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1. INTRODUCTION

Chemistry used to be described completely in terms of collision theory, where
the collision of two molecules could lead to the formation of a chemical bond. The
discovery that there are compounds which stereospecifically form “complexes”
without chemical bonds with 2 number of inorganic and organic substances is relatively
new, although these “complexzes™ have been known for over 100 years.

The first attempts to explain their structure and properties using the Werner
coordination theory were not successful. Their unusual properties were characterized
as late as 1948 and a name was finally proposed — clathrates!. A year later, in con-
nection with studies to clarify the structure of the “complexes” of urea, they were
termed inciusion compounds?.

The inclusion process is a result of the ability of one compound, owing to ifs
suitable steric properties and partially also polarity, to enclose spatially another
compound. The term “host™ and “guest™ were used to clarify their function. An
important characteristic property of the host is its abiiity to form a structure with
free cavities with dimensions that permit the enclosure of 2 guest molecule. The for-
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mation of inclusion compounds is not dependent on the chemical affinity or the
presence of certain groups, but rather on the spatial arrangement and interactions,
where primarily Van der Waals forces and oriented dipole interactions are important.

In conclusion, the following conditions are decisive for the formatior: of in-
clusion compounds:

(1).the host structure must contain free cavities of molecular dimensions,
which need not be present originally; they are frequently formed in the presence of the
guest substance;

(2) the spatial arrangement (dimensions) of the guest molecule must correspond
to the dimensions of the free cavity in the host substance.

Generalization of the knowledge on inclusion compounds leads to the following

characteristics:
(a) inclusion compounds are formed by combination of whole host and guest

molecules;

(b) the formation cannot be explained by common chemical reactions;

(c) the interaction between the host and guest is at the level of Van der Waals
forces and corresponds to the energetically most suitable mutual arrangement;

(d) inclusion compounds are stable as solid substances at normal pressures and
temperatures; the guest substance cannot leave its position in the host structure;

(e) formation and decomposition depend on a suitable solvent;

(f) some types of host substance are able to interact stereospecifically with the
guast molecules in the gaseous phase under certain conditions.

Research in the last few decades has shown that an extensive group of substances
fuliill these conditions. Because of their importance with respect to formation,
structure, properties and applications, they form an independent research field. At-
tempts to classify the available knowledge has led to various classification systems>.
Ore of the possible classifications is given in Table I. The important characteristic here
is the shape of ihe cavity in which the guest is enclosed (cages, channels, layers) and
the stability of the crystal lattice of the host compound, ie., its ability to retain its
original crystal structure during the formation or decomposition of the inclusion
compound. With inclusion compounds with a constant crystal structure, classification
can also be carried out according to the number of molecules forming the inclusion

structure.

TABLE 1
CLASSIFICATION OF INCLUSION COMPOUNDS
Crystal Cavity shape
structure
. Cages Channels Layers
Variable Hydroquinone Urea Cycloveratryl
Werner complexes Thiourea 4,4’-Dihydroxytriphenylmetbane
Dianine compounds Tri-o-thimotide
4, 4'-Dinitrodiphenyl
Spirochromancs
Permanent Tri-o-thimotide Zeolites Graphite
Cyclodextrins Starch Bentonite
Cellulose

(Monomolecular) (Mzcromolecular)
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This classification is at present the most useful system, although it cannot be
considered universal. The great diversity of inclusion compounds sometimes makes it
very difficult to classify them unambiguously.

Some inaccuracy and ambiguity follow from the nomenclature used. For
example, the terms “inclusion” and “occlusion™ are frequentily used synonymously,
like the expressions “adduct” and “complex”. The concept “clathrate™, used for
polymolecular compounds with a “cage™ structure, is sometimes used generally to
designate all inclusion compounds. In this paper we use the general term “inclusion™
compound, the already established term “clathrates™ for the Wemer complexes, and
the term “adduct” for the inclusion compounds of urea.

2. PROPERTIES OF INCLUSION COMPOUNDS

A number of publications®—® have been devoted to descriptions of the proper-
ties of inclusion compounds. Here only the properties of those inclusion compounds
which bave had (or which we feel may find) applications in chromatographic separa-
tiens will be discussed.

2.1. Formation and stability

The variety of substances forming inclusion compounds reflects the differences
in their formation and stability.

Inclusion compounds with variable crystal structure are generally formed by
co-crystallization of the host and guest from solution. Inclusion compounds are
sometimes formed as a result of prolonged contact of the two mutually dispersed
components.

The permanent structure of the host permits simple enclosure as a resnit of
contact in solution (cyclodextrins, cellulose, starch) or in the solid phase (zeolites,
bentonite, graphite).

Division into inclusion compounds with permanent and impermanent crystal-
line structures (see Table I) follows from the fact that the stability of the host lattice is
sometimes dependent on the presence of the guest molecule. After removal of the
guest, the lattice becomes unstable and frequently recrystallizes (e.g., urea). None-
theless, most inclusion compounds with variable crystal structure are stable in the
solid phase.

A survey of the stability of inclusion compounds is given in Table 2. The stabili-
ty of inclusion compounds in the solid state, as also follows from the data in Table 2,
is dependent on temperature and pressure. Decomposition is usually accompanied by
diffusion of the guest molecule away from the inclusion structure.

