type of secondary interaction could be
present. Howaver, the elution order of the compounds separated confirms a host—
quest interaction between the CD) present in the resin and the different amino acid
molecules.

The ability of some componeats of nucleic acids, especially those with an
adenine base. to form compounds with 8-CD. can also be readily used for chromato-
eraphic separations of various nucleotides and nucleosides™**. In parallel experi-
ments with solutions of CID and a CD gel it has been shown that the inclusion bond is
affected by some factors, such as pH and the position of the phosphate group in the
nucleotide. The latter effect with various adenosine monophosphates (AMP) and -
CD can be readily demonstrated on the shapes of the differential spectra (Fig. 8). As
nuclectides with the adenine base have the same absorbance, the magnitude of the
spectral shift should be proportional to the magnitude of the interaction with CD.

3FAMP

2ZAMP

T A -

230 X0 250 %0 Zo B0 P0;m )]

Fig. 8. Interaction of §-CD with adenesine monophosphates (from refl 4%},

The shape of the spectrum of 3-AMP (adenosine-3-monophosphate) and 3-AMP
indicatas that the strongest interaction occurs when the phosphate group remains
outside the CD cavity {owing to ionization). Compared with these isomers, 2-AMP.
which contains the base and the phosphate group on the neighbouring carbon atoms
of ribose, reacts substantially less with CD. From these spectral measurersents con-
clusions can also be drawn about the chromatographic behaviour of these substances.
Components with the largest change in the spectrum should be retained most on the
chromatographic column. The order of clution of isomeric adenine monophosphates
(Fig. 9) justifies these conclusions. The inclusion process. as siated above, is 2lso



26 E SMOLKOVA-KEULEMANSOVA
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Fig. 9. Chromatogram of adenosine monophosphates on §-CD gel (from ref. 44).

affected by the pH. For successful separation the pH should be 7-8; at lower values
the nucleotides—f-C D interaction decreases considerably.

With oligenucleotides containing adenine the guest—host interaction is not as
strong. Therefore, anion-exchange groups were built into a CD gel (dimethvlaminoeth-
yl groups. The gel thus obtained exhibits both ion-exchange and inclusion proper-
ties and has also been used tc separate tRNA™,

CD polymers can also be used for the separation of racemic mandelic acid and
its derivatives*>. The §-CD polvmer preferentially forms inclusion compounds with
L-( +) isomers, permitting the separation of the pL methyl ester of mandelic acid; the
first fraction contains pure D~ —) 1somer. The =-CD polymer has the opposite effect
and binds p-( —) isomers preferentially; however, the separation of racemates is then
not complete.

2,12, Affiniry chromatograpity

A competitive action of x-CD on the activity of f-amylase has been used for
the solution of special analytical problems*®. If 2-CD is bound to epoxy-Sepharose
6B =z gel is formed that retains f-amylase, whereas z-amylase is not retained. Afier
etlution of f-amylase by a highly specific eluent with competitive counter ligand, in
this case x-CD. a highly pure enzyme with a high activity is obtained!®.

Alternatively §-CD has bheen used as immobilizad lizand on epoxy-Sepharose
6B in biospecific affinity chromatography™ . In this case xz-amylase was selectively
retained and separaied from proteins and thep selectively eluted by a buffer contain-
g §-CD. By this chromatographic procedure a recovery of 209 was obtained with a
purification of up to 180 fold compared to crude extracts.

f-CI with other oligosaccharides has also been used for selective retardation
of phosphorylases by affinity electrophoresis on polyacryvl gel. On the base of the mobil-
ity changes of phosphorylase in dependence on the concerntration of the oligosaccha-
rides in the gel, the dissociation constants of complexes have been calculated®.

2.1.3. Evaluaiion of the use of cyclodextrins in liquid chromarography
The results obtained have shown that the apgplication of CD and CD polymers
in liguid chromatography, especially in gel inclusion chromatography, has been very
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successful. A number of concepis have been confirmed and the knowledge of the
inclusion mechanism has been widened on the basis of data obtained by various
instrumental methods. In addition. the use of CD as stationary phases lias made
possible many important analytical applications. The selectivity of the inclusion
process is the main factor that makes these substances so attractive as chromato-
graphic materials. However. only relatively low efficiencies have been attained so far.
which also follow from the conditions of liguid chromatography. Therefore. efforts
have been made in a few instances to siudy the character of the inclusion process with
CD using zuests in the gaseous phase. This process, observed. e.g.. during the inclusion
of odorous compounds*®. does not permit more general conclusions to be drawn at
present.

