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1. INTRODUCTION 

Chemistry used to he described completely in terms of collision theory, where 
the collision of two moIecuIes could lead to the formatiou of a chemical bond. The 
discovery that there are couqounds which stereospecifically form “complexes” 
without chemical bonds with a number ofinorganic and organic substances is Aatively 
new, although these “complexes” have been known for over LOO years. 

The Gst attempts to exphin their stsucture and properties using the Werner 
coordination theory were not sumful. Their unusual propeties were characterized 
as late as 1948 and a name was tially proposed - ~latik5~. A year later, in con- 
mxtion w-ith studies to clarify the structure of the “complexes” of urea_ they were 
termed inch.sion compounds*. 

The iuchzsion process is a result of the abiity of one compound, owing to its 
suitabIe 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 ability to form a structure with 
free CZ&%~S with dimensions that petit the endosure of a guest molecde. The for- 



343 z SP SOVK s. EcRl?.sL 

mation of inclusion compounds is not dependent on the chemical aEnity or the 
presence of certain groups, but rather on the spatial arraugement and iuteractious, 
where primariIy Van der W&s forces and oriented dipole interactions are important. 

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

(1)the host structure must con’& free cavities of molecuhzr 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 mo!ecuIe must correspond 
to the dimensions of ‘&e free cavity in the host substance. 

Generalization of the knowkdge on inchrsion compounds leads to ffie 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 energeticahy most suitable mutual arrangement; 
(d) inch&on compounds are stabIe as solid substances at normal pressures and 

temperatures; the guest substance cannot leave its position in the host structure; 
(e) formation aud decomposition depend on a suitabIe solvent; 
(f) some types of host substance are able to interact stereospecifi~y with the 

guest mokcuks in the gaseous phase under certain conditions. 
Research in the last few decades has shown that an extensive group of substances 

fw these conditions. Because of their importance with respect to formation, 
structure, prone&s and applications, they form an independent research field. At- 
tempts to classify the available knowledge has led to various classification system*‘. 
One of the possible ciassikations is given in Table I. The important characteristic here 
is the shape of tie cavity in which the guest is enclosed (cages, channels, layers) and 
the stability of the crystal lattice of the host compound, i.e., its abibty to retain its 
original crystal structure during the formation or decomposition of the incIusion 
compound. With inclusion compounds with a constant crystal structure, classification 
can also be carried out according to the number of mokcuks forming the inchrsion 
SkXture. 

TABLE 1 

ClXSSmCATIQN OF INCLUSION COMPOUNDS 

VariabIe 

Pemmnent 

Hydroquinme 
Werner canpkxes 
me axnpoumts 

T&u-thhotide 
cycroaextrins 

(Mommokcukw) 

UE3 QdWCG3tZyi 

ThiOWZ 4,4’-Dibydmxytriphenylmahane 
Tri~otide 
4,4’-Dinitmdipkeny~ 
spi.ro&omaacs 
zeolites Gl2pb.h 
Starch Bezltonite 
cellulose 

M=O=kd=) 



This classifTcation is at present the most usef%l system, although it cannot be 
considered unived. The great diversity ofinclusion compounds sometimes makes it 
very difkult to classify them unambiguously. 

Some inaxuracy and ambiguity follow from the nomenclature used. For 
example, the terms “inclusion” and “fscclusion” are frequently 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 Werner complexes, and 
the term “adduct” for the inclusion compounds of urea. 

2. PROPERTIES OF INCLUSION COMPOUNDS 

A number of publkations34 have been devoted to descriptions of the proper- 
ties of inclusion compounds. Here only the properties of those inclusion compounds 
which have had (or which we feel may find) applications in chromatographic separa- 
ticns will be discussed. 

2-I. Formdon 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 enciosure as a result 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 strum (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 recryst,allizes (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 mokcule away from the inctusion structure. 

The stabiiity of many inclusion compounds changes abruptly in the presence of 
a solvent. On dissolution in water the incl-usion compound generally decomposes in- 
to its components. An exception 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 enclosme for-m au equilibrium. 