The stability of many inclusion compounds changes abruptly in the presence of
a solvent. On dissolution in water the inclusion compound generally decomposes in-
to its components. An ¢xception to this rule are the cyclodextrins, cholic acid and
some macromolecular substances. In solution cyclodextrins form two phases (the
liquid phase and the phase in the cavity in their rings) between which substances
capable of enclosure form an equilibrium.
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TABLE 2

STABILITY OF INCLUSION COMPOUNDS

Host Stability in solid state Stability ir solutior Reference

Urea Increases with chain length  Completely dissociates in 9
(50-150°C) water; partially, e.g.,in

CsHs

Thiourea Similar to urea - 10

Desoxycholic asid Very high m.p. above that Dissolves in water without 4({p. 33)
of the acid decomposition

Tri-o-thimotide High decomposition tem- Partially dissociates 4®.47)
perature {(~170°C)

Cyclodextrins High (100°C in vacuo) Dissociates in water at 4 (p. 51)

60-70°C

Wesrner complexes Various: decomposes at Low, dissociates 3
120°C with GgH,

4,4-Dinitrodiphenyl High decomposition tem- —_ 12
perature (200°C)

Zeolites High with H,O, otherwise — 13
low

Bentonites Decomposes at 100°C — 3

Cellulose Some substances stable at Fairly stable 14
80-100°C, alse in vacuo

Amylose starch Unstable at high 15
temperatures

Hydrequinone Unstable at normal — 16
temperatures

2.2. Spatial properties

An important property is the ability of the substances forming the inclusion
comrpounds te interact selectively with molecules with a particular spatial arrangement.
This selectivity results primarily from the spatial properties of the host (see Table 3).

A knowledge of the host structure sometimes (e.g., for channel-type compounds)
allows the prediction of those substances with which inclusion compounds conld be
formed. It is sometimes not clear, however, in what form the inclusion compound will
crystallize, whether with channel or cage cavities (e.g., tri-s-thimotide).

As the character of the interaction between the guest and the host generally
assumes the action of dispersion forces, the Van der Waals radii of the guest must be
taken into account in spatial considerations; where bi- or polyatomic molecules are
involved, the diameter perpendicular to the longitudinal axis must be taken into
account.

The spatial grouping of the guest and host corresponds to formation of an
energetically favourable structure in which the Van der Waals distances between the
guest and host are maintained. Consequently, the host lattice cannot be stabilized
with small guest molecules. For example, thiourea (channel diameter 6.1 A) preferably
forms an adduct with isoalkanes rather than with n-alkanes, and y-cyclodexirin
preferentially encloses only bromobenzene and iodobenzene and not chlorobenzene.

The stabilization of channelled lattices in the host during the formation of
inclusion compounds is dependent on the Iength of the carbon chain in the guest. With
an increasing number of carbon atoms in the chain, the number of Van der Waals
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TABLE 3
SPATIAL PROPERTIES OF INCLUSION COMPOUNDS
Host Shape and dimensions Possible guests Reference
of cavity (4)
Urea Channels (5.25) r-Alkanes 17
r-Alcohols
-Fatty acids
Thiourea Channels (6.1) n-Alkanes (Cyg and 18
higher)
Isozlkanes 19
naphthalene
Desoxycholic acid Channels (5-6) n-Alkanes 20
n-Alcobols
r-Fatty acids
Arvomatics
Tri-o-thimatide Channels (4.8) r-Alkanes 21
Cages (6.9) ¥scalkanes 4 (p.46)
Naphthalene
a-Cyclodextrin Channels (4.5) Many organic and some 4 (p. 49), 22 (p. 10)
B-Cyclodextrin or (7) inorganic complexes
p-Cyclodexirin Cages (8.5)
Amylose starch Channels (6) Fatty acids 23
Branched alcohols 24
Branched alcohols etc. 24
Cellulose Channels n-Alkanes 4 (p.59)
Todine, benzene 25
Molecular siaves:
4A Channels (~4) Kr, Xe, CHg, CO,, CS; 13
SA Chanpels (~4.9) GC:H,, CF,, B:H;
10X Channels (=510) SFs, CsH, CyoHy
13X Channels {(~10) 1,3,5(CH,):GsH;
Ca, Ba mordenite  Channels (=3.8) He, Ne, CO, H;, NH;,
H,0
Spirochromanes Channels (5.5) n-Alkanes 26
Isoalkanes
4,4'-Dinitrodiphienyl Channels (=~5) r-Alkanes 27
i1 Along Diphenyls
B-Hydroquinone Cages SO,, H-S, HCN, 28
HCOOH, HC], HBr,
C.H:
Werner complexes Cages Aromatics 29
Dianine complexes Cages SO., Ar, alkanes, 30
(phenol + mesityl- aromatics organic
oxide) acids
Bentonite Layers Phthalene type com- 31
plexes
Cycloveratryl Non-planar layers Aromatics, CS;, 32
Acetone, chloroform
2-Methylnaphthalene Layers similar to r-Alkanes up to Cyg 33
graphite Iscalkanes

interactions between the ends of the chains decreases and the inclusion compound
becomes more stable. This fact also affects the selectivity of mutual interactions. For
example, urea does not form adducts with r-alkanes up to Cg.
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The formation of inclusion compounds with cage lattices is affected by spatial
conditions and also by the z-donor-acceptor interactions. The aromatic nucleus of the
amine of Werner complex&s is an acceptor of the n-electrons of the aromatic nucleus

| R R ]

of the guest. x.cnsequermy these Ci.‘vmpﬁiiiius do not form, for exampu: CIALITawKEs
with cyclohexane; aromatics with electronegative groups are accepted unwillingly by

them. If the dimensions of the substituents on the aromatic nucleus of the guest are
large, steric factors begin to predominate. On this basis, it becomes possible to explain
the selectivity of the interactions of Werner complexes with xylene and other com-
pounds®.

A change in the enthalpy on formation of inclusion compounds of cyclodextrin
that is greater than the entropy change can be explained by (in addition to Van der
Waals interactions) the formation of hydrogen bonds between the guest and hydroxyl
groups of the host, the dissociation of water molecules on the formation of the inclu-
sion compound and relaxation of the molecular ring of cyclodextrin. On this basis it
becomes possible to explain various specific properties of these compounds.