2.2. Gas chromatography

The present knowledge of the inclusion character has so far not enabled the
inclusion of suests present 1n the gaseous phase into the CD catvity to be described in
greater detail. In a similar manner to urea, CD also exhibit various affinitias, e.g..
towards linear- and branched-chain alkanes®®>2. In contrast to urea, where the inclu-
sion structure 1s only formed in coniact with the guesz, the CD cavity is present hefore
the inclusion process. Analogous to other inclusion compounds, molecular dimen-
sions play a predominant role; too smali guest molecules are not accepted by the
relatively large CD cavity because of the shori-range character of the forces opera-
trve. For example, helium, neon and argon do not form inclusion compounds with =-
CD. whereus krypton and xenon do®>. Similarly, x-CD forms very stable inclusion
compounds with oxvgen. carbon dioxide and chlorine at high pressure'’.

2.2.1. Cyelodextrin derivatives in gas chromatography

Acetylated cvclodextrins (z- and S-Ci acetate. §-CD propionate, buiyrate and
valerate) have been used®*® as polar gas chromatographic stationary phases; how-
ever, ithe separation process was unaffected by inclusion. This vse was based on the
finding that polyesters used for chromatographic separations of faity acids have C:0
ratios similar to those of saccharide csters, the applicability of which, however, is
Iimited by temperature. Acylated cvclodexirins have a relatively high thermal stability
(220-236°C) 2nd a good separation efficiency for various polar compounds (x-olefins,
aldehydes, alcohols. esters. aldehyde-esters and diesters).

Different results have been obtained with methyleyclodexirins phases®®. where
the retention of organic compounds could be influenced by inclusion processas. The
methylated CD was either deposited on silanized Chremosorb W or was parl of
mixed phase of 109, methylaied CD in silicone oil. The elution of the hvdrocarbons
studied was in agreement with the stability of the inclusion compounds. Isooctane
had a larger retention time on methylated B-CD than on methylated »-CD, which
corresponds to the larger 8-CD cavity.

The requirement of therma! stability {especially important for gas chromato-
graphy) is also met by the original CD. A thermogravimetric studv of 8-CD>® (Fig.
10} shows that at 80-100°C a decrease in weight of abeut 8 ¥, occurs owing to the loss
of moisture. A further weisht decrease takes place at about 330°C. when CD bagins to
decompose. A necessary condition for gas chromatographic use is the presence of
inclusion process even at high temperatures.
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Fig. 10. Thermoederivatogram of f~CD (from ref. 38).

Recent results have shown that these requirements can be satisfied by macro-
porous polymers with inbuilt CD molecunles®® and by CD deposited on chromato-
graphic supports®?.

2.2.2. Gassolid chromatography

Cyclodextrin—polyurethane resins have been used as stationary phases in gas—
sclid chromatography (GSC)*® and their sorption properties have been studied. It
was found that specific interactions governed by the dimensions and configuration of
the host molecules take place. The retention data for many organic substances are
correlated with the inclusior phencomena, ie., with the size of the 2- and -CD
cavities, and with the effect of z-electrons and heteroatoms in the guest molecule.
Compared with common organic polymers (Amberlite, Porapak Q, Tenax GC), an
advantage of polymers containing CD is their selectivity, which could alsc be utilized
in trace apalysis for the pre-concentration of test substances.

The formation and properties of the inclusion compounds of «- and f-CD can
also be studied in the GSC system if CD (10%;, w/w) is deposited on Chromosorb W
from a dimethylformamide solution®®. The sorbates were chosen to include organic
moiecules of various structural types and geomeiries (hydrocarbons, hydrocarbon
halogeno derivatives, alcohols, ethers and aromatic substances).

To evaluate the character of the interaciion, the dependence of the retention
data on the polarizability of the sorbate was primarily followed, as a measure of the
action of the dispersion forces in the interior of the cyclodextrin ring*3%°. However,
the effect of surface forces during inclusion cannot be excluded, as the sorbate mole-
cules are in eguilibiium not only with the inside of the CD ring, but also with its
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surface. Therefore, the retention time can also be determined by the time of dep-
osition on the surface prior io the interaction in the CD¥ cavity. In Table 3 some of
the measured data are summanzed®™. With aliphatic hydracarhons only dispersion
forces are operative and hence the great differences in ihe retention on - and §-CD
can be explained only by the inclusion process. In view of the smaller cavity of z-CD,
this process is more pronounced, as demonsirated by the retention data. where for n-
pentane the difference is ca. 490 sec for z- and §-CD¥; with higher hydrocarbons the
interaction is so strong that they are completely retained in the x-CID cavity.

