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i. INTRODUCTION

Gas chromatography is of great importance in modern chemical analysis and
physico-chemical investigatiouns, as can be seen from the wealth of publications on the
subject!. It is to be expected that the role of gas chromatography will not diminish for
a long time despite the rapid development and increasing role played by liquid chro-
matography. The possibilitiss afforded by gas chromatography have not been as yet
fully utilized, and much remains to be achieved by applying apparatus and columns
with new designs. It seems, however, that the greatest expectations should be attached
to the column filiings. Today many types of fillings for adsorption and partition
chromatography are known. Most of them, especially in the case of liquid stationary
phases, have very similar properties, and increasing their number serves no purpose.
It seems promising, however, to seek stationary phases that differ distinctly from
those known so far and have new, advantageous properties. Among such stationary
phases for partition chromatography are iiquid crystals. "

The history of research on and applications of liquid crystals, referred to by
Kelker as “*beautiful substances”, is extremely interesting. Discovered at the end of
the [9th century, they were initially merely a scientific curiasity, and it was only after
many years that they found a wide range of applications. The use of liguid crystals as
statiopary phases in gas chromatography was described for the first time in 1963.
Since then, liquid-crystalline stationary phases have been applied successiuily to sepa-
rations of composite mixtures, chiefly isomers, including those of polycyclic hydro-
catbons.
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- Z GENERAL PRQOPERTIES AND STRUCTURE QF LIQUID CRYSTAES - -

Liguid crystals represent a specific state of matter intermediate between a
crystalline selid and an isotropic liquid. A substance in the liquid-crystalline stateis a
liquid and shows mechanical properties specific to liguids, but at the same time shows
some anisotropic properties of a solid crystal, the latter being due to the preservation
of a degree of ordaring bigher than in liguids.

Therino- and lyotropic iiquid crysials can be distinguished. In thermotropic
crystals, the liquid-crystalline state is established afier the solid is melted. The result-
ing liquid preserves, in a cartain temperature range, properties intermediate between
those of the solid and the liquid, but upoa further heating a transition takes placc at a
given tzmperature, called the clearing temperature, to the isotropic liquid. The tem-
perature difference between the melting point and the clearing temperature deter-
mines the mesophase range. Lyoiropic kquid crystals show liguid-crystalline proper-
ties over a wide range of concentrations in a suitable solvent. They are obtained by
mixing two or more components. Usuaily they are solutions of surface-active agents
or polymers. In gas chromatography so far only thermotropic liquid crystals have
been used. It sesms, however, that certain lyotropic systems could also find appli-
cations in gas chromatography, for instance in the form of mixed phases.

Depeamng on the way the molecules are ordered, i.e., on their structure, ther-
motropic liquid crystals are classified into nematic, cholesteric and smectic types.
According to some classifications the cholesteric liquid crystals are treated as a
specific case of nematic liquid crystals. Diagrams showing the ordering of molecules
in liquid-crystalline systems are preseated in Fig. 1.

In nematics the molecules are arranged approximately parallel along their long
axes (Fig. 1a). “he molecules are not perfectly parallel owing to their thermal move-
ment. As a resuit, the orientation of the long axes is, in the absence of external ferces,
variable. The degree of parallelicity or ordering of the molecules is determined by the
parameter S, the vawue of which varies from zero for molecules arranged at random
to unity for molecules ordered ideally. For nematics S assumes values from 0.3 to
0.8. Nemutic liquids can be orientad by a magnetic or electric field or by the sub-
sirate. The substrate can orient the long axes of liguid crystal moleculss horizon-
taily or vertically to its surface. Any intermediate crientation of the molecules is also
possible.
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Fig 1. Diagrams of liquid-crystailine structures: (a) nematic; (b) cholasteric; (c) smectic.
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The cholesteric structure is a twisted nemati~ structure (Fig. 1b), which occurs
in compounds with chiral molecules or in mixtures mcludmga. chn:al compound The
values of § are the same as in nematics.

In the smectic structure the molecules are arranged parallel to each “‘other in
layers (Fig. ic). In smectic liquid crystals S has values greater than 0.8. Eight types of
smectic structures are-distinguished, denoted by A, B, C, D, E, F, G and H. -

. After melting, the liquid crystal can assume one of the above structures and
preserve it in the whole mesophase range or assume a more ordered smectic structure
and subsequently, at a higher temperature, transform into 2 nematic or cholesteric
phase. The phase transitions connected with the change of structure in hqu_d crystals
can be of either the first or second kind.

There are twe theories for the interpretation of the liquid-cyrstailine state. One
is the domain theory, in which the lack of clearness of the liquid-crystalline phase is
due to the existence of anisotropic domains of ordered molecules of dimensions
corresponding to the wavelength of visible light. In the domains we observe ordering
characteristic of the given liquid-crystalline structure. In one domain there are usually
about 10° molecules. The domains themselves have a random orientation. The life-
time of a domain is imited and the molecules can pass from it to the isotropic sur-
rounding or te another domain.

However, the domain theory does not explain all of the phenomena observed
in liquid crystals, so a newer elastic continuum theory was advanced which assumes
that all sites in a liquid crystal have a preferred orientation in the direction of the long
axes of the molecules. It has been found that in many instances explanations of the
same phenomenon in terms of both theories give similar results. This is, among other
Lhings, the reason why the domain theory, which additionally is more demonstrative,
is also used today.

The molecules of liquid crystals are usually elongated and rigid and general[y
have polar terminal groups. Liquid crystals are encountered in many groups of or-
ganic compounds, including Schiff bases, azo and azoxy compounds and esters. Most
known liquid crystals have been summarized by Demus and Zaschke®. In view of
their optical, electrooptical and thermooptical properties, liquid crystals have found.
application, e.g., as displays and temperature meters. Detailed information on the
properties of liquid crystals can be founsd in several books*™ ™.

3. PROPERTIES OF LIQUID CRYSTALS SIGNIFICANT FOR GAS CHROMATOGRAPHY

With most conveationat (especially non-polar} stationary phases, separation
of mixtures takes place due to differences in the boiling temperatures of the par-
ticular components. There are. however, many substances (e.g., isomers) that have
identical or very similar boiling temperatures, so that their separation on those phases
is very difficult or impossible. Such substances differ, however, as regards their molec-
ular structure and liquid-crystalline stationary phases are well suited for their separa-
tion.

When considering the structure of liquid crystals, it has been found that they
should have different properties as solvents compared with conventional isatropic
liquids. It has been shown that the use of liquid crystals as solvents provides new
possibilities of investigating various compounds by NMR, IR, ESR and UV methods
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snd. that the lquid crystals have a specific effect on chemical reactions proceed-

ing3>71%_ It was therefore expected that liguid crystals woulci be good statzonary
phasss for separating geometric and optical isomess.

- Twe first work, by Kelker'':'*, and later by Dewar and Schroeder** e , was
very promising and prompied studx&s on liquid-crystalline stationary phases. Severai
surveys have already been published davoted as a whole or in part to certain aspects
of apniying liquid crystals in gas chromatography>-*52%. Mention is also made of
liquid-crystalline stationary phases in textbooks on gas chrcmatography®%-3°.

So far more than 200 works have beerr published, many i recent years, de-
scribing the properties of about 200 liquid-crystaliine stationary phases. This is not
mazany if we consider that several thousand . liquid crystals are known. Even if we
assume that most of them do not meet the requirements for stationary phases, the
number that might be utlized is much greater than that tested.

Eiquid crystals intended for use as siationary phases must meet different re-
quirements than those designed for other uses, e.g., displays. There exist, however,
commercial liquid crystals that can be applied beth in mixtures used for displays and
in gas chromatography>!.