TABLE 2 

STABELEYOF IN(=LusION COMPOUNDS 

ao.st 

UlSa 

ThiOUStX 

Duoxychotic azid 

Tri+&imotide 

tzy-CIodexm 

Wemercompkxes 

4,4’-Dinitrodiphenyl 

ZeoEtfS 

BentodeS 

CelhlIose 

Amylfxe star& 

Hydroquinoue 

StabziYty h su&istote stob&y in suiktiott A?fmIzKtx? 

Increasts~ithchaktXeqth CQm@etcIy dissociates in 9 
(SU-1SiTc) water; w, e.g., iu 

SiSXl&UtOUrea - 
very ll@l rap. above that Dissoh%i in water wit&out ?@. 33) 
oft&acid decompxitiff~ 

High deamqasition teni- l?mia& dissaitics 4@-47) 
perature (-170°C) 

High (100”c in LYZCKU) Disiocktes ic water at 4 (pp. 5X) 
60-70°C 

Various: decomposes at Low, d.ksa&tes 11 
120°C with C&& 

H&htiecom~o~tezn- - 12 
penture (=Oc) 

High with HZO, ot?!eEwke - 13 
lOW 

Dec0mp0ses at 100°C - 3 
Some substances stable at Fairly stable 14 
s&loo”c, als@ in YuxuO 

Unstabk at high 15 
t=G=at== 

?&stable at normal - 16 
tem_&xzatuxs 

2.2. Spatial properties 

An important property is the ability of the substances forming the inciusion 
compounds to interact selectively with mokcuks with a pxtkukr spatial zurzngement. 
T%.is sekctivi~ results primarily from the spatial properties of the host (see Table 3). 

A knowkdge of the host structure sometimes (e-g-, forctieLtype compounds) 
allows the prediction of those substances with which inclusion compounds could be 
fixmed. It is sometimes not clear, however, in what form the inclusion compound will 
crystal!.&, whether with channel or cage cavities (e-g_, tri-~-thimotide). 

As the character of the interaction between the guest and the host gcneralIy 
assumes the action of dispersion forces, the Van der Wds radii of the guest must be 
taken into account in spatial consider&ions; where bi- or polyatomic mokcules 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 stru&ure in which the Van der Wads distances between the 
guest and host ate maintained, Consequently, the host Iattice cannot be stabii 
with small guest moIecuIes. For exampIe, tkiourea (channel diameter 6-l& pre5erably 
forms an adduct with isoalkanes rather than with PI-alkanes, and yqcfode$@in 
preferentially encloses only bromobenzne and iodobenzne and not chlorobenzne. 

The stabiition of channelkd lattices in the host during the formatiorx of 
inclusion compounds is dependent on the length of the carbon chain in the guest. With 
an increasing number of carbon atoms in the chain, ffie number of Vzn der Wats 
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Thiourea 

Desoxy&ok acid 

Tri~atide 

Werner compkxs 
Dimineatmpkxes 
(phenol f IrKsi@- 
oxide) 
Benwnire 

cycloveratryl 

i3lameIs (5.25) 

ChanntIs (6.1) 

Channels (4.8) 
Cages (6.9) 

channels (44) 
channels (=49) 
chvlmels (= IO) 
ChaimeIs (= 10) 
Cbizmek (~3.8) 

Channels (5.5) 

ChanwIs (=m 
11 A!ong 

2-hwhyhaphrhdene Layers .tSmik to 
graphite 

17 

IS 

naphthalene 
rK-- 
iz+4kwhoLs 
~FattyzicIs 
ArOmatics 
fK-Alkanes 
EsoakKtes 
Naphtha&e 
Many organic aad some 
inorganiccomp~es 

20 

21 
4 @.46) 

4 (p. 49), 22 @. 10) 

Fattyzcids 23 
Branched alcohols 24 
33ranched alcohols etc. 24 
n-;ukanes 4 (p. 59) 
bdine,benzene 25 

=, =9 ct4, co,, -2 
c&Es. CF‘. BZH, 

SFs, GK-, GOES 

1,3,YCH3hCbE4 
He, Ne, CQ. HZ, NH,, 

HZ0 
a-Allanes 
-es 
R-ma 
Diphenyk 
so,. HZS, HCN. 