TABLE 3
RETENTION DATA OF VARIOUS SORBATES ON 2-CD AND §-CD

Column temperzatere. 80°C; column leagth. 120 cm: LD 3 mm: carrier gas. nitrozen (30 m! min); detec-

tor, FID.

Soroare Bp. (°C) Iz {sec)
5-CD 1+ CD

n-Pentans 3607 5 196
n-Hexane 687 25 *
n-Heptane 98,42 75 =
Cyclohexane 207 81 138§
Benzene 80.1 133 16328
Toluene 1108 191 1379
1.2-Dichloroethane 837 154 1129
Trichlorocihylene 87.0 111 1730
1.1,2.2-Terrachloroethane 1460 228 830
Tetrachloromethane 76.8 1035 254
Chlorobenzene 1321 301 3328
Bromobenzens [36.2 1008 =
Metkanol 547 686 137
Eikanol 78.4 248 799
Propanol 97.8 1119 2169
Isopropancl 824 487 1577
Diethyl ather 34.51 gt 723
Dhiisopropyl ether 67.8 107 232

* Does pot leave the column,

A comparison of the reiention data for hydrocarborn halogeno derivatives
shows pronounced differences, from which i1t can be assumed that during inclusion
into =-CD tha forces inside the CD ring play a greater role, because the ¢3¢ zrsion
forces in the 2-CD cavity act at a shorter distance. The especially large difference
between the retention daia for trichioroethylene and 1,2-dichloroethane on z- and f-
CD is made even more important by the fact that the heiling points of the substances
are £0-60°C lower than those for the ietrahalogeno denvatives studicd, which have
substantialiy lower retentions.

The resuits of measurements on aromatic and cvclic compounds again indicate
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a greater interaction with x-CD. A comparison of the data for benzene and toluene is
interesting; the retention order is reversed as, m agreement with the model of the x-
CD inclusion compound with benzene (see Fig. 11). benzene is more retained than
toluene by »-CD.

Fig. 11. Models of z-CD and %-CD inclusion compounds with benzene.

The effect of the geometric structure of the sorbates was very pronounced with
diethyl ether and diisopropy! ether. The retention of the more volatile diethvi ether is
more than three times higher for x-CD compared with §-CD and almost nine times
higher compared with diisopropyl ether (see Table 3). This fact can be explained by
the steric arrangement; analogous to urea, the branched-chain sther is less retained.
in view of the cavity dimensions.

The results of the study of the interactions of z- and §-CD with various al-
cohols do not show great differences in retention times. This fact can be explained by
the effect of the surface hydroxyl groups, which contribute significantly to the reten-
tion of polar substances on the two cyclodextrins. In addition 1o these polar forces, an
inclusion process also rskes place and is more marked for 2-CD. In view of the
relatively small cavity., =-CD binds the aleohols into more stable complexes. as a
result of closer contact. Matsui and Mochida®! arrived at the same conclusion and
confirmed the greater stability of the «-CD inclusion compound with an aliphatic
chain on the basis of the calculation of the association constants for the z- and §-CD
inclusion compounds with various alcohols in aqueous solution. The difference found
in the association constants again confirms the great efiect of the volume of the guest
molecule on the stability of the inclusion compounds of cyclodextrins with alcohols.

2.2.3. Evalugtion of the use of cvelodextrins in gas chromatography
in the overall evaluation and comparison of the experimental results
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TABLE 4
PHYSICAL PROPERTIES AND RETENTION DATA ON CD-POLYURETHANE RESINS

Column temperature. 130 C; column length. 120 or 30 cm: 1.D., 3 mm: carrier gas. aitrogen (30 mi min): detector.
FID. Data from ret. 38,

Properiy Resin®
o MO D5 5 4 x: HODI-DALE 3494 x> O DAFE T332
Temperature limit (*C) 200 230 2330
Spercific surface area {m? g} 170 I80 280
OH residues per CD molecule 13.5 0.1 AR

Retention times of
Lurious sorbuaes =

n-Hexane [ARA5 0.16 0.27
n-Heptane 0.06 0.24 0.33
Cyclohexane AR 0.07 0.2
Benzene L0 (16.68=>*) D {6 59w%x) 100 (2. 16wex)
Toluene 1.20 273 .95
Methanol 0.36 0.53 £.06
Ethanot Q.78 0.83 i.55

Propanal 1.96 .03 280

* Resins obtained by polymerizziion of CD with hexamethy [epediisocyanate (HDI) in N N -dimethylformamide
({DMF). Precipitant: 2cetone (4) deed composition: f-CD 0g - 55a HD: 2-CDR6a + 392 HDI: »-CD86a =
13.3 2 HDI).