Liquid-crystailine stationary phases should have a bigh thermal stability. They
should not decompose at the operating temperature and at that temperature they
should have a low vapour pressure. Many liquid crystals meet these requirements,
they can retain their properties during manyv weeks>? and even months?® or years®* of
use in a column. Only a few studies have been concerned with measurements of the
vapour pressure of liquid crystals®®. From the results it can be seen, however, that the
vapour pressure is relatively lower for the mesophase range than for the isotropic
liquid. The behaviour of the liquid crystal in the column is largely detern’ned by its
adhesion to the support. In this respect iquid-crystalline stationary phases are as
good as conventional ones.

The meiting points of liquid crystais used as stationary phases should not be
lower than about 50°C. The upper limit of the meliing point has not been determined.
We seek liquid crystals with high melting temperatures that could be used at tem-
peratures above 300°C. Today we already have columns with liguid-crystalline sta-
tionary phases that can operate at temperatures below 300°C. In gas chromatogra-
phy with temperature programming use is made of liquid crystals with a wide meso-
phase range, low melting point and high clearing temperature>$-38: [n some instances
the mesophase range of the liguid crystal is parrow.

The widest mesophase ranges occur in nematic liquid crystals and the latter are
the type most often tested as stationary phases. The mesophase range can be extended
by using mixtures of liquid crystals. Such mixtures, when used as stationary phases,
often show better properties than their individuzal components?®3392*%_ Good separa-
tion properties are shown by mixed hiquid-crystalline stationary phases of eutectic
composition. One can also use liguid crystal mixtures obtained directly from syn-
thesis, for instance, the isomers of azoxy compounds*®*®, The use of mixed liquid
crystals increases the range of their applicability as stationary phases.

Mixed liguid-crystalline stationary phases on supports show 2 strong teadency
to become superrooied, so they can be used at temperatures below their melting
points. The masophase obtained at lowered temperatures due to supercooling shows
increased ordering, which leads to tetter separations. The tendency to become super-
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cooled is not specific to mixed liquid-crystalline stationary phases, as in many in-

stances considerable supercooling has been observed for individual liquid crystals.
Apart from mixtures composed solely of liquid crystals, stationary phases con-

sisting of a conventional phase and a liquid crystal have also been tested*S:5153,

- .In several papers the synthesis of liquid crystals particularly suitable for use as
stationary phases was described **--5%_ Commercial liquid crystals are also available
as stationary phases for gas chromatography®®*®. In Poland liquid-crystalline
stationary phases are manufactured on a commercial scale by Chemipan (Warsaw)
and marketed by POCH (Gliwice). .

A good knowledge of the relationships between the molecular structure and the
properties of liquid-crystalline stationary phases shouid allow the synthesis of liquid
crystals with optimal separation properties in the future.

4. COLUMNS WITH LIQUID-CRYSTALLINE STATIONARY PHASES

Liquid-crystalline stationary phases are used in the same columns as conven-
tional stationary phases with respect to both coiumn materials and dimensions. Most
tests were performed using common analytical columns several millimetres in diame-
ter. Recently, capillary columns®2-33:61779 and micropacked columns®®*? with liquid-
crystalline stationary phases have been increasingly used.

The separation properties of liquid—<rystalline stationary phases are so good
that for most separations it suffices to use analytical columns. The application of
capillaries makes it possible to reduce significantly the length of the columns, to a few
metres’*’%, and good separations are obtained in a short time. The Liquid crystals are
deposited on the walls of the capillary columns like other stationarv phases. A
method has also been applied in which the liquid crystalline stationary phase is
obtained directly in the capillary column?>. The preparation of deactivated cap’llary
columns containing different amounts of cholesteryl cinnamate, allowing the analysis
of alcohols, has been described by Heath et al.7S.

The samples fed to the columns containing liquid-crystalline stationary phases
are as small as possible iz order to avoid disturbing the ordering of the liquid crystal
structure. However, this is not a [imitation compared with conventicnaf phases, as the
amounts normally used for separations on conventional phases using the most com-
monly applied detectors do not affect the structure of the mesophase or overload the
column.

The behavicur or nematic and smectic liquid-crystalline stationary phases with
high concentrations of the sample substances dissolved in them and the shapes of the
peaks obtained have beer studied by Bocquet and Pommier®* %7, Thay found that
under these conditions a reversible destruction of the ozdering of the stationary phase
occurs during the chromatography of large amounts of a substance. Similar investiga-
tions were carried out by Marvakhin er a/88. The effects of various factors and
conditions in the column (e.g., size of sample, pressure loss, presence or absence of
sorption effects} on the chromatographic separation were studied®28_ [t has been
found that liquid-crystailine stationary phases can also be used for preparative sepa-
rations.

The liquid-crystalline stationary phases are usually deposited on supports from
solutions by evaporation of the solvent. Good results have also been obtained wkz2n
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the Equid crystal in the form of a powder was mixed with the support and the mixture
was introduced into the column; subsequently the filled column was heated to a
temperature higher than the liquid crystal melting point3?,

‘Fhe supports used for liquid-crystalline stationary phases are the same as those
for corventional stationary phases. It is known that the surface of the support affects
tha orientation of the liquid-crystaliine stationary phase molecules. This effect is
greater than with non-liquid-crystaliine phases. It has been found, for instauce, that
the liquid crystal behaves in different ways on giass spheres whose surfaces were
subjected to various pre-treatment procedures®®. The effect of active supports (silica
gel, Silochrom).on the properties of ligquid-crystalline stationary phases has been
studiec27?192_ It seems important from the practical point of view to acquire a
knowledge of the properties of liquid crystals deposited on the most frequently used
supports, Chromosorbs®%-3598,

‘The efficiencies of columns containing liquid-crystalline stationary phases are
usually lower than those of columns containing non-liquid-crystalline phases, owing
to the high mass transfer resistance in the liquid stationary phase. This resistance is
caused by the high viscosity of liquid crystals, and it can vary depending on the kind
of support used and thus on the different arrangement of the liquid crystal molecules.

5. VARIATION OF RETENTION PROPERTIES WITH COLUMN TEMPERATURE

‘The first studies of the deperdence of retention properties on the temperature
of columns containing liquid-crystalline stationary phases showed it is different to
that for conventional stationary phases. This has been confirmed for various liquid
crysialline stationary phases (zematic, smectic, cholesteric)>%-67-°97192_ Typical plots
of the relationships obtiained are shown in Fig. 2.

The reiention properties vary frem one liquid crystal phase to another. In the
temperature range of solid liquid-crystalline stationary phases the retention of a
szmple substance usually decreases wiih increasing temperature. When the tempera-
ture approximates the transition points to the mesophase and isotropic liquid, a min-
nimum appears on the curve, followed by an increase, often exteading over many
degrees, to 2 maximum corresponding to the phase transition. On comgletion of the
transition o the isotropic liquid ihe curve assumes its normal decreasing character.