HCOOH, HCI, HBr, 
GH2 

ArOIiUiCS 

S02, k, -=, 

aromaticsorg3.slic 

acids 

Phthalene type com- 
PI- 

Aromatics, c$, 
Acetone, chloroform 
lt+ubms up to c,, 
Ifs- 

13 

26 

27 

28 

29 
30 

31 

32 

33 

interactions between the ends of the chains decreases and the incIusion cmnpormd 

ImxmeS more stabk. This fact also affects the selectivity of mutual interactions. For 
example, urea does not form adducts with n-alkanes up to t& 



The formation of inchxsion compounds with cage lattices is affected by spatial 
conditions and also by the zdonor-acceptor interactions. The aromatic nuckus of the 
amine of Werner complexes is an acceptor of the x-ekctrons of the aromatic nucleus 
of the guest. Consequently, these compounds do not form, for example, &&rates 
with cyclohexane; aromatics with ekctronegative groups are accepted unwillingly by 
them. If the dimensions of the substituents on the aromatic nuc1eu.s 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- 
pound@. 

A change in the enthalpy on formation of inch&on 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 mokcuk on the formation of the inclu- 
sion compound and relaxation of the mokcular ring of cyclodextrin. On this basis it 
becomes possible to explain various specific properties of these compounds. 

3. GENERAL APPLICATIONS OF INCLUSION COMPO*UNDS 

The formation of inchrsion compounds can be utilized both at the fab- 
oratory level and in industrial applications. For example, the isolation of un- 
brauched fatty acids from various animal and vegetable oiis can be carried out success- 
fully through the formation of the adduct with urea-, which has also been used for 
the extraction crystallization of n-alkanes from crude oil fractio&‘_ Extraction 
crystallization finds wide application both in industrial appli~tions and in ana@tical 
determinations. This is also reffected in *he large number of patents on this topiP*3g. 

Branched compounds can be successftiy isolated using thi~urea~~~‘, cyclo- 
dextrir~~~*~ (also enabling benzene isomerP and a number of other substances to be 
separated) and desoxycholic acid (which preferentially forms inclusion compounds 
with phenauthrene in the presence of anthracene, and with oleic acid in the presence 
of eIaidic acid?, etc. 

Acidic gases, unsaturated compounds and various impurities (H,O, O,, CO) 
can be separated from gaseous mixtures and from pure gases using mokcular sieve@_ 

The formation of incltion compounds has been used in the fractionation of 
oils and fats”*“. The individual fractions of the adducts can be decomposed witb 
water at 9iYC= freeing the separated hydrocarbon fractions4g_ Simultaneous use of 
thiourca and urea also allowed the fractionation of ozokerite50. 

Countercurrent distribution has proved a very useful separation techniquesl. 
Fatty acids were separated almost completely on the basis of the different distribution 
coe6icients of their urea adducts in non-aqueous medium. 

Sekctive separation of the isomers of xylene has been carried out using Werner 
complexes29. 

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 iodine which appears on the formation of inclusion com- 
pounds with a number of substances (imcluding starch) has long been known~. As the 
formation of inclusion compounds of unstable substances is fquently accompanied 
by their stabilization, this method could be used for stabilimtion of the en01 forms of 
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csrbanyl campauuds~, prast&andines =+, hydraxyperaxide9 and isaprapylazuk- 
ne= by cyclodextrins. Desoxycholic acid has been used similarlv5p. 