*=* Relative to benzene = 1.00.
iks Actpal retention fime (min).

with CD—polyurethane resin and CD deposited on a chromatographic supr ort as

stationary phases_ it is appropriate to guote some data that can help in explar.ing the

character of the irnteraction. With the CiD-polvureihane resin ii has been found thar
the preparation condiilons affect their physico-chemical properties {Table 4). The
differences in the specific susface area can affect. as follows from the data given below.
the magnitude of the retention data and make unambiguous interpreiation difiiculi.

Cn the other hand. the retention on the material with the lowest content of residual

hydroxyl grqups demounstrates that with polar substances the interaction is not

markedly affected by these processes and the results can be mterpreied on the basis of
the inclusion process.

Although the measurements were carried ont at various temperatures, /s,
130-170°C with CD-polyurethane resin and 350-80°C with CD on an inert support.
certain correlations can be made (see Tables 3 and 4 and Fis. 12) and some more
general conclusions can be drawn, which can be supporied by the resuits of measure-
ments in aqueous solutions of - or §-CD.

{1) The differences of several orders of magnitude in the retention of aliphatic
hyvdrocarbons between x- and f-CD conifirm the incluston character of the interac-
tion.

(2) With benzene. toluene and cyclohexane. an increased retention of benzens
was found on z-CD. whareas with CD-polvurethane resin 2 stronger interaction with
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Fig. 12, Carrelation diagram of retention data Ffor various compounds measured on
cyclodextrin-poly urethane resins and on cyclodextrins deposited on Chromosorb W

B-CDP was found and explained by the existence of 7-bonds. The greater interaction
with «-CD, however, fully corresponds to the model in which the dimensions of the
benzene molecule better match those of the cavity of x-CD as the host.

(3) The great differcnces in the retention of the hyvdrocarbon halogeno deriva-
tives indicate that with x-CD the bonding forces can differ from those encountered
with f-CD. The difference in the retention data of trichloroethylene and 1,2-di-
chloroethane, compared with tetrachloreo derivatives. 1s especially marked in view of
the boiling points.

{4) The experimental results for benzene halogeno derivatives, chloro- and
bromobenzene, on %- and S-CD agree with the measurements in agueous solutions.
The effect of the bulky molecule of the bromo denivative is reflected in increased
retention.

(3) The increased stability of the inclusion compounds of «-CD with unbran-
ched aliphatic alcohols compared with the interaction with -CD agrees with the
association constants calculated for agueous solutions.

{5) The interaction of unbranched and branched—chain compounds (alcobols.
ethers) shows a lower retention for branched-chain compounds, the geometry of
which does not correspond to the dimensions of the CD cavity.

Although the resuits obtained are rather qualitative, it is clear that both with
macroporous polymers with inbuilt CD meolecules and CD deposited on 2 chromato-
graphic support, the forces operative inside the CD ring also play a role under G5C
conditions, Le.. the inclusion compounds are formed even when cyclodextrin as the
host is in contact with sorbaies in the gaseous state.

3. CONCLUSION

It can be concluded that the inclusion processes of cvcledextrins can be studied
successiully by chromatographic meihods and that chromatography will become an
effective method for studying inclusion phenomena in general. On the other hand, it is
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expected that. similar to gel inclusion chromatography. the selective formatioa of
cyclodextrin inclusion compounds will be much more widely applied to other chro-
matographic techniques and will be used to solve many specific analytical probiems.
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3. SUMMARY

Cvclodextrins and cyclodextrin polyn.ers have been studied and applied in
chromatography in recent years. Rescarch carried out in this field is critically re-
viewed. The advantages of using the selective properties of these compounds for
chromatographic separations and the possibilities of studying inclusion processes of
different cyclodextrins with various types of substances. in the liquid as well as in the
suseous phase. are demonsirated and discussed.