3. GENERAL APPLICATIONS OF INCLUSION COMPOUNDS

The formation of inclusion compounds can be utilized both at the lab-

oratorv lavel and in industrial nnnln‘ahnne For @YQmﬂ'P the isolation of un-
A HDV&J A% ¥ Wi SEE ALE NS Wit ol ToSA uvuuvua &v’ AW o NS Lk AT EE

branched faity acids from various ammal and vegetable oils can be carried out success-

fully through the formation of the adduct with urea®—35, which has also been used for
the extraction crystallization of r-alkanes from crude oil fractions’”. Extraction
crystallization finds wide application both in industrial applications and in analytical
determinations. This is also reflected in the large number of patents on this topic®»*.

Branched compounds can be successfully isolated using thiourea‘®-*!, cyclo-
dextrins*?-* (also enabling benzene isomers* and a number of other substances to be
separated) and desoxycholic acid (which preferentially forms inclusion compounds
with phenanthrene in the presence of anthracene, and with oleic acid in the presence
of elaidic acid*®), etc.

Acidic gases, unsaturated compounds and various impurities (1,0, O, CO)
can be separated from gaseous mixtures and from pure gases using molecular sieves®.

The formation of inclusion compounds has been used in the fractionation of
oils and fats*’-*®. The individual fractions of the adducts can be decomposed with
water at 90°C, frecing the separated hydrocarbon fractions®®. Simultaneous use of
thiourea and urea also allowed the fractionation of ozokerite®.

Counter-current distribution has proved a very useful separation technique™.
Fatty acids were separated almost completely on the basis of the different distribution
coefiicients of their urea adducts in non-aqueous medium.

Selective separation of the isomers of xylene has been carried out using Werner
complexes?s.

In addition to the use of inclusion compounds in the separation of organic
substances and some gases, other applications are described in the literature.

The blue colour of icdine which appears on the formation of inclusion com-
pounds with a number of substances (including starch) has long been known®. As the
formation of inclusion compounds of unstable substances is frequently accompanied
by their stabilization, this method could be used for stabilization of the enol forms of
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carbonyl compounds®, prostaglandines®.*, hydroxyperoxides* and isopropylazule-
ne’? by cyclodextrins. Desoxycholic acid has been used similarly®.

Prolonged storage of gases (CO,, SO,, H,S, Ne, Kr) in inclusion structures of
hydroquinone or of cyclodextrins allowed the measurement of their magnetic sus-
ceptibilities at low temperatures®-%. Similarly, the adducts of urea can be used for
determination of the bond length and dimensions of molecules by measuring their
X-ray diffraction patternsSt. Inclusion of krypton-85 in the hydroguinone lattice leads
to the formation of a very sensitive system that reacts to trace amounts of SO,, O; and
ClO, by frecing of the radioactive krypton®z.

Because of their catalytic effect, which is very similar to enzyme catalysis,
cyclodextrins are frequently used as simple models for enzymes?2-63.64,

The stereospecific interaction between the host and guest is reflected in the
separation of the optical antipodes. This property was found for cyclodextrins®
containing optically active molecales of glucose, urea® (through crystallization of the
hexagonal lattice in the dexiro- or levorotatory form), tri-o-thimotide®” (an optically
inactive substance that can be pictured as a racemate of two atropoisomeric substances
which rapidly interconvert) and desoxycholic acid®.

4. APPLICATION OF INCLUSION COMPOUNDS IN CHROMATOGRAPHIC METHODS

The selective separation of substances, made possible by the formation of in-
clusion compounds, has also been employed in multi-stage chromatographic separa-
tion processes (LLC, GLC, GSC, GPC and TLC). The work published so far in-
dicates that the chromatographic application of inclusion processes allows the solu-
tion of specific analytical problems and that chrematography also frequently becomes
a very effective and important method for the study of inclusion compounds.

Of the many types of inclusion compounds, molecular sieves have found the
widest use in chromatographic methods; here the inclusion structure of the host is
permanent and independent of the content of guest molecules. The study and use of
these compounds have therefore been the subject of many publications, which have
not always been connected with the inclusion process®:5%.7°. Conseguently, greater
attention wil be paid here to other types of inclusion compounds, whose use in
chromatography has not yet been systematically treated. The following survey is
ordered primarily according to decreasing stability of the host lattice. We feel that
this property is one of those which determine the possibility of using the host structure,
as a stationary phase.

4.1. Zeolites and bentonites

It is apparent from the many examples of the use of zeolites that the dominant
factor in separation is the size of the cavity or channel in the molecular sieve structure
and the size and shape of the molecule of the separated substance’. Molecular reten-
tion does not, however, always have a purely inclusion character. Considering the
heteropolarity of zeolites as adsorbents, it can be assumed that many gases and
vapours that have permanent dipoles are subject to electrostatic interaciions during
separation’. The choice of a suitable cation for the zeolite lattice while retaining the
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lattice spatial parameters can affect the magnitude of these interactions and thus also
the retention of the separated substances™.

A bentonite treated with an octadecylammonium salt as the selective phase in
GLC™ has found broad applicability, especially in the separation of the isomers of
many aromatic compounds’’. To improve the peak symmetry, the bentonite is
applied to the support together with 2 common stationary phase (e.g., silicone oil"-7).

4.2. Cyclodextrins

The inclusion properties of cyclodextrins [cycloheza(hepta, octa)amyloses],
which are apparent even in aqueous solutions, are used primarily in liquid chromato-
graphy.

Because of the marked solubility of cyclodextrins in water and lower alcohols,
the separating phase is an insoluble cyclodextrin-epichlorohydrin resin which retains
the inclusion properties of cyclodextrins. Comparison of the distribution isotherms of
cyclodextrin resin and Sephadex G-25 for a number of different substances capable
of forming inclusion compounds with free cyclodextrin molecules unambiguously
demonstrates the inclusion character of the cyclodextrin resin and thus also the
possibility of its application in chromatography™.