I't has been assumed that the dependence of retention on temperature shown in
Fig. 2 is characteristic of liquid-crystalline stationary phases. This lead to the conclu-
sion that it is possible to determine with good accuracy the phase transition tempera-
tures. Later investigatiops have shown, however, that in some instances the reteation
relationships do not show phass transitions’7-38.82.83.91.92.105_The character of the
variation of the retention properties with temperature of co!umns containing liquid-
crystaliine stationary phases depeads on the kind of support used (physico-chemical
surface condition and surface area), the kind of liquid-crystalline stationary phase
(chemical and spatial structure of the molecule, structure of the mesophase, heats of
phase transition) and the amoust of the stationary phase on the support. Although
each of these factors is important, the final effect depends on their mutual influence,
f.e., on the properties of the liquid crystal-support sysiem as a whole. These proper-
ti&s affect the character and the range of action of the support surface with the liquid-
crystalline si2tiopary phase moicoules. More active supports (Silochroms, non-sila-
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Fig. 2. Dependence of retention times (¢} of p-xvlene (solid line) and a-xylene (dashed line} on column
temperature (r} for 1094 4-hydroxy-{'<thylazaxybenzene 4-benzoate deposited on Chromosorh W AW
during heating; the dash—dot curne corresponds to column cooling.

nized Chromosorbs) react with the liquid crystal molecules more actively than inac-
tive supports (e.g., silanized Chromosorbs}). Depending on the structure and physica-
chemical character of the liquid-crystalline stationary phase molecule and .he kind of
support, the stationary phase may form agglomerates. The mean thickness of the
fayer exposed to the action of the support surface forces may vary over a wide range,
e.g., from 2 nm®” to 100 nm*%*. When agglomerates are formed or when the thickness
of the stationary phase [ayer is so large that the ordering forces in the liquid crystal
are not dominated by the support surface forces, the properties characteristic of the
liquid crystal and observed in the buik are manifested at the surface. In this situation
retention relationships are obtained that allow the accurate determination of the
phase transition temperatures. Not only the phase transition temperature itself can be
determined chromatographically but also the temperatures of the transition region.
Usually the plots of retention parameters versws temperature show the transitions
from the solid to the mesophase and from the mesophase to the isotropic liquid.
Sometimes the temperatures of transitions from the smectic to the nematic phase and
those between the smectic and even nematic types can also be determined87?-7-£05107

Cases are known where the phase transition temperatures determined chroma-
tographically differ from those found by the thermo-optic method. It has been found
that the temperatures of phase transition depend Iargely on the amount of the liquid-
crystalline stationary phase on the support®®. A phase transition was detected below
the liquid crystal melting point determined by the thermo-optical method?%-1%8, Sim-
ilar phase transitions above the melting point were abserved by Serpinet for non-
liquid-crystalline stationary phases'®%,

A knowledge of the phase transition temperatures in liquid crystals on sup-
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- perts is important from the point of view of their application for analytical purposes.
The best separations of mixtures are obtained at temperatures by a few (2-6) degrees
higher than the liguid-crystal melting point®%-**0, It is possible, however, to exploit
the column containing the liquid crystal at other temperatures, below the melting
point (in the solid range and supercooled mesophase) and in the isotropic liquid
above the clearing temperature®5:61.70-72.81.89.99.111-115 1y wag found that the appli-
caiion of active supporis may increase significantly the width of the temperature
range in which the liquid-crystalline stationary phase vields good separations®3.

6 COMMENTS ON THE SEPARATION MECHANISM ON LIQUID—C?.YSFALLE—NE
STATIONARY PHASES

The ordering of the liquid-crystalline stationary phase structure is decisive for
the separation ability of those phases. From practice we know that compounds in
which the molecule lengih to width ratio is large are retained or the liguid-crystalline
statiopary phase longer than those with shorter, more compact molecules. Eikewise,
pianar molecules are retained in the column loager than those with a structure differ-
ing greatly from planarity*®-*!7. Long and planar molecules fit better the ordered
structure of the liquid crystal, whereas non-linear and non-planar molecules do not
permeste so easily between the Lquid-crystalline molecules of the stationary phase
and therefore are more easily cluted from the column. A close interaction occurs
between the molecules of the chromatographed substance with those of the liguid-
crystalline stationary phase. This is confirmed by the fact that the molecuies of the
dissolved substance, whose structure is similar to that of the liguid crystal molecules,
dissolve in the fatter more easily and are retained longer in the column32-118-219,

Witk coaventional, non-polar siationary phases the components of a mixture
are eluted in order of their increasing boiling points. Xylene isomers are eluted from
such columns in the order para, meta, orthe, their boiling points being 138.5, 139.5
and 144.5°C, respectively. The separation of pare- and mefa-isomers, which is pargicu-
larly difficult to perform, may be easier if 2 stationary phase of higher polarity is used.
With liguid-crystalline stationary phases the order of elution of the components of 2
mixtun: with identical or similar boiling points depeands on the shape of their mole-
cules; thus tke order of elution of xylene iscmers is mera, para, ortho. - and p-Xylene
are more difficult to separate than p- and o-xylene on most liquid-crystafline
stationary phases. There exist, however, column fllings containing liquid crystals on
which the para- and mezra-isomers are separated betier than the para- and ortho-
isomers®® (see Fig. 3). This depends largely on the kind and amount of the liquid-
crystalline stationary phase deposited on the support. Hence the separation results
obtainzd depend to a greater extent than with conventional stationary phases not
only on the properties of the stationary phase but ziso on those of the whole
stationary phase-support system. .

The effect of planarity of the molecules of the sample substznce on the order of
their elution is distirct in the case of cyclohaxane, cvclobexene and benzene. These
compounds are eluted in the above order from columns containing liquid-crystaliine
stationary phases. Using ~onventional stationary phases, the order of elution con-
forms with the boiling points, viz., benzene, cyclohexane. cyclohexene.

The relziionships between the shapes of molectules and the retention parame-
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Fig. 3. Two types of xylene separations (in mixtures). {2)'** 1 = Benzene; 2 = toluene; 3 = ethvlbenzege:
4 = m-xylene; § = p-xylene; 6 = a-xylene; 7 = propylbenzene; 8 = meethyitoluene; 9 = p-ethyitoluene;
I3 = g-ethyltoluene. Azoxybenzene 4-cyano-4"-heptylcarbonate deposited in an amount of 59 on Chro-
mosorb W AW DMCS. Glass cofumn, 5m x 4 mm [.D. Initiaf temperature held at 95°C for 5 min, then
increased at the rate of 1 °C/min to [20°C. Argon flow-rate, 40 cm>/min. (b)'** | = Benrene; 2 = ethyiben-
zene; 3 = mexylene; 4 = p-xylene; 5 = o-xylene; 6 = mrethyltoluene; 7 = p-ethyltoluene; & = m-
disthylbenzene; 9 = o-diethylbenzene; 10 = p-diethylbenzene. Bis(4-methylene-4™-n-butoxy-2'-
methylazobenzeae)} deposited in an amceunt 159 on Chromosorh W NAW, Glasscolumn, 3. m x 3mm
[.D. Column temperature, 120°C; argon flow-mtz2, 26 cm’jmin.
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ters of compounds chromatographed oa liquid-crystalline stationary phases are so
close that Radecki ef al.!?° found relationships aliowing the prediction of the reten-
tion indices of polycyclic aromatic hydrocarbons (PAHSs} on nematic phases. They
also derived an equation for the determination of the molecular shape parameter
from chromatographic data. The effects of various factors, including the shapes of
molecules, on the retention of PAHs on conventional and nmua hqmd—crysta.lhne
stationary phases were studied by Bartle ez af.*?1.

The interactions of substances dissolved (chromatographed) in the liquid-crys-
talline solvent (stationary phase) have been studied in detait?03.118.122-12&

Certain differences are observed in the properties-of hquxd—crysta.ﬂme
stationary phases depending on the structure of the mesophase. However, mast work
has bezm deveted to nematic Liquid-crystalline stationary phases, and it is only in
recent years that greater attention has been paid to smectic phases.

Tha results of physico-chemical studies and the thermodynamic data obtained
allowed the interpretation of the dissolution mechanism of different classes of com-
pound; in nematic liguid crystals, account being taken of energy changes in the
vibrational, rotationa! and translational movements in counaection with the magni-
tude of the activity coefficient!*?. The solubility in a liquid crystal is the greater the
ereater is the change of translational energy on passing to the solution and the smaller
is the activity coefficient. The solubility is the poorer the greater is the loss of energy of
the rotational and vibrationa! movements which contribute to the giowth of the
activity ceefficient. The partial molar dissolution enthalpy can be expressed by the
equatica

AH, = AE._ + AE., — RT

where 4E,, . is the loss of translational energy of the dissolved substance on reaction
with the solvent and AE,  is the loss of rotational and vibrational movement energy.
The sum of those two quantities is the loss of internal energy of the dissolved sub-
stance on passing from the gaseous to the liguid state. Both of these quantities are
negative, which is in accordance with the exothermic character of the dissoluiion
Process.