6. NOTE

After presentation of this review, I have become acquainted with an interesting
preprint®? dealing with a similar subject. which confirms my conclusions. In addition,
the possibilities of using cyclodextrins as mobile phase in TLC and HPLC are men-
tioned. More recenily, papers have been published demonstrating that aqueous solu-
tions of cyclodextrins have some important advaniagss over common mobile phases.
based on the high selectivity of inclusion processes. Chromatographic separation of a
variety of aromatic compounds such as monosubstituted isomers, isomers of di-. tri-
and tetra-substituted phenols, nitriles. anilines and isomers of benzoic acid in TLC as
well as of prostaglandins in HPLC have been reported® 7.

REFERENCES

1 F. Cramer. Einschlussverfrindungen, Springer Verlag. Berlin, Goringen. 1951

L. Mandelcorn, Non-sioickiometric Compounds, Academic Press. New York, 1561

F. Cramer and H. Hettler, Narurs issenschafien. 33 (1967) 623.

J. A_ Thoma apd I.. Stewart, in B. F. Whistler and E. F. Paschall (Editors). Srarch. Chemistry and
Techmology, Vol. 1. Academic Press. New York., 1965,

M. L. Rander and M. Komivama, Ciciodextrin Chentiszry, Springer Verlag. Berlin, Heldelberg, New
York. 1878, p. 290,

W._ Sasnger. dngew. Chem | 92 (1980) 33,

R. J. Bergeron., J. Chem. Educ., 54 (1977) 204.

K. H. Fromming., Pharm. Unserer Zeir, 2 (1973) 169,

5. G. Frauk, J. PRarm._ Sci., 64 (19753) 1585,

10 J. Szejtli. Stdrfce., 30 (1978) 427,

11 J.X_J ). Lammers, P3P Thesis. Technische Hogeschool Eindhoven. 1970,

12 R.L.Van Eiten, J. F. Schastian. G. A. Clowars and M. L. Bender, J. Amer. Chen:. Soc,, 59 (1997) 3242,
i3 R.J. Bergeron, M. A. Channing, G. 1. Gibaily azd D. M. Pillor, J. Amer. Chen:. Soc.. 99 (1977) 3146,
14 C. Nemeihy and H. A. Schegara, J. Chert. Phys., 36 (1962) 3101,