The suitability of cyclodextrin resin for gel chromatography (or gel inclusion
chromatography) has been demonstrated on the separation of benzoic and chloro-
benzoic acids®. Comparison of the results obtained in the separation with Sephadex
confirms this inclusion character of the separation process, reflected primarily in the
high separation efficiency. The differences found for the separation properties of
columns with a- and f-cyclodexirin are in agreement with the isotherms measured.

Gel chromatography on a column containing cyclodextrin resin has also been
used successfuily for the separation of nucleic acids®!. It was found by measuring the
differential UV spectra that the g-cycledextrin molecule is capable of preferentially
forming inclusion compounds with adenine nucleotides. This finding has been used
for their chromatographic separation. The interactions are dependent on the pH, posi-
tion of the phosphate group and degree of polymerization of the nucleotide.

Using amino acids as model substances, chromatographic behaviour of cyclo-
dextrin gels (a-, f- and y-), resolution and its dependence on the experimental con-
ditions have been studied!>>-134, Cyclodextrin gels have been prepared in the presence
of polyvinyl acetate by cross-linking with ethyleneglycol-di(epoxypropyl)ether.
Gels with medium swelling capacity, well defined composition and other prominent
properties proved to be useful column packings for resolution of aromatic amino
acids (primarily on a column packed with g-cyclodextrin gel).

N Gels of e- and f-cyclodextrin have also been used for the chromatographic
separation of racemic mandelic acid and its derivatives®. On the basis of the finding
that the gel of f-cyclodextrin preferentially forms inclusion compounds with the
L-(+}-isomer, the DL-methyl ester of mandelic acid was separated. The separation
efficiency for the other derivatives studied decreased in the order o-methylmandelic
acid, ethyl ester of mandelic acid, mandelic acid.

The possible stereospecific separation of the diasiereoisomers of CrATP was
studied by Cornelius and Cleland®. The use of a Sepharose column, to which e-
cyclodextrin was applied, permitted the separation of f-amylase from albumin®. The
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same packing without cyclodextrin did not display this scparation effect. The use of
cyclodextrin as a component of the mobile phase in ion-exchange chromatography
bas led to separation of prostaglandins E, A and B on a column of strongly acidic

anion excharger®s.
4.3, Tri-o-thimotide and desoxycholic acid

The fact that a saturated solution of tri-o-thimotide in tritolyl phosphate
permits the inclusion of unbranched but not branched molecules has been employed
in gas-liquid chromatography for the selective separation of a number of substances®S.
Comparison of the retention on a column with tri-o-thimotide and di-o-thimotide,
which does not display these properties, confirmed that the selectivity is affected by
inclusion in the channels of tri-o-thimotide.

A similar study with desoxycholic acid®? dissolved in tritolyl phosphate or
benzyldiphenyl indicated, among other things, that the inclusion is affected by the
choice of solvent and solution saturation. The selectivity of desoxycholic acid, forming
a saturated solution with tritolyl phosphate, for r-alkanes and partially also n-alkenes
is, however, accompanied by a decrease in column efficiecncy with increased retention

(ithe peaks are asymmetric and very broad).
£.4. Werner complexes

A detailed study of Werner complexes of the type MB,(NCS), (where M = Fe,
Co, Ni and B = 4-methyl, 4-ethyl) and Ni(l-arylalkylamine) (NCS), under GSC
conditions®.®? indicated the possibility of affecting the retention by steric factors and
also by the charge-transfer interaction. The fact that linear molecules have much
longer retention times on a column with M(4-methylpyridine) (NCS), (the separation
factor for p- and m-xylene is 2.42 when M = Ni) is in agreement with the results of
Kemula and Sybilska® and suggests that purely steric factors permit clathration and
sttong Van der Waals effects between the host and guest molecules. The complex
with 4-ethylpyridine is different; here selective retention disappears and, as a result of
loss of hyperconjugation of the alkyl group and the pyridine nucleus, compared with
the previous complex, charge transfer occurs between the metal and the z-electrons
of the aromatic nucleus. The weak zz-donor produced then changes the character of the
retention, although the loss of selectivity is also increased by changes in the lattice
parameters, leading to larger cavity diameters.

With the second type of complex studied, Ni(l-arylalkylamine),(NCS),, it was
not possible to demonstrate the effect of the wz-donor-acceptor system on the separa-
tion in the gascous phase, although electron interactions are a decisive factor for the
formation of clathrates of this type of complex. We assume that, under gas chromato-
graphic conditions, factors such as the vapour pressure and diffusion do not allow
weak electronic effects to become sufficiently perceptible.

Use of complexes of the M(4-methylpyridine) (NCS), type in gas-solid chroma-
tography is limited by the temperature (see Table 2) and stability of the packing
(after use for 1 week the column loses the ability to separate effectively).