Prolonged storage of gases (CO,, SO,, E&S, Ne, Kr) in inclusion structures of 
hydraquinane or of cycfadextrins allowed the measurement of their maguetic sus- 
ceptibihties at law temperatures 19s60. Similarly, the adducts of urea czn be used far 
determination of the band length zx~d dimensions of molecules by measuring their 
X-ray diEmction patten~.@~_ hchsion of krypton-85 in the hydra&none lattice leads 
to the farm&ion of a very sensitive system that reacts to trace amounts of SO,, 0, and 
ClG2 by freeing of the radioactive kryptarP2. 

Because of their catalytic effect, which is very simikr to enzyme catalysis, 
cycladextrins are frequently used as simple models far enzymesz.63*a. 

The stereaspec3ic interaction between the host and guest is reffected in the 
separation of the optical antipodes. This property was found far cycladextrins~ 
cantaining optically active makcules of glucose, ueP (through crysWtian of the 
hexagonal lattice in the dextra- or levaratatory farm), tri-u-thimotide6’ (an optically 
inactive substance that Carl be pictured as a racemate of two atrapaisameric substances 
which rapidly interconvert) and desaxychalic acids. 

4. APEWCATiON OF lNCL.USKON COMPOUNDS IN CHELOMA-FOGRAE’HIC METHODS 

The selective separation of substances, m3de possible by the formation of iu- 
ciusian campaun& has also been employed in multi-stage chramatagraphic separa- 
tion pracesses (LLC, .GLC, GSC, GPC and TLC). The work published so far in- 
dicates that the chramatagraphic application of inclusion processes allows the solu- 
tion of specific analytical problems and that chromatagraphy also frequently becomes 
a very effective and important method far the study of inchrsion campounds. 

Of the many types of inclusion compounds, makcular sieves have found the 
widest use in chramatagraphic 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 praeesP*69Jo_ Consequently, greater 
attention wil be paid here to other types of inclusion compounds, whose use in 
chromatography has not yet been systematically treated. The fallowing survey is 
ordered primarily according to d ecreasing stabiity 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. 

IE 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 makcular sieve structure 
and the size and shape of the molecule of the separated substance71. Molecular reten- 
tion does not, however, always have a purely incl~ion character. Considering the 
heterapalarity of zeal&s as adsarbents, it can be assuiuedtbatmanygasesand 
vapaurs that have permanent dipaks are subject to electrostatic interactions during 
separations. The choice of a suitable cation far the zealite lattice while retaining the 
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J.attice spatial parameters cau a&d the magnitude of these interactious and thus also 
the retention of the separated substances~. 

A bentonite treat& with an octadecylammonium salt as the selective phase in 
GLF has found broad applicability, especially in the separation of the isomers of 
many aromatic compounds75.76. To improve the peak svmmetry, the bentonite is 
applied to the support together with a commou stationary &se (e.g., silicone oip.9. 

4.2. Cyczodx&iizs 

The iuclusion properties of cyclodextrins [cyclohexa(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 cyc1odextrin-epicbIorohydri.n resin which retains 
the inclusion properties of cyclodextrins. Comparison of the distribution isotherms of 
cych&xtrin 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 cy&dextriu resiu and thus also the 
possibility of its application in chromatographym. 

The suitability of cychxiextrin resin for gel chromatography (or gel inclusion 
chromatography) has been demonstrated on the separation of benxoic and chloro- 
benzoic acid. comparison of the resuR_s obtained in the separation wiffi Sephadex 
comkms this inclusion character of the separation process, re&&ed primarily in the 
high separation eEcieucy. The diEereuces found for the separation properties of 
columns with a- and #kyclodextriu are in agreement with the isotherms measured. 

Gel chromatography on a column containing cyclodextrin resin has also been 
used successfuuy for the separation of nucleic acidssl. It was found by measuring the 
diffcreutial UV spectra that the #?+zyclodextrin molecule is capable of preferentially 
forming inclusion compounds with adeniue nucleotides. This Ending 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 cydo- 
dextrin gels (a-, & and y-), resolution and its dependence on the experimental con- 
ditions have ken st~.~died~~.*~. Cyclodextriu gels have been prepared in the presence 
of polyvinyl acetate by cross-linking with ethyIeneglycol+ii(epoxypropyl)ether. 
Gels with medium swelling capacity, well defiued composition and other prominent 
properties proved to be useful column packings for resolution of aromatic amino 
acids (primarily on 2 column packed with ~cyclodextrin gel). 