Dissolution in the mesophase requires greater energy than dissolution in the
isotropic liquid of the same substance, as the domiratioa of spatial limitations on the
permeation of molecules of the dissclving substance into the ordered structure re-
quires adequate energy. Kelker and Verhelst’?” advanced a rule stating that the
excess of free enthalpy of the dissolved substance and the heat of dissolution in the
mesonhase are more positive than the correspoanding values for the isotropic phase.
The heats of mixing in mesophases are several kilojoules per mole higher than those in
isctrogic liquids®5-*!.

Liqguid-crysialline stationary phases show a particular affinity to linear mole-
cules of the dissolving substance. n-Alkanes with long chains, however, show a higher
free enthalpy than, for instance, xylenes. The molecules of the former are elastic and
the chains must straighten and become rigid to allow maximum interaction with the
liquid-crystal structure; in contrast, xylene moiecules are already sufficiently
rigid! ¥ 128

The separation capacity of liquid-crystalline stationary phases, related to the
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differing solubilities of molecules with different shapes, has been repeatedly studied
for meta- and para-disubsttuted benzene isomers, especially xylenes. The mechanism
of the chromatographic separation of -disubstituted benzene isomers and of other
compounds on nematic liquid-crystaliine stationary phases was discussed in detail by
Martire et 2/.12%, Kraus er al %%, Oweimrzen et al.*#%'3° and Rippie and Ibrahim?!3!.
In the nematic phase the para-isomer of the disubstituted benzene derivative reveals
in most instances the greatest partial molar dissolution enthalpy and the smailest
activity coefficient among the three isomers. In view of their shape, polarity and
poiarizability, the para-isomers lose most translational energy. Enthalpy and not
entropy is the factor that lowers the activity coefficient and increases the retention
time of the para-isomers, although the para isomers fit better the ordered structure of
the nematic phase. - - -

Janini and Ubeid!3? studied the thermodynamics of dissolution of phen-
anthrene and anthracene in a nematic liquid crystal and in an isotropic stationary
phase. Their conclusions conform with those drawn by other workers for compounds
with lower molecular weights.

The thermodynamics of the solutions and the separation effects obtained on
cholesteric stationary phases are related to the similarity of their structure and also to
its difference from that of nematics*?!-119-t23_ Epimers of steroids can be separated on
nematic stationary phases'33; however, more selective towards steroids are choles-
teric cholesterot esters whose molecules are not as elongated or as polar as the mole-
cules of nematics>2.

The suitability of cholesteric stationary phases for the separation of isomers
was tested in normal analytical columns®***!*** and in capillary columns®*-73-75,
Alkylbenzene isomers separate worse on cholesteric phases than on nematic and some
smectic phases!®*1.73.13+ Chgolesteric liquid crystals show higher selectivity towards
cis- and (rans-isomers of n#-alkenes than nematic. smectic and also non-liquid-crystal-
line stationary phases™>. With nematic stationary phase good separations of cis- and
trans-isomers was obtained when the nematic had a frans-configuration®!. Such a
phase also gave goad separations of alkyibenzene isomers.

The dissolution mechanism of para-isomers using smectic liquid-crystailine
stationary phases is different to that on nematic phases’®’. On passing from the
gaseous to the mesomorphous phase the molecule loses its vibrational-rotational
energy, the losses being the greater the higher is the degree of ordering of the meso-
phase. Both the higher dissolution enthalpy and the higher activity coefficient of the
more ordered phase indicate this effect. When the ordering of the smectic phase
decreases, its dissolving ability increases. This has been confirmed for a number of
smectics A, B and C®7 and A, C, F and G'9". In highly ordered phases the para-
isomers have a lower dissolution enthalpy and activity coefficient than the ortho- and
meta-isomers. [t follows that the loss of the vibrational-rotatic nal energy of the para-
isomer is lower than those of the remaining isomers.

In most instances the process of dissolution in mesophases was studied at
infinite dilution of the chromatographed substance in the stationary phase, typical for
chromatography. However, certain thermodynamic quantities reiating to the dissolu-
tion of finite amounts of various compounds in the smectic, nematic and isotropic
liquid have also been determined®6-87-139 Earlier conclusions have also been con-
firmed regarding the dissolution mechaaism and energy of chromatographed sub-
stances in the particular kinds of mesaophase.
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The effect of the degree of ordering of the liquid crystal on the separations
abtained is large. Therefore, the best separations are usually obtained at the lowest
temyperaiure of the mesophase (with the exception of smectics of the highest degree of
ordering) or iu the sopercooicd mesophase, when its ordering is highest. Higher
selectivity is also obtained on those liguid crystals whose mesophase range is wide and
the transition temperatuwse from the mesophase to the isotropic liquid is
high'S:135.136_ A correlation exists between the relative retentions of para- and meta-
xylenes depending on the mesophase range!’. The wide range of the mesophase
points to the occurrence in it of highly ordering intermolecular forces which are not
easy t¢ dominate by thermal action. Thus the separations carried out on these phases
are usually good.

It is commonly assumed that nematic stationary phases have better separat:m3
properties than smectic phases. It has been observed, however, that sometimes good
separations are also obtzined on smectic phases‘z'ss"”"ss. More accurate studies
carried out recently have allowed an explanation of this problem. The kind of smectic
phase is decisive for its separation efficiency. Good separations are abtained on less
ordered smectics (e.g., .\ and C), whereas much poorer separations were obtained on
more ordered phases (e.g., B}*>%-1*°. Phenanthrene and anthracene are tetter sep-
arated on smectic phases A and C than on nematic phases?35-239_ Likewise, alkylben-
zene and n-alkene (C,(—C, ) isomers separate better on these smectic phases than on
nematics’?

It would iave been expecied that as ir aematics an increase in ordering of the
smectic mesophase will cause an increase in its separating capacity. The examples
given show however, thai this is not always so and that smectics of the highest degree
or ordering aiways have a low separating capacity. One of the reasons is the laminar
structure of the smectic mesophases with a compact arrangement of molecules in the
layers. The dissoived molecules cannot penetrate into the layer and dissolve by enter-
ing between the layers'®. The interlayer region is a zone of relatively weak inter-
molecular atiractive forces and therefore it is more easily accessible but less selective.
The lijquid-crystalline smectic phase therefore often has a lower dissolving capacity
and lower selectvity than the nematic phase. Sometimes a compound with two smec-
tic phases behaves 5o that the phase occcurring at the higher temperature and revealing
a poorer ordering of the molecules in the layer is more selective. The high sclectivity
of smectic compounds may be due to interiayer disselution, the adsorption of some
molecuies (e.g., para-isomers) being given preference by the terminal groups present
at the surface of the liquid-crystal layers.