Polish workers®-1% have studied Werner complexes as a separating phase
primarily in liquid chromatography for almost 20 years.
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The original work® described the use of the clathrate Ni(4-methylpyridine)-
(INCS), for the separation of the ortho-isomers of nitrophenol, nitroaniline, chloro-
nitrobenzene and nitrotoluene. In further work this phase was used as well as the
Ni[4-methyipyridine, 3-methylpyridine (3:2))(NCS), complex and the separated
substances included p-disubstituted derivatives of benzene2, g-, m- and p-nitrotol-
uenes™ 25, isomers of methylnaphthalene®s, syn- and anrifurazolidine™, nitronaph-
thalene isomers®®, mononitroethylbenzene™ and 1-and 2-methylnaphthalene®. Sybilska
ef all® applied the Ni[(4d-methylpyridine) (NCS),]-0.6(hydroguinone) complex of
benzoic acid to Celite, the separation being carried out under gas-solid chromato-
graphic conditions. In this way, the isomers of xylene, ethylbenzene, diethylbenzene,
benzene and thiophene were separated; hydroquinone molecules clathrated in the
complex lattice make the clathration of the eluted substances possible. The same phase
applied to plaster allows the separation of the isomers of cresol by TLC'™. The separa-
tion of a number of derivatives of naphthalene using the Ni[(4-methylpyridine),-
(NCS),]-0.7(4-methylpyridine) -0.4(aqueous methanol) phase demonstrated the selec-
tivity of this phase for 2-isomers'®?~1%, The Co(4-ethylpyridine),(NCS), complex
was used for separation of nitrotoluene isomers!®®; m-xylene is added to the separated
substances to improve the clathration of 3- and 4- or 2- and 4-nitrotoluene. A study
of the effect of an auxiliary guest present in the eluent on a columa of Ni(4¢-methyl-
pyridine) (NCS), complex indicated that irreversible adsorption on the column occurs
in the presence of p-nitrophenol'®. The use of 2,5-dimethylpyridine instead of m-
xylene yielded similar resulis. The use of this type of compound indicated a high
separation efiiciency (e.g., the separation of 1- and 2-methyinaphthalene was carried
out on a 15-mm column with an LD. of 6 mm*®) and stereospecificity; on the other
hand, these important properties are limited by the stability of the host structures,
which is dependent on the composition of the mobiie phase and frequently also on the
concentration of the clathrated substances.

The latest papers by Sybilska and co-workers are devoted to study of the
selectivity and efficiency of columns with the Ni(NCS),(4-methylpyridine) guest
clathrate'?-1%8, Generalization of the experimental data led to conciusions for (2) the
optimal compositicn of the mobile phase. which affects the structural parameters
(dilation or contraction of the lattice cavities) and thus also the chromatographic
selectivity of this type of Werner complex, and (b) optimal column efficiency, which
can be attained at small flow-rates (<10 ml/h), particle size (5-10 zm) and column
length (34 cm).

A theoretical study'® clarifying the formation of clathrates in very dilute
solutions and thus also the conditions for their chromatographic application sunitably
completes the above work. Considerations on equilibrium states for inclusion of one,
two or n various guests are based on the assumption that the chemical potential of the
inclusion-active modification of the Werner complex is a decreasing function of the
overall degree of occupation of its cage cavities. It has further been shown that the
guests can form inclusion compounds in dilute solutions, assuming that an auxiliary
guest is present in solution. (The auxiliary guest can be any substance forming
clathrates with the given host.) Considering these properties, the following conditions
were suggested under which any host can be chromatographically active: (a) the
separated substances must form clathrates with the same host; (b) the cluent must
contain an auxiliary guest (or guests) in a sufficient concentration for the existence of
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at least a three-phase equilibrium; and (c) the crystal structures of the clathrate with
the separated substance and of the clathrate with the auxiliary guest must be similar.

This study, which follows from the use of Werner complezes as the statiopary
phase in liguid chromatography, is especially important because its theoretical con-
clusions can be applied to other types of inclusion compounds.

4.5. Benzenesulphonates

The benzenesulphonates of some alkali metals!®.1! have proved to be very
selective stationary phases for the separation of polar compounds. Studies of the
behaviour of glcohols on this type of phase have shown that the retention is affected
by the clathration and also by hydrogen bonds and interactions of the molecule with
the lone electron pairs of the metal ion. That the size of the lattice cavity is a limiting
factor is indicated, e.g., by the elution of diisopropyl ether before dicthyl ether and by
the thermal collapse of the lattice, appearing as a loss of selectivity properties.

4.6. Urea ard thiourea

Adducts of urea (or thiourea) are inclusion compounds in which the host
structure is formed in the presence of the guest substance. In contrast to the tetragonal
lattice of urea, urea in inclusion compounds crystallizes in a hexagonal arrangement
with channels with a diameter of 5 A, which allows, e.g., the ready incorporation of
rn-alkanes with straight chains, whereas hydrocarbons with side chains or Iarger sub-
stituents are not bound (as with molecular sieves).

A complex evaluation of the selectivity and stability of urea and its adducts as
stationary phases in GSC toward n-alkanes was given by Mafik and Smolkovall2-114,
The effect of the chain length of the guest molecule, temperature and vapour pressure
of the guest were studied under chromatographic conditions and it was found that the
selectivity of unstable adducts is dependent on the content of guest molecules and is
always greater than that for the stabie inclusion compounds. Muitiple separation
processes on the chromatographic column enabled a detailed study to be made of the
effect of the sorbate structure on the inclusion properties, e.g., of n-alkanes with one
or two methyl groups in various positions. The results obtained were used for solving
some analytical problems.

Further works employ the relative stability of the urea adduct with n-
hexadecane''>»'*S. Gas chromatography was employed to study the formation and
decomposition of inclusion compounds with host substances of various structural
types, the course of phasc changes and the selectivitylf6. The dependence of the reten-
tion data on temperature yielded information on the decomposition of the adduct
accompanied by an increase in the retention of the eluted substance by one order of
magnitude. The urea adduct with n-hexadecane decomposes in the temperature range
90-102.5°C. At lower temperatures the interaction of n-alkanes, olefins and n-alcohols
depends on the inclusion mechanism, in contrast to aromatics and monomethyl-
alkanes, which represent sorbates that are inactive toward the inclusion process. At
higher temperatures (above 100°C) the n-hexadecane freed from the adduct actsas a
liquid stationary phase.

These results are connected with work on other urea adducts, primarily the
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inclusion compounds of urea with n-hexadecanol (cetyl alcoho)!7-119, Measurements
were carried out over the temperature range 40-100°C on a wide range of substances,
including aromatic and aliphatic hydrocarbons, halogen derivatives of hydrocarbons,
alcohols, ethers, esters, amines and organic acids, and the results were interpreted by
considering possible interactions and contributions by individual intermolecular
forces.