Gels of c- and @cyclodextr;h have also been used for the cbromatographic 
separation of racemic maudelic acid and its derivatives?. On the basis of the finding 
that the gel of #?-cyclodextrin preferentially forms inclusion compounds with the 
L-(+)-isomer, the ix-metiyi ester of mandelic acid was separated. The separation 
efficiency for the other derivatives studied decreased in the order u-methylmandelic 
acid, ethyl ester of mandelic acid, maudelic acid. 

The possible stereospccifk separation of the diastereoisomers of CrATP was 
studied by Cornelius and Cleland=. The use of 2 Sepharose column, to which a- 
cycfodextrin was applied, permitted the separation of &amylase from albumi#. The 



same packing without cydodextrin did not display this separation effect. The use of 
cyclodextrin as a component of the mobile phase in ion-exchange chromatography 
has led to separation of prostaglandins E, A and B on a column of strongly acidic 
anion exchmgera5. 

4.3. Trka-thinw tide ad desoxycholic acid 

The fact that a saturated solution of tri-u-thimotide in tritolyl phosphate 
permits the inclusion of unbranched but not branched molecules has been empioyed 
in gas-squid chromatography for the selective separation of a number of substancesg6. 
Comparison of the retention on a column with tri-c-thimotide and di-u-thimotide, 
which does not display these properties, confirmed that the selectivity is afkted by 
inchrsion in the channels of tri-u-thimotide. 

A similar study with desoxychohc acid- dissolved in tritolyl phosphate or 
benzyldiphenyl indicated, among other things, that the inclusion is affected by the 
choice of solvent and solutionsaturation. The sekctivity of desoxychohc acid, forming 
a saturated solution with tritolyl phosphate, for n-akanes and partially also n-alkenes 
is, however, accompanied by a decrease in column efhciency with increased retention 
(the peaks arc asymmetric and very broad). 

4.4. Werner complexes 

A detailed study of Werner complexes of the type MB&KS), (where M = Fe, 
Co, Ni and B = Cmethyi, 4-ethyl) and Ni(l-arylalkylamine) (NCS), under GSC 
conditions88*Bg indicated the possibility of afkting 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 susests that purely steric factors permit clathration and 
strong Van der Waals efkcts between the host and guest molecules. The complex 
with 4ethylpyridine is different; here selective retention disappears and, as a result of 
loss of hyperconjugation of the a&y1 group and the pyridine nucleus, compared with 
the previous complex, charge transfer occurs between the metal and the z-ekctrons 
of the aromatic nucleus. The weak z-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).@ICS),, it was 
not possible to demonstrate the effect of the z-donor-acceptor system on the separa- 
tion in the gaseous 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 efkts to become sticientiy perceptible. 

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

Polish workerP”09 have studied Werner complexes as a separating phase 
primarily In liquid chromatography for almost 20 years. 