Tie significant effect of the support surface on the properties of liguid-crystal-
line stationary phases allows us to assume another explanation for the lower selec-
tivity of highly ordered smectic liquid crystals compared with the nematic ones. in
nematics there is no ordering in the layers, so the molecules in the domains can
become arranged on a surface chemically and geometrically non-homogeneous with-
our the deformations required in the case of smectics, especially those which are
highly ordered. In the latter the layers must be “broken’ to fit the structure of the
support surface, so as a resuit the ordering of ¢the molecules on the support is lower
than keyond it acd possibly even lower than in the case of the nematic mesophase. If
we assume this mechanism, the ebserved high selectivity of less ordered smectic liquid
crystals may be explained by the smalier disturbance of theu' structure by the surface
of 2 low-activity support.
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- .Some information about the separation mechanism of nematic and cholesteric
stationary phases is obtained from investigations carried out using an electric field
applied perpendicular to the walls of capillary columns$8-69-141-147_ A constant elec-
tric field improved the ordering of the mesophase, orienting the molecules horizon-
taily or vertically to the column wall, depending on the dielectric anisotropy sign. The
ordering of the mesophase increased by the electric field allows us to obtain better
separations of mixtures owing to the improved symmerry of the peaks and increased
partition coefficients. At the same time the retention time and HETP decrease®®. The
effects obtainéd are, however, fairly small. More important is the finding that the
electric field induces the adsorption of polar compounds such as esters, ketones,
aldehydes and halogenobenzenes$8.69-145.146 The adsorption increases linearly with
increasing intensity of the field applied. It depends on the kind of compound and is
closely related to its dielectric constant. On this basis a relationship was derived for
calculating these constants. The calculated values are similar to those given in the
literatures®-1*5, With isomers of benzene derivatives, the ortfio-isomer is more
strongly adsorbed than the others. .

Detailed investigations have shown that the adsorption of a polar compound
(alcohols or ethers) depends largely on the structure of the carbon skeleton and the
position of the hydroxy group in the molecule®’. It has been found that adsorption
decreases with increasing number of side-chains in the carbon skeleton. Adsorption
alsc decreases when the hydroxy group is located in the vicinity of the side-chains or
iz the middle of the carbon chain. With butanol isomers adsorption decreases in the
order n- > iso- > sec.- > tert.-. This shows that the structural factor must be
accounted for when calculating the dielectric constants from adsorption data for
[iquid crystals in an electric field.

ft is assumed that adsorption in an efectric field takes place on the nematic
existing initially or on the nematic generated under the action of the field. This is
probably the reason why the same adsorption is obtained at a voltage of several
dozen volts on fematics and at a voltage of several hundred volts on cholesterics
(which are trapnsformed into nematics).

The adscorption is not influenced by the size of the sample, «rd is constant fora
given column filling and applied voltage. Solvents do not affect adsorption directly,
but a polar solvent may displace the compounds adsorbed earlier.

The possibility of separating polar and non-polar compcunds may be the basis
for a new technique of separation and identification of chemical compounds by gas
chromatography. Good analytical effects were obtained when a column containing a
conventional stationary phase was combined with a short column filled with liquid
crystals to which an electric field was applied. Such z system of columns was applied
for determining hydrocarbons.

[n addition to the major role of the liguid crystal structure and the shape of the
molecules to be separated, the separations obtained are influenced by many other
factors, which are often decisive in chromatographic processes involving conven-
tional stationary phases. The properties of the separated substances that deserve
pacticular attention are their boiling points and the size, polarity. polarizability and
elasticity of the molecules. As regards a liquid-crystalline stationary phase, the chemi-
cal structure and the related polarity affect the results obtained. The polarity of most
liquid-crystailine stationary phases is low or medium. When it is determined from the
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reteition index acco:dmg o Rohrschnexder‘ and McRe}'noIds‘” the difference in
retention indices for para- and meta-xylene is additionally introduced?4.150.15¢ 'fhis
difference characterizes the hqmd crystzal better thar polarity itself. .

The process of separation on liquid-crystalline staticnary phases is the owraL
result of ihe propertics of the chromatographied substance and stationary phase and
theirr mutual interactions. In Ssome instances this may be s charge transfers?. .

7. EXAMPLES OF SEPARATIONS ON LIQUID-CRYSTALLINE STATIONARY PHASES

Various mixtures, incleding mixtures of numerous isomers, have been_sep-
arated on liquid crystalline stationary phases and the results obtained were far supe-
rior to these obtained on the convertional siationary phases used hitherto. A direct
comparison of the possibilities of separating isomers on liquid-crystslline and con-
ventional stationary phases?>-*52 including Bentone®* (regarded until recently as the
best stationary phase for separations of isomers'53-15%) was in favour of the liquid-
crystaliine phase. Among the separated mixtures were isomers of various disubsti-
tuted benzeme derivatives (e.g., xylene and toluene derivatives)?3.i4.31.61.63,70-72.7¢,
82.83.39.94.99,1(30.!50.155—160. phEElOl derivati\m““"sz, dimetb.yi esters of phthahc
acid’® and vinylbenzenes!®3. Terpenes and cdorants®S*, steroids?*-66-133.165.186 hife
acids'®S, hydroxy, alkyl, haiogen and amino naphthalene derivatives®!:6%.89:94:9%.103,
113.£24.118.160.167-169  chlorinated biphenyls®S-170-17: pesticides®®, methoxyquinone
derivatives'’?, and methylpyridine derivatives'®® have been amalysed on liquid-
crystalline stationary phases. In several works it has beea shown that these stationary
phases are also suitable for separating geometric isomers, e.g., the isomers of Z- and
E-pheromosnes and of unsaturated fatty alcohols and their derivatives®3-76-237.172
and methyl esters of unsaturated fatty acids®!. The cis- and frans-isomers of n-
alkenes’®7* and disubstituted cyclohexane derivatives®! were separated, the cis-
isomer usually being eluted before the corresponcing frans-isomer.

In recent years, particular attention has been paid to liquid-crystalline station-
ary phases with broad mesophase ranges and high melting points. These are used for
the separation of polynuclear aromatic hydrocarbons (with up to seven rings), ia-
c!uding caminogenic compounds.’.s.?.s.37.52.55.56.66.75.80.89.103.l11.135.138.139..‘.60.167.
173-180 Hajl and Mallen separated on high-melting liquid-crystalline stationary
phasss benefin and trifiuralin'®! and the isomers of benoxaprofenc!®?, and Pailer
and Hlozek separated azoheterocyclic compounds3S. Liquid-crystalline phases have
also been applied to the determination of the purity of liquid crystals?®3.

Many of the separations carried out on liquid-crystalline staticnary phases are
important for industry (petroleum and coal chemistry) and in the analysis of en-
vironmental pollutants’®-138-168 jpcluding isomers of phenyl derivatives. These iso-
mers were converted into ether or acetyl derivatives to increase the passibility of
separation of composiie mixtures!®+252,

The initial predictions that liguid crystals will allow the separation of optical
isomers remained unrealized for a long time. In was only in 1973 that Lochmiller and
Souter succeeded in carrying out such separations'®*. The enantiomers of N-per-
fluoroacyl derivatives of 2-aminoethylbenzene, 2-amino-3-phenylpropane and 2-
amiric-4-phenylbutane were separated on optically active esters of carbonyl-bis-
valice aad carbonyl-bis-leucine!®*9°, Separations of these compounds, although of
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lower quality, were also carried out on the isotropic phase of the mentioned liquid
crystals. .

) It has already been mentioned that liquid-crystalline stationary phases can be
used in the supercooled state. In this state retention times reproducible for many
hours are obtained for components of the separated mixtures. It has teen found that
the following procedure allows retention times reproducible for many days and sepa-
rations of mixtures to be obtained. After heating the column in the chromatograph to
about 5°K above the boiling point it is cooled, for instance, by 5°K per 10 min, until
the required supercooling temperature is reached. After switching off the apparatus
and cooling the column, one proceeds after about 12 h (e.g., the next-day) as de-
scribed earlier. The separations of mixtures in the supercooled state obtained are
superior to those obtained in the range of the mescphase; however. the separation
times are considerably longer. For analytical purposes the supercooled nematic state
is chiefly used*®8%-1t3  because the nematic mesophase supercools more easily than
the smectic phase and the supercooling is usually deeper. Use is aisc made of the
supercooled cholesteric phase, in which in a capillary column increases in the separa-
tion factor, the partition coefficient, the column efficiency per unit lengih and the
resolution are observed’.