Urea (or thiourea) applied to wide-pore silica gel or Chromosorb W2® was
used to study the inclusion process with a selected set of substances. The contribution
of inclusion was demonstrated on measurements carried out over the temperature
range 40-140°C, e.g., for n-alkanes and the halogen derivatives of hydrocarbons.
From an analytical point of view, rapid and selective separation of a number of
substances was achieved, even though they could not zlways be unambiguously
attribuied to the formation of inclusion compounds®.

The separation of branched and unbranched fatty acids on urea under liguid
chromatographic conditions'?! is based oa the concept of the linear fatty acid molecules
forming a stable adduct with urea, while branched acids can be eluted from the
column.

Thiourea has also been used as a stationary phase for the separation of a
mixture of branched and unbranched compounds of the fluoro derivatives of pen-
tene'®2. The branched derivatives were eluted before the unbranched derivatives.

5. CONCLUSIGN

: The range of applications of inclusion compounds in chromatography is
dependent on their stability and selectivity properties.

A primary condition for chromatographic separation is the existence of an
interaction between the substance forming the stationary phase and the eluent, which
with inclusion compcunds is realized at the level of Van der Waals forces (urea,
thiourea, desoxycholic acid, tri-o-thimcetide), donor—acceptor interactions (Werner
complexes, benzenesulphonates), electrostatic interactions (zeolites, bentonites) and
hydrogen bonds (cyclodextrins). The interaction is often of mixed character (e.g.,
cyclodextrins).

The spatial character of all types of interaction frequently leads to a high degree
of stabilization of the guest and of the host lattice, which contributes to marked stereo-
selectivity ; this factor can, however, lead to slow diffusion and peak broadening.

Stabilization of the host structure through formation of inclusion compounds
sometimes requires the direct use of inclusion compounds as the stationary phase
(e.g., adducts of urea, thiourea, Werner complexes). Chromatographic separation is
then achieved on the ".asis of the different stabilities of the individual inclusion
compounds formed dunng the chromatographic precess. With stable host structures
(zeolites, bentonites) the formation and disappearance of inclusion is unambiguous,
which is favourable for their chromatographic application. Similar properties are
exhibited by cyclodexiria gels in solution.

The great diversity of substances capable of forming inclusion compounds
substantiates the conclusion that they can be favourably employed with wide scope for
selective chromatographic separations and that, on the other hand, chromatographic
methods can be used to study their unusual properties. Research carried out so far has
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shown that chromatography can be used to follow very weak interactions (e.g., forma-
tion of inclusion compounds with guests in the gaseous phase) and to study selectively
compounds of low stability, and that this knowledge can, in turn, be employed in
analytical applications.

6. SUMMARY

This review summarizes the present knowledge on inclusion compounds in
general and on the application of their specific properties in analytical chemistry,
especially in chromatography. The use of various inclusion compounds in liquid-
liquid, gas-liquid, gas—solid, gel permeation and thin-layer chromatography for
analytical purposes and the possibility of studying inclusion compounds chromatc-
graphically are discussed.

REFERENCES

1 H. M. Powell, J. Chem. Soc., (1348) 61.

2 W. Schlenk, Ann. Phys., 565 (1949) 204.

3 M. Bardn, in W. G. Berl (Editor), Physical Metkods in Chemical Analysis, Vol. IV, Academic

Press, New York, 1961, p. 223.

4 F. Cramer, Einschlussverbindung, Springer, Berlin, Gottingen, Heidelberg, 1954.

E. Cramer, Angew. Chkem., 68 (1956) 115.

M. Hagan, Clatirate Inclusion Compounds, Reinhold, New York, 1962.

L. Mandelcom (Editor), Non-stoichiometric Compounds, Academic Press, New York, 1964,

F. R. Gamble and T. H. Geballe, in N. B. Hannay (Editor), Solid State Chemistry, Vol.

3, Inclusion Compourds, Plenum, New York, 1974, p. 89.

H. B. Knight and L. P. Witnauar, Anal. Chem., 24 (1952) 1331.

L. S. Fetterli, in L. Mandelcorn (Editor), Non-stoichiometric Compounds, Academic Press,

New York, 1964, Ch. VIIL.