The original work- described the use of the cl&r&e Ni(4-methylpyridine),- 
(NCS), for the separation of the orttro-isomers of nitrophenol, nitroaniline, chloro- 
nitrobenzene and nitrotol~e. In further work this phase was used as well as the 
Ni[4methylpyridine, 3-methylpyridine (3 :2)],(Ncs), complex and the separated 
substauces iacluded pdisubstituted derivatives of beuzeuegl, u-, m- and p-uitrotol- 
uenesWs, isomers of methy~aphthaleueF, syn- and ~Hurazolidin~, nitronaph- 
thaleneisomerP, mononitroethylbcnzen~ and I- and2-methylnaphthalene99. Sybil&a 
et aLLoo applied the Ni [(4-methylpyridine)@CS)J 4MXhydroquiuone) complex of 
henzoic acid to Celite, the separation being carried out under gas-solid chromato- 
gralzhic conditions. In this way, the isomers of xylene, ethylbenzene, diethylbenzne, 
- 1 Drilzene and thiophcue were scpam*uzd; hydroquinoue molecules clathratcd 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’O’. The scpara- 
tion of a number of derivatives of naphthalene using the Ni@t-methylpyridine)4- 
@KS),] -O-7(4- me th 1 y pyridine)~OA(aqueous methanol) phase demonstrated the selec- 
tivity of this phase for 2-isomers 102-1cr. The Co(4ethylpyridine)4(NCS), complex 
was used for separation of nitrotoluene isomersfos; nr-xylene is added to the separated 
substances to improve the clathratiou of 3- and 4 or 2- and 4-nitrotoluene. A study 
of the effect of an auxiliary guest prcscnt in the eluent on a cohmm of Ni(=Gmethyl- 
pyridine)4(NCS)2 compiex indicated that irreversible adsorption on the column occurs 
in the pr~~~cc of pnitrophenol l”. The use of 2Sdimethylpyridine instead of m- 
xylene yielded similar results. The use of this type of compound indicated a high 
separation efhciency (e.g., the separation of l- and 2-methymaphthalene was caxried 
out on a 15-mm column with an I.D. of 6 mm’“) and stereospeciticity; on the other 
hand, these important properties are limited by the stability of the host structures, 
which is dependent on the composition of the mobile phase and frequently also on the 
concentration of the clathrated substances. 

The latest papers by Sybil&a and co-workers are devoted to study of the 
selectivity and efficiency of columns with the Ni(NCS)&methylpyridine) guest 
cMhratcloi~log. Generalization of the experimental data led to conclusions for (a) the 
optimal composition of the mobile phase, which a&&s the structural parameters 
(dilation or contraction of the lattice cavities) and thus also the chromatographic 
sekctivity of this type of Werner complex, and (b) optimal column efkiency, which 
can be attained at small flow-rates (< 10 ml/h), particle size (S-10 pm) and cohunn 
length (3-4 cm). 

A theoretical study’- clarifying the formation of clathrates in very dihtte 
solutions and thus also the conditions for their chromatographic application suitably 
completes the above work. Considerations on equilibrium states for inclusion of one, 
two or n various guests are based on ffie assumption that the chemical potential of the 
inclusion-active moditkation of the Werner complex is a decreas ing tkhztion 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 auxihary 
guest is present in solution. (The auxibary 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 chromatographicahy active: (a) the 
separated substances must form clathrams with the same host; (b) the ehtent must 
contain an auxiliary guest (or guests) in a sufkient concentration for the existence of 
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at least a +&me-phase equilibrium; and (c) the crystal structures of ffie clathrate with 
the separated substance and of the cl&rate with the auxiliary guest must be similar. 

This study, which follows from the use of Werner complexes as the stationary 
phase 31 liquid chromatography, is especially importam because its theoretical con- 
chrsions can be applied to other types of inclusion compounds. 

The benzenesulphonates of some alkali metalsllo~lll have proved to be very 
selective stationary phases for the separation of polar compounds. Studies of the 
behaviour of alcohols on this type of phase have shown that the retention is aRcted 
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 ffie eiution of diisopropyl ether before diethyl ether and by 
the thermal collapse of the lattice, appearing as a loss of selectivity properties. 

4.6. Urea cd 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 crystakes in a hexagonal arrangement 
with channels with a diameter of 5 A, which allows, e.g., the ready incorporation of 
n-alkanes with straight chains, whereas hydrocarbons with side chains or larger 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 Ma!?& and SmolkovS112-u4, 
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 stable inclusion compounds. Multiple 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 
OF two methyl groups in various positions. The results obtained were used for solving 
some analyticaI problems. 