In Fig. 4 the separations of mixtures on liquid-crystalline and isotropic liquid
phases are compared. It can be concluded that the liquid-crystailine stationary phases
are largely universal. They can be used for the separation of mixtures of many groups
of chemical compounds, and allow the separation of mixtures of isomers and com-
pounds that are not isomers. . ’

Further extension of the applications of liquid crystals in chromatography is
possible by their use as stationary phases in liquid chromarography®?:. It seems,
however, that polymeric liquid crystals may be more suitable for liquid chromatogra-
phy, and their use in gas chromatography cannot be excluded.

v —-57 ®) Liquid Crystaf
T

Sotvent

Recorder Reaponase

.

5 © 20 30 o z & © [
min min
Fig. 4. Separation of -, 2-, 3- and 4-methoxybenzanthraquinones'™ . (a} Column, 6 ft. x 2 mm [.D;
packing, 5% OV-17; oven temperature, 262°C; flow-rate, 60 cm*fmin. (b} Column, 6 ft. x 2 mm LD.;
packing, 2.5% BPhBT; cven temperature, 262°C; flow-rate, 60 cm3/min. Peaks: [ = 7,12-Beaz-
anthraquinone; 2 = [-CH;O-BATQ; 3 = 2-CH;0-BATQ; 4 = 4-CH;0-BATQ; 5 = 3-CH;0-BATQ.



A detailed list of liquid<rystalline stationary phases and the separatxons ‘ab-
tained is gzven in Table 1.
8. IN‘:'ES’I.'IGATION OF THE PROPERTIES QF LIQUID CRYSEALS BY GAS  CHROMATO-
GRAPEY ; -

Chmmatographic physico-chemical investigations facilitate the explanation of
the pheaomena taking place in the course of a chromatographic process and con-
tribute: to a better knowiedge of the properiies of liquid-crystalline stationary phases
and liquid crystal-support systems. Gas chromatography has many advantages as 2
method for physico-chemical investigations, including simplicity of the apparatus
involviad, gaod control of temperature, the possibility of operating in a wide tempera-
ture ramge, rapid determinations and the possibility of measuring various quantities
at low concentrations of the chromatographed substances'?*-!%%:19%_ These advan-
tages are accompanied by a kigh sensitivity of the sorpticn characteristics and the
related refention parameters of the analysed substances, varying with the state of the
liqaid crystal phase. From the measured retention reiationships, many quantities can
be detarmined that characterize the liquid-crystalline stationary phase itself and the
chromatographed substance-liquid crystal system. Particularly interesting are the
phenomena occurring in the transition zones. They are refated to the increase in the
solubility of the chromatographed substance due to the decrease in the free energy of
the sclution on tvansition to a less ordered structure. In the region of the phase
transition many features of the liquid crystal undergo changes, viz., the vapour pres-
sure, specific heat, density, coefficient of thermal expansion, surface tension, viscosity
and diffusional and thermodynamic properties. At least some of these can be
meastred chromatographically.

The activity coefficients of a substance dissolved in 2 liguid crystal obtained
from chromatographic measurements show good agreement with the values obtained
by static methods?®. The vaiues of these coefficients are different in the particular
phases of the liquid crystal®*'25-2%! It has been found that the variation of the
activity coefficient (f) of a chromatographed substance and of the clearing temper-
ature of various liquid crystals expressed as In f = {1/7) is kinear2?2.

The enthalpies and entropies of various substances in liquid-crystalline
stat:'cuary phases have been measured??-63.8%.103.122.139.163.201_ A |ipnear dependence
of the pzartial molar enthalpy of the soluition on the partial molar entropy of
that solution was found for the alkane homologous series, n-1-zlkenes and n-1-
cihloroalkenes in 4,4"-azoxyanisole'*? and for various compounds in cholesteryl pai-
mitate®®!. The chromatographically measured thermodynamic quantities provide in-
formation on the interaction of molecules with nematic liquid-crystalline stauonary
phases2°3,

Chromatographic studies have also provided information about the effect of
various substances dissolved in cholesteric liguid crystals on the structure of the
mesophase and the related changes in the reflected light wavelength?®*.

Certair: theoretical aspects of the displaceament of the chromatographic band
of a substance disseolved in 2 column containing a liquid-crystalline stationary phase
have been elucidated and related to various types of partition isotherms and the effect
of sorption and also to the process of distribution in the mesophase 8487 The par-
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EXAMPLES OF LIQUID-CRYSTALLINE STATIONARY PHASES AND MIXTURES SEPARATED ON
THEM -

Statiorary phase Transition: temperature (o Separated substances Refs.
phase (°C}
Smectic Nematizc Chole- Isotro-
steric  pic
4.4’-Azoxyphenetol . 138 168 Benzene, toluene, ethyl- it
benzene, xylene isomers
4 4°-Azoxyanisole 120 I35 Disubstituted benzene i3
4,4’-Dihexyloxyazoxybenzene 7t 8Q 15¢ isomers
4,4"-Diheptyloxyazoxybenzene 75 35 127
trans-p-[5{4-n-Hepryicyclohexyi}- 80 226 cis- and trans-1(4™-pro- 3L
2-pyrimidiny{jbenzonitrile ’ pylphenyh-4-propylcyclo-
hexane. Methyl esters of
" palmitoleic acid and of
palmitelaidic 1cid. Methyl
esters of oleic acid and
of elaidic acid. Ethylben-
zene, xvlene isamers
Chelestery? benzoate 150 178 Steroid isomers ¢andro- 32
S5-z-Cholestane-3f-yi benzoate £37 155 stanes, androstenes,
Cholesteryi p-phenylbznzoate £78 290 cholestanes and choleste-
nes
N, N"-bis(p-methoxybenzylidene} 3:1 320 Polynuciear aromatic 37
x,x"-bi-p-toluidyne (BMBT} hydrocarbogs
BMBT 181 320 Aza-heterocyclic compounds 38
4-Cyano-t'-pentyloxyszoxybenzene 335 £146.5 Cyclohexane, cyclohexene, 48
4-Cyano-4"-octyloxyazoxybenzene 7t £17 £35 benzene. disubsti-
Azpxybenzene 4cyano-4 -pentyl- 525 1325 tuted benzene isomers
carbonate {alkylbenzenes, halogeno-
Azoxybenzene 4-cyvano4’-octyi- 61.5 112 1275  benzenes and alkylhalogeno-
carboaate Seazenes}
4-Cyano-4"-pentyloxyazobenzens 1056 E16.5
4-Cyano-4-octyloxyazobenzene IGE EL
N,N’-Bis(p-butoxybenzylidene}- 153 188 303 Palynuclear aromatic hydro- 52
x,x’-bi-p-toluidine (BBBT)} carbons
(pure and io mixture with SE-52}
N,M’-Bis(p-phenylbenzylidene)- 357 403 Polynuclear aromatic hydro- 55
2 -bi-p-toluidine (RPLRTY caxhans
N,N’-bis(p-hexylbenzylidene)- £27 239 274
zx-bi-p-toluidine {BHxBT)
BPRET 357 422 Peolynuclear arcmatic hydro- &
BBBT £59 188 303 carbans
4-Hydroxy-4'<thylazobenzene 138 292 Saturated and unsaturated 57
4-cyanobenzoata aliphatic hydrocarbans
4-Hydroxy-4'-ethvizazoxybenzene Fid >306 Cyclahexane, cyclchexene,
4cyanobenzoate benzene, toluene, ethylben-
4-Hydroxy-&"-ethylazobenzene 108 23¢ zene, propylbenzene
4-methylbenzoate - Isomers of disubstituted
4-Hydroxy-<4'-cthylazoxybenzene 87.5 350.5  benzene derivatives
4-methylbenzoate Esters
Ketones
Naphthyiamines