11 J. H. Rayner and H. M. Powell, J. Chem. Soc., (1958) 3412.

12 W. Rapson, D. Sauader and E. Theal-Stewart, J. Chiem. Soc., (1946) 1110.

13 H. M. Powell, in L. Mandelcorn (Editor), Non-stoichiometric Compounds, Academic Press,
New York, 1964, Ch. VII. )

14 H. Staudinger, Z. Angew. Chem., 62 (1952) 152.

15 B. Zaslow and R. L. Miller, J. Amer. Chem. Soc., 83 (196}) 4378.

16 J. van der Waals and J. C. Plattecuw, Advar. Chem., 2 (1959) 1.

17 H. M. Bengen, Angew. Chem., 63 (1951) 207.

18 B. Angla, Ann. Chim. (Rome), 4 (1949) 639.

19 L. S. Fetterli, U_S. Pat., 2,499,820 (1947), 2,520,715 (1950), 2,520,716 (1950), 2,569,984 (1951),
2,569,986 (1951).

20 H. Wieland and H. Sorge, Z. Phys. Chem., 97 (1916) 1.

21 D. Lawton and H. M. Powell, J. Chem. Soac., (1958) 2339.

22 M. L. Bender and M. Komyama, Cyclodextrin Chemistry, Springer, Berlin, Heidelberg, New
York, 1978.

23 T. Schoch and C. Williams, J. Amer. Chem. Sac., 66 (1944) 1232.

24 R. S. Bear, J. Amer. Chem. Soc., 66 (1944) 2122,

25 C. A. Richter, L. E. Herdle and W. E. Waktera, Ind. Eng. Chem., 49 (1957) 907.

26 E. M. Geiser, U.S. Pat., 2,851,500 (1953).

27 H. V. Hess, G. B. Arnold and J. K. Truit, U.S. Pat., 2,589,380 (1954).

28 H. M. Powell, J. Chem. Soc., (1950) 298, 300 and 468.

29 W. D. Schacfier, W. S. Dorsey and D. S. Skinner, J. Amer. Cherz. Soc., 79 (1957) 5870.

30 W. Baker, A. J. Floyd, J. F. W. McOhmie, G. Pope, A. S. Weaving and J. H. Wild, J. Chem.
Soc., (1956) 2010 and 2018.

31 D. F. Evans and R. E. Richards, J. Ckem. Soc., (1952) 3295 and 3932.

5
6
7
8
9
0

1



360 E. SMOLKOVA-KEULEMANSOVA, S. KRYSL

32 V. Caglioti, A. M. Liquori, N. Gallo, E. Giglio and M. Scrocco, J. Inorg. Nuel. Chem., 8 (1958)
572,

33 J. Milgrom, J. Phys. Chem., 63 (1959) 1843.

34 R. T. Holman and S. Ener, J. Nufr., 53 (1954) 461.

35 W. E. Parker and D. Swern, J. 4Anter. Oil Chem. Soc., 34 (1957) 43.

36 T. N. Mehta and S. N. Shah, J. Amer. Oil Chem. Soc., 34 (1957) 587.

37 W.J. Zimmesschied, R. A. Dinerstein, A. W. Weitkamp and R. F. Marschner, Ind. Eng. Chenr.,
42 (1950) 1300.

38 W. J. Zimmerschied, R. A. Dinerstein, A. W. Weitkamp and R. F. Marschaer, J. Amer. Chem.
Soc., 71 (1949) 2947.

39 W. Lommerzheim, Erdsl Kohle, 7 (1954) 212,

40 W. Schlenk, Ger. Offen, 856,296.

41 R. W. Schiessler and D. Flitter, J. Anmer. Chem. Soc., 74 (1952) 1720.

42 D. French, M. L. Levine, L. H. Pazur and E. Norsberg, J. Amer. Chem. Soc., T1 (1349) 353.

43 O. Redlich, C. M. Gable, L. R. Beason and R. W. Miller, J. Amer. Chem. Soc., 72 (1950) 4161.

44 Y. Kazutceshi, Jap. Kokai, 7,742,825; C.A., 87 (1977) 134490.

45 W. Marx and J. Sobotka, J. Org. Chem., 1 (1936) 275.

46 T. L. Thomas and R. L. Mays, in M. G. Berl (Editor), Physical Methods in Chemical Aralysis,
Vol. IV, Academic Press, New York, 1961, p. 76.

47 F. W. Shipe, J. Ass. Azr. Ckem., 38 (1956) 156.

48 C. Domart, D. T. Miyanchi and W. N. Sumerwell, J. Amer. Oil Ckem. Soc., 32 (1955) 481.

42 R. A. Dinersstein, U_S. Par., 2,689,845 (1954).

50 W. Schienk, Jr., Aralyst (London), 77 (1952) 867.

51 W. N. Sumerwell, J. Amer. Chem. Soc., 79 (1957) 3411.

52 F. Cramer, Chem. Ber., 84 (1951) 855.

53 F. Cramer, Ckem. Ber., 86 (1953) 1576.

54 H. Masaki and 1. Takatsuki, Ger. Offen, 2,128,674 (1971).

55 H. Masaki and 1. Atsunobu, S. Afr. Pat., 7,400,295 (1974); C.4., 83 (1975) 178420.

56 Y. Matsui, H. Naruse, K. Mochida and Y. Date, Bull. Chem. Soc. Jap., 43 (1970) 1910.

57 F. Cramer, Chemn. Ber., 84 (1951) 851.

S8 H. Schlenk, D. M. Sand and J. A. Tillotson, J. Amer. Chem. Soc., 77 (1955) 3587.

59 A. H. Cooke and H. J. Duffus, Proc. Phys. Soc., Londor, Sect. A, 57 (1954) 525.

60 A. H. Cocke, H. Meyer, W. P. Wolff, F. D. Evans and R. E. Richards, Proc. R. Soc. London,

Ser. A, 225 (1954) 112.

R. E. Rundle, J. Chem. Phys., 15 (1947) 830.

D. J. Chleck and C. A. Ziegler, Nucleonics, 17 (1959) 130.

3" F. Cramer and W. Dietsche, Cha:mn. Ber., 92 (1959) 1739.

. J. Cram and J. M. Cram, Scierce, 183 (1974) 803.

. Cramer, Z. Angew. Chem., 64 (1952) 136.

. Schlenk, Jr., Experientia, 8 (1952) 337.

. Cramer, Einschlussverbindung, Springer, Berlin, Gottingen, Heidelberg, 1954, p. 84.

. Sobotkz and A. Goldberg, Biockem. J., 26 (1932) 905.

. K. Hersch, Molecular Sieves, Reinhold, New York, 1561.

V. A. Sokolov, N. S. Torocheshnikov and N. V. Keltsev, Molekalyarnyie Sita i ikh Primeneniye,
Khimiya, Moscow, 1964.

7! R. M. Barsrer, Nature (London), 181 (1958) 176.