15 M. Komiyama and M. L. Beader, J. Chem. Pins.. 100 (1978) 2255,

16 M. Furue. A Harada and S. 1. Nozakura, J. Palvr. Sci. Polvm. Lerr. Ed. 15 (1975) 357.

e Wl

wn

O o~



34 E. SMOLKOVA-KEULEMANSOVA

17 1. Solms and R. H. Egli. Hefr, Chini. dcea. 48 (1963} 1225,
18 P. Vratblad, FEBS Lerr., 47 (1974) 36.
19 Socicte des Produits Nestlé, Dutch Par., 6,505,361 (1964).
0 L C.Case, U'S. Pur., 3310471 (1970).
21 N. Wiedenhof, J. ™. 1. I Lammers and C. L. Panthalcon van Eck. Siirke, 21 (1969) 119.
23 N. Wiedenhof. C. L. Panthaleon van Eck and 1. N_ J. J. Lommers. Brir. Par.. 1,243.990 (1971).
23 D. Frecch, A. O, Pulley. ). A_ Effenberger and M. Abdulah, Arch. Biocitem. biophys., 111 (1963) 153,
24 F. Cramer and D. Steinle, Justus Liekigs Ann. Chem., 593 (1953) 81.
25 F. Cramer and F. M. Henglein. Ckem. Ber.. 91 (1937) 308.
26 N. Wiedenhof, J. Chromatogr., 15 (1964) 109,
27 K. Takeo and Y. Kondo, Agr. Biol. Chem.. 34 {1970) 953
28 J. A. Thoma, H. B. Wright and D_ French. Arclz Biochem. Biophys., 82 (1939) 83,
J. N 1. ). Lammers. S:tdrke. 19 {1967) 70.
30 J.N_IJ. Lammers, J. Chromatogr., 41 (1969) 462.
Y. H. Carter and E. Y. C. Lae. Anagl. Biochern.. 38 (1971) 321.
32 B. Zsadon. M. Szlasi, J. Szajtli. G. Seres and F. Tudds, Stdrke, 30 (1978) 276.
B. Zsadon, K. H. Otta, F. Tudss aad J. Szejili. J. Chromatogr., 172 {1979) 190.
). B. Beadle, J. Chromatogr., 42 (1969) 201
N. Wiedenhof, Srdrke. 21 (1969) 163.
J. Szejth. E. Fenyvesi and B. Zsadon. Sigrke. 30 (1978) 127.
T. F. Chin. PAD Thesis. 1962; Unin. Microfilms Inc., Ann Arbor, M1, U.S A see ref, 35.
E. Fenyvesi, B. Zsadon. J. Szejtli and F Tadas., Aun, Cniv. Sci. Budup. Relando Edtvds Nominutee, 15
(1979 13,
B. Zsadon. M. Szilasi, K. H. Otta, F. Tiidss, E. Fenyvest and J. Szejth, Acra Chim. Acad. Sci, Hung..
100 (1979) 265.
B. Zsadon, M. Szilasi. F. Tiidos, E. Fenyvest and J. Szejuli. Sedrke. 31 (1979) 11
B. Zsadon, M. Szilasi. F. Tlid&s and J. Szejtli. J. Chromaregr.. 208 (1981) 169,
Y. Mizobuchi, M. Tanaka and T. Shono. J. Chroragrogr.. 2038 {1981} 35.
J. L. Hoffman. Araf. Chem.. 33 (1970} 209.
J. L. HofIman. J. Macromoal. Scii Chem_, 7 (1973) 1147,
A. Harade, M. Furuke and §. | Mozakura, J. Polym. Sci.. 16 (1978) 189.
J. A. Thoma. J. D. E. Kashland, J. Rusica and R. Baldwein, Bfochem. Biophys. Res. Commun_, 12
{1963} 184,
7 M. P. Silvanovich and R. D. Hill. Anal. Biochem.. 73 1:976) 430.
K. Takeo and S, Nakamura, in Q. HofTmann-Ostenhof, H. Breitenbach, F. Keoller, . Kraft and Q.
Scheiner (Editors). Affinitv Chromarography. Pergamon Press, Oxford, New York, 1978, p. 67.
J. L. Hoffman and R. M. Bock, Fed. Proc., Fed. Amer. Soc. Exp_ Biol., 26 (1967) 501,
J. ™3 ). Lammers, J. L. Koolz and A. J. G. van Diemen. Rec. Trav. Chim. Pays-Bas, 91 (1972) 483,
3. NC 3 X Lamimers and A. 1. G. van Diemen, Rec. Trav. Chim. Payvs-Bas, 91 (1972) 733,
1. Szejili. E. Fenyves: ard B. Zsadon. Srdrke, 30 (1978) 127,
¥_ Cramer and F. M_ Henglein, Chem. Ber.. 90 (1957) 2572,
D. M. Sand and H. Schienk, Anal. Chem., 33 (1961) 1624,
H. Schlenk-and D. M. Sand, Aral. Ckem., 34 (1962) 1676.
H. Schlenk. J. L. Gellerman and D. M. Sard, Anaf. Chem., 34 (1962) 1529,
B. Casn, M. Reggiani and C. R. Sanderon, C. R., Carbokyvdr. Res.. 76 (1973) 39_
J. Szejili and Zs. Budail, Acia Chim. Acad. Sei. Hung . 94 {1977) 383,
Y. Mizobochi, M. Tanaka and T. Shono. J. Chromarogr., 194 (1980) 155.
E. Smolkova, H. Krilova, S. Krysl and L. Feltl. J. Chrontatogr., ia press.
Y. Matsui and K. Mochida, Bull. Chem. Soc. Jpu., 52 (1979) 2808.
2 W. L. Hinze, Sep. Purif. Methods, submitted for publication.
K. Uskama. . Hirayma, K. Ikeda and K. Inaba, J. Pharm. Sci., 66 {1977) 706.
K. Uskama, F. Hirayma, S. Nasu. N. Mztseo and T. Ire, Chem. Pharm. Bull 26 {1978) 3477.
W._ L. Hinze and D. W. Armstrong, Anal. Lerr., 13 (1980) 1998,
D_W. Armstrong. J. Lig. Chromeiogr.. 3 (1980) 893,
W._ G_ Buckert, C. N. Owensby and W. L. Hinze, J. Lig. Chromarogr., 4 (1981) 1065,

L

TR
[<~TRCS B = (R W]

[
=]

da da
I — O

Jm
'l

®&H

%4

WO~ WY~ QD

Cht:h-:r-%u-u-u.mu.mmu;u-u(.h
Gl

EH

]

-



	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18