{Conrinued on p. 328)
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aniline
Bisphenetidylterephthalic
aldehyde -

" Stariondry pkase - - Trarsition temperature (o - ) Separated substances Refs
- prase (°C} . ) - -
" Smectic_ Nematic Chole- Isotro- R
- ‘ stzric  pic -
4,4"-Azoxyphenetole 138 168 Mocno- aod dimethylnaphtha-
fene isomers )
Cholasteryl cinnzmate 210 Geaometrical isomers of ele-
- finic aliphatic insect phe-
fomones
BPABT. = - 247 403 Polynuclear aromatic hydro—
BBBT 188 .303 cartons -
4-r=Pentylacstophenone 48 98 Xvlene, ndacene, n-undecene,
(O-L-n-octyloxybenzoyloxime) r-dodecene, n—tndweue B
isomers - B
S-n-Heptyl- "-(4—n~nonviev.- 56.5 70 Xylene, rdecene, n-undecene,
phenyl)pyrimidine r-dodecene, n-tridecene
i isomers
p-n-Heptyloxypheayl-$-(srans- 65 145 . Benzene, teluene, ethyi- 72
4-r-propyicyclohexaneczrboa- benzene, xylene isomers
vloxy)2-methylbenzoate
Ckolasteryl butyrate” 13 n-Decene, n-undecene, n<
dodacene, n—tndeoene
fsomers
p-n-Heptyloxyphenyl4-(irans- 63 143 Dimethyl esters of benzene
4-r-propylcyclohexanecarborn- dicarboxylic acid iso-
yioxy)2-methylbenzoate mers
4-n-pentylacetophenon=(G-4-xn- 63 94 fsomers of n-tridecenes
pentyloxybenzovloxime) and n-tetradecends
BPEBT 257 403 Polynuclear aromatic hy-
drocarbons
4-Cyzno-4'-peatyloxyazoxvben- 124 153 Dichlorobenzene, bromo-
zene {one isomer) tolvene, chlorotoluene
4-Cyano-¥'-pentyloxyazoxyben- a2 141.5  isomers
zene (isomer mixrure) Xylene isomers
4-Cyano—¥ -octy‘oxyazoxybenz:nc 137 151.5 Diethylbenzens isomers
(oce isomes) i
Azoxybepzene 4cyano-4-hexyvl- 73 137 Saturated and uasaturated
carbopate aliphatic hydrocarbons,
Azcxybenzzne 4-cyana-4-nonyl- 124 127 cyciic hydrocarbons
carbonate Esters
Azoxybenzzne 4-cyano-$'-decyl- 1255  Ethers
carbonate Hvdrocarbor chloro deriva-
tives
Disubstittied benzene
Isomers
Cholesteryl pelargonats 91.S  cis- and trans-Decalin B
r~Amyl-4-z-n-nonyloxybenzyiide- 22 135 Xylene isomers
peamine cinnamate
4+Methoxy-$'<thoxyazoxybenzene S1.5 150 Cyclokexane, benzens, n- -
$+Methoxybenzylidene4'-butyryi- s3 111 heptane, iscoctane, tolu-

ene, n-octane, m-xylene
p-Xylene, r-nonane, vinyl-
toluene isomess
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TABLE | fcontimeted) ~ ’ - ] o __— i -

Siationary phase .- - - - Transition lemperature to- - N Seéa’razed substances - Refs.
) ] phase (°C) . 4

- - Smectic Nematic Chole- Isotro-
steric  pic

. Benzene, toluene, ethyl- -
— benzene, m-xyleze, p-xy-
[ene. isopropyibenzene: o-xy-
fene -
- Dimethylnaphthalene iso- -
- . mers (2,6 and 2.7, 2,3-,
{,5-and 1,4, 1.3- and 1,6-}

£-Methoxy-4’-ethozvazoxy- . 9.5 _15G Benzene, toluene, ethylben- 100
benzene . zane, xylene isomers
[(4-Mezthoxybenzenoazo)-4- 167 212 Mono- and dim=thyinaphtha- 103
byvdroxynaphthalene tolfilate lene isomers . i
Ris{4-metkylene4"-hydrosyazo- 165 84 303 £,2,4,5-Tetratmethylbenzene,
benzene) valerate - i naphthalene, diphenyl ether,

acenaphthere, benzophenone, -
phenanthrene, anthracene
- Phenanthrene, anthracene,
carbazole
Naphthols
Decylbenzene. decylani-
line, decylacetophenone
Ethylene 4,4 -diphenylbis(4- 163 3G2 p-Xylene g-xylene. naphtha- [ §41
methoxybenzoate) [eae, benzo [&]thicphene, 2,7-, -
. 2.6-, I . 5-dimethylnaphtha-
lenes. phenanthrene. anthra-
cene
BMBT 181 320 Mono- and dialkyinaphtha- 13
fene isomers
Azoxybenzene f-cyano-4"-octyl- 60. f1es 135, Cvclohexane, cyclohexene, 17
carhonate benzene, toluene, ethylben-
zene, xylene isomers, pro-
pyibenzene, ethyltoluene
isomers .
BMBT ISE 320 Steroid epimers £33
Azoxybenzene 4cyanc-{-heptyl- 66 130.5 Pentane, hexane, heptane, 134
carbonate octane, nonane, decare . -
Benzene, toluene, ethylben-
zene, x:lene isomers, pro-
pylbenzene, ethyitoluene iso-
mers, chlorotoluene isomers,
dichlorobenzene isomers,
i bromotoluene isomers Lo
BBBT 159 183 303 Polynuclear aromatic hydro- 135
i carbons
Diethyl 4.4"-azoxydicinnamate 136 260 Dodecadienyt and tetradeca- 137
dienyl acetates
Bis(4-methyleae-4"-n-butyl- 195 350 Polynuclear aromatic hydro- 138
benzoyloxyazobenzene} carbons (fluorene, phenan-
threne, anthracene, carbazole;
quantitatively}

(V)]