72 R. M. Barrer, J. Colloid Interface Sci., 21 (1966) 415.

73 G. V. Tsitsishvili and T. G. Andronikashvili, J. Chromatogr., 58 (1971) 39.

74 D. White and C. T. Cowan, Trans. Faraday Soc., 55 (1958) 557.

75 M. 1. S. Dewar and J. P. Schroeder, J. Amer. Chem. Soc.. 86 (1964) 5235.

75 M. J. S. Dewar and J. P. Schroeder, J. Org. Chem., 30 (1965) 3485.

77 J. V. Mortimer and P. L. Gent, Nature (Londen), 197 (1963) 789.

78 J. V. Mortimer and P. L. Gent, Anal. Ckem., 36 (1964) 754.

79 1. Solms and R. H. Egli, Helv. Chim. Acta, 48 (1965) 1225,

80 N. Wiedenhof, Starke, 21 (1969) 163.

81 J. L. Hoffmen, J. Macromol. Sci., Chemn., T (1973) 1147.

82 A. Haradz, M. Furuke and S. 1. Nozakura, J. Pofym. Sci., 16 (1978) 189.

gpa
EgMQ0m

o

EEEREEES
Q )}



INCLUSION COMPOUNDS IN CHROMATOGRAPHY 361

83 R. D. Comelius and W. W. Cleland, 4bstr. ACS Meeting, Bigl. Chem., 13 (1977).
84 P. Vretblad, FEBS Lett., 47 (1974) 86.
85 K. Inaba, K. Ikeda, F. Hirayama and K. Uekama, J. Pharm. Sci., 66 (1977) 706.
86 A. O.S. Maczek and C. S. G. Phillips, in R. P. W. Scott (Editor), Gas Chromarography 1960,
Butterworths, London, 1961, p. 284.
87 A. O. S. Maczek and C. S. G. Phiilips, J. Chromatogr., 29 (1967) 7.
88 A. C. Bhattacharyya and A. Bhattacharjee, J. Chromarogr., 41 (1969) 446.
89 A. C. Bhattacharyya and A. Bhattacharjce, Anal. Ckem., 41 (1969) 2035.
90 W. Kemnla and D. Sybilska, Anal. Ckhim. Acta, 38 (1967) 97.
91 W. Kemula and D. Sybilska, Narure (ELondon), 185 (1960) 237.
92 W. Kemula, D, Sybilska and K. Butkiewicz, Rocz. Ckent., 39 (1965) 61.
93 W. Kemula and K. Butkiewicz, Rocz. Chem., 39 (1965) 73.
94 W. Kemula, D. Sybilska and A. Kwiecinska, Rocz. Chem., 39 (1965) 1101.
95 W. Kemula, A. Kurjan and A. Kwiecinska, Chem. Anal. ( Warsaw), 12 (1967) 869.
96 W. Kemula, B. Behr, K. Chlebicka and D. Sybilska, Racz. Chem., 39 (1965) 1315.
97 W. Kemula, D. Sybilska and K. Chlebicka, Rocz. Cherm., 39 (1965) 1499.
98 W. Kemula, D). Sybilska and K. Duszyk, Microckem. J., 11 (1966) 296.
99 Z. Borkowska, D. Sybilska and B. Behr, Rocz. Chem., 45 (1971) 269.
100 D. Syhilska, K. Malinowska, M. Siekerska and J. Bylina, Chem. Anal. ( Warsaw), 17 (1972) 1031.
101 D. Sybilska, F. Werner-Zamajska and A. J. Kinowski, Chent. Anal. (Warsaw}, 18 (1973) 157.
102 ¥. Lipkowski, A. Bylina, K. Duszcyk, K. Lesniak and D. Sybilska, Chem. Anal. ( Warsaw), 19
(1974) 1051.
103 I. Lipkowski, K. Lesniak, A. Bylina, D. Sybilska and K. Duszczyk, J. Chromatogr., 91 (1974)
297.
104 A. Bylina, K. Le$niak and D. Sybilska, Progress and Application of Chromatography in Chemical
Industry, Bratislava, 1977, Summaries of Papers, p. 59.
105 S. Brzozowski and A. Lewartowska, Rocz. Chem., 47 (1973) 1709.
106 S. Brzowski and A. Lewartowska, Rocz. Chem., 49 (1975) 1283.
107 J. Lipkowski, M. Pawlowska and D. Sybilska, J. Chromarogr., 176 (1979) 43.
108 M. Pawlowska, D. Sybilska and J. Lipkowski, J. Chromatogr., 177 (1979) 1.
109 S. Brzozowski, Rocz. Chem., 47 (1973) 617.
110 A. Bhattacharjee and A. N. Basu, J. Chromatogr., 71 (1972) 534.
111 A. Bhattacharjee and A. Bhaumik, J. Chromatogr., 115 (1975) 250.
112 K. Maiik, PA.D. Thesis, Faculty of Natural Sciences, Charles University, Prague, 1972.
113 K. Maiik and E. Smolkova, Chromatographia, 6 (1973) 420.
114 K. Mafik and E. Smolkova, J. Chromatogr., 91 (1974) 303.
115 P. F. McCrea, in H. Purneli (Editor), New Developments in Gas Ckromatography, Wiley, New
York, 1973, p. 107.
t16 E. Smolkova-Keulemansova, Caromatographia, 11 (1978) 70.
117 E. Smolkova, L. Feltl and J. Véeteka, Chromatographia, 11 (1978) 621.
118 E. Smolkova, L. Feltl and J. Vsetetka, Chromatographia, 12 (1979) 5.
119 E. Smolkova, L. Feltl and J. Véetetka, Chromatographia, 12 (1979) 147.
120 E. Smolkova, L. Feltl and J. VsateCka, J. Chromatogr., 148 (1978) 3.
121 J. Cason, G. Sumrell, C. F. Allen and G. A. Gilles, J. Biol. Chem., 205 (1953) 435.
122 C. H. Mailen, T. M. Reed and J. A. Yong, Anal. Chem., 36 (1964) 1883.
123 B. Zsadon, M. Szilasi, K. H. Otta, F. Tudds, E. Fenyvesi and J. Szejtli, Acta Chim. Acad. Sci.
Hung., 100 (1979) 265.
124 B. Zsadon, M. Szilasi, F. Tud6s, E. Fenyvesi and J. Szejtli, Srarke, 31 (1979) 11.