Further works employ the relative stability of the urr adduct with IZ- 
hexadecane11s*1z6. Gas chromatography was employed to study the formation and 
decomposition of inclusion compounds with host substan- of various structural 
types, the course of phase changes and the seIe&ivi~‘~6- The dependence of the reten- 
tion data OQ temperature yielded information OQ 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 
90-102S”C. At lower temperatures the interaction of n-alkanes, ole&rs 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 loO°C) the n-hexadecane freed from the adduct acts as a 
Iiquid stationary phase. 

These results are connected with work on other urea adducts, primarily the 
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inclusion cum_pomds of urea with n-hex2dw02 (cetyl alcohor)l’-us. Measurements 
were carzied out over the temper2ture r2qge 40400°C on 2 wide range of substances, 
including aromatic 2nd 2liph2tic hydro=rbons, halogen derivatives of hydroc2rboq 
alcohols, ethers, esters, amines 2nd org2nic 2cid.s, 2nd the results were interpreted by 
considering possible interactions 2nd contributions by individual intermolecukr 
forces. 

Ure2 (or tbioure2) appiied to wide-pore silica gel or Chromosorb Wuo was 
used to study the inclusion process with 2 sekted set of substances. The contribution 
of inclusion was demonstrated on m e2surements c2rried out over the temperature 
mnge 4.0-14Q”C!, e.g., for n-2J.k2nes 2nd the halogen derivatives of hydroc2rbons. 
From 2n analytical point of view, rapid and selective separation of 2 number of 
subst2nces was achieved, even though they could not 2Iw2ys be unambiguously 
attributed to the formation of inchrsion compoundsll*_ 

Toe separation of bmuched aad unbrzmched fatty 2cids on urea under liquid 
chrom2togmphic conditionP is birsed on the concept ofthe linear fatty acid mofecules 
forrning a stable adduct with urea, while branched acids can be eluted from the 
cohlmn. 

Thioure2 has also been used 2s 2 stationary phase for the sep2r2tion of 2 
. 

rmxture of brvlched 2nd unbrvlched compounds of the fluoro derivatives of pen- 
tene’“. Tne branched derivatives were eIuted before the unbranched derivatives. 

5. CGNCJXSLGN 

The range of applications of inclusion compounds in chromatography is 
dependent on their stability 2nd selectivity properties. 

A primary condition for chromatogr2phic separation is ffie existence of an 
interaction between the substance forming the stationary phase and the eluent, which 
with inclusion compcunds is realized at the Ievel of Van der WaaJs forces (urea, 
thiourea, desoxycholic acid, tri-o-thimotide), donor-acceptor interactions (Werner 
complexes, benznesulphonates), electrosknic interactions (zeohtes, bentonites) 2nd 
hydrogen bonds (cyciodextrins). The interaction is often of mixed character (e.g., 
cyclod~ez&ns). 

The spat&l character of all types of interaction frequently leads to 2 high degree 
of stabilimtion ofthe guest 2nd of the host h&tice, which contributes to marked stereo- 
selectivity; this factor cm, however, iead to slow diffusion 2nd pe2k broadening- 

St2bilktion of the host structure through formation of inclusion compounds 
sometimes requires the direct use of inclusion compounds as the statiormry phase 
(e.g.. adducts of ure2, thiourea, Werner complexes). Chromatogmphic sep2r2tion is 
then achieved on the ‘+a& of the different stabilities of the individual inclusion 
compounds formed duilng the chromatogmphic process. With stable host structures 
(zeolites, bentonites) the formation 2nd disappe2mnce of inclusion is unambiguous, 
which is f2vourable for their chromatographic application. Similar properties are 
exhibited by cyckdextrin gels in solution. 

The great diversity of substances capable of forming inchrsion compounds 
subst2ntiates the conclusion that they czm be favourabbj employed with wide scope for 
selective chrom2togr2phic sepa-tations 2nd that, on the other hand, chrom2tographic 
methods can be used to study their unusual properties. Research cazried out so far h2s 
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shown that chromatography can he used to foliow very weak interactions (e.g., foirma- 
tion of inclusion compouuds 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 specik 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 chromato- 
graphically are discussed. 
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