ta
=
-3

{Continued or: p. 330)
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Stasicrary phare -~ Tropsition fexperaiurs fo Separated substances -
phase (°C) S
- Smectic Nemosic .Chole- Isotro- - T
- = steric  pic i -
N,N'-Terephthalvlidene-bis-- -~ - 112 198 235 - Fluorere, phenanthrene, an- -
(+e-botylaniline) - - - thracene, [-metbyirkenan- - . .
N,N’-Terephthalylidene-bis-. 125 149 248 threne, Q-metby'!an:kz&.._.“" TE .
(&-etiiylanikine}y _ methylanthracene z T -
4-Methoxy4'ethoxyazoxy- - 91.5 156 Paraffin and nag bthene .ngd:o— 130
benzens - carboas, benzere, tefuede.. S
- - cthyibenzene, xylenc isomess .
& &-Azoxydiznisole 120 135 Disubstitur.G bensene ~ ~ E55
W 4-Azoxydi.acuetole 138 168 __ isomesz’ - )
4 4’-Biphenyline bis-{p- 150 211 357
(keptyloxvlbeazcats] . T
2-4-Ethoxvpisenyl}-S-{tethyl- - 153 2i4 Disubstituted henzens . - 156
phenyi)pyrimidine isomers, - aod ypi- - - -
2,5-Bis{4-n-k2axyloxypbenyl) £20 16 coline = -
pyrimidin= - .
2,5-Bis{4-n-hexyipbenyl)- 104 185
pyrimidine
2-Pheayl- 5-(4-n-ocsy'0"ypbcnyi)- 34 162
pyrimidine - )
4—\1&&0“;4’{:&«:1;2@0‘3!!:@— 9i.5 150 Benzsas, tofuene, ethyiben- i57
ene zene, xylene somers ™ -
Bisphenetidylterephthalic Vinyitoluene isomers E
aldehyde Dimethylnaphthalene isomers
{2,6- 2nd 2.7-, 1.6- and i.3~,
2.3-, 1.5 and L&)
2-Meathyl-4"-batyl-4-(4-7-butoxy- %0 175 Ethylbenzene, xytene isomers 152
benzovloxy)a:obenzene Aniscie, methylaniscls 1sc-
2-Mehyl-¥"-methoxy-4{4-n-bu- 108 223 mers -
toxybenzovlow)azobenzene
L{(4-Methoxybenzylidene)- 80 168 Methyiphenois, mathoxyehenols, 161
zminojphenyl acetate chloropherocls and their alicyl
4«(4-Etiioxyphenylazo)phenyi 85 110 ether isomers
taze
4-{4-Ethoxyplenylazo)phenyl 60 119
heptznoate
4-{(4+-Methoxybenzylidenc)- 118 168
aminglpheayl benzoate
4+-Methoxyboizyl4 -amizoazo- 151 i8S Mone- and dimethylphenel 162
benzene - dersivatives
p-Phenylene bis—{-n-heptyloxy- 33 125 i s = Hydrocarbon isomers (e.g., 164
benzoate i cymene) and their deciva-
p—(n—Ezno-yphenyIazo)nhcnyl 110 197 tives (e.g., cresol, methyl-
cretonate i ‘acetophenoze, ch!omphcnol)
Cholestery! cianamate T - 162 216 and terpenes
BPRBT - 247 403 Steroids 165
BPasT 247 403 Mixwure of Sx/f-choles- i66
tan-3z/f-ols
Androstadien-3,1 7-diooe

isomers

3¢ -

LU
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TABLE | (contimued)
Starionary phase - [ -~ Transition temperature to s . . Separated substances - Refs.
) phase (°C) . )
Smectie Nematic-  Chole- Isotro-
i steric  pic
- Monofunctional methyl esters
of cholanic acid, monofunc-
tional cholstans, choles-
terofl .-
Mono-, di- and trihydroxy
and/or ketc methyl esters of -

- cholanic acid and cholesterol
Bis(4-methylene-4~-hydroxy- 165 184 303 Chioronitrobenzene isomers - {67 -
azobenzene) valerate - Polynuclear aromatic hydro-
[-(4Methoxybenzenoazoxy)- 182.5 2% carbons
4-hydroxynaphthalene tollilate Naphthylamines

Mono- and d:nethylnaohtha.—
lenes
4-Cyanobenzoate-Lhydroxy- LIS 94 Naphthylamines, quantita- 168
4'ethylazoxybenzene tively
2-Methyl-4"-methoxy-$-(ethoxy- 125 24 Biphenyl, monochiorobi- 169
benzayloxy}azobeazene phenyis
Naphthals
Naphthylamines
BPRRT 247 493 - 7.12-Benzanthraguinone, L7t
BBBT 159 £:3:4 303 I-,2-,3- and 4-methoxybenz-
anthragquinones
M’onomelhotydzbenz[a,fr}- and
@ lanthraguinones
Mono- and dxmethox}amhra
quinones .
(p-Methoxycmnamyioxy)}-4'~ 167.5 > 340 Z- and E-isomers of phero- I72
methoxyazabenzene mones and related unsaturated
alipharic alcohols and
their derivatives -
BPREBT 247 - 403 Benzolalpyrene and other i7e
tiydrocarbons in cigarette
smoke
BBBT 159 188 303 Polynuclear aromatic hydm— 175
) carbons (3-5 rings}
N.N"-Bis(p-methoxyphenyiben- 247 370 Fluorene, phenanthrene, i76
zylidene)-e,«"-bi-p-t0fui- anthracene, [-methyiphenan-
dyne threne, 9-methylanthracene
Methyichrysenes, chrysene
BPABT 257 403 Benzofalpyrene in petro- 192
[eum produocts (quanuta—
tively)
4-Methoxv-4'-ethoxyazoxy- i H 150 Xylene isomers 193 .
n-Alkoxyphenylcarbonyloxy- Isomers of methyl esters of to- 194

phenyl n-alkoxybenzoates
m-Alkoxyphenyfcarbonyloxy-
(2-aikyl)phenyi n-alkoxy-
benzoates

futg acid

{Continued orc p. 332)
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Stationary pira.e . Fraxsition temperature to . Separated substances - Refs.

o phase (°C)

Smeectic Nemratic Chole-  Isotro- ’

- steric pic
--H-wioxyphenylca:bonyl- Cresol isomers 195
oxyptenyl- - .
n-hexyfoxybenzoate
r-Heotylo cypheaylcarboavioxyphen-
yi n-Geptyloxybenzoate -
r-Octyloxyphenylcarbonyloxyphen-
yl r~octyloxybenzcate
\I-{-t—‘p-Mzhv!benzyioxy)bcnzyl- 131.5 147 - Isomers of disubstituted 196
idenel-p-butylanitine - benzene derivatives
Cholesteryl butyrate Isomiers of aikylbenzenes 197
Cholesteryl cinnamate
Cholesteryl my.istate

Polynuciear aromatic bydro- 53

B3BT (577} and SE-52 -

carbons -

tition coefiicients have been found for various chromatographed substance-liquid-

crymim= stationary phase systems®?>,

By chromarcgraphic methods one can study the character of intermolecular

interaciions of two-component liquid crystal mixtures*® and measure the stability of
hydrocarbon-licuid ¢rystal complexes®®S. It kas been shown that a correlation exists
between the properties of the smectic mesophace-dissolved substance system found
chromatographicaliy and those determineé by IR methods!%%.

By gas chromzatography, making sometimes use of data measured calorimetri-
cally, phass diagrams of liguid crystal-chromatograpied substance systems have
been determined®87125130 it has heen found that the phase diagrams determined
sciely r'urcma.szraphxcady or soiely calorimetrically are in agreement®®. A knowl-
edge oi-phase diagrams of such systems allow us to draw conclusions about the
interaction of the iiquid crysizal molecuiss with 2 chromatcgranhed substance and
about the disturbing effect of the laticy on the ordeneg of :he liguid-crystalline struc-
aure. -

".‘he g:zoncsﬁ tc us gas chiromatdgraphy for ass&ssmg the parameter S, i.e., the
dagree of ordering of the liquid-cryctal molecules, sesms very interesting. For this
purpose tke activity cocfficient, eniropy and eathaipy are used?®? or the partial free
energy difierence’®® of the substances chromatographed on a hquxd-crystal!me
staticnary ;hc.se Such methods are appiied to ciirromatographed substances at in-
" fnite disuntion cut can also be vsed at £aite concentrations. |

A new methad for measuring the polarity of the sabstrate surface by applying

fe trinciples of chromatogranhy has been proposed. By using this method, the
re!auonsmy between the liquid-crystal molecular orientation and the polarity of the
ubstrate surface ctan be elucidated?®s, ;
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9. SUMMARY - - i - - - T L

A survey has been made of the propetties and applications of liquid-crystalline
stationary phases in gas chromatography. In the introduction basic information was
given about liquid crystals. The properties of liquid crystals that allow their .use as
stationary phases were then described. Columns with liquid-crystalline stationary
phases are characterized and the temperature dependence of coiumn retention prop-
erties is discussed. The relationship between the structure of liquid-crystalline sta-
tionary phases and their separating properties is considered. Separations on liguid-
crystalline stationary phases have been given a general treatment, and a2 more detailed
list of liquid—crystalline stationary phases and the separations obtained is given.

NOTE ADDED IN PROOF ) - ~

Recently, various articles on liquid-crystalline stationary phases appear-
ed209——2!?. R
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