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i. INTRODUCTION

Liquid column chromatography (LC) has been intensively developed in recent
years and has become one of the most important separation and analytical methods
for multi-component mixtures of high-boiling and unstable compounds'®. LC is
particularly useful for studies in high-molecular compound chemistry, petroleum
chemistry, biochemistry and medicine.

~ In addition to achievements in high-speed separation theory and in instrumen-
tation, the advances in L.C have been the result of its high selectivity and high ef-
ficiency. Nowadays columns with efficiencies of 50,000—100,000 plates per metre are
available*, and efficiencies up to 250,0007 or even 750,000 theoretical plates® can be
obtained.

The selectivity of columns in liquid adsorntion chromatography (LAC) is often
higher than that in gas chromatography (GC) as separations are usualily pesformed at
lower temperatures (cften close to room temperature) and on more active adsorbents.

LC has exeptional potential for the control of the selectivity of separation. In
GC, substances are separated on the basis of differences in non-specific (mainly dis-
persive} interactions only, or the sum of specific and non-specific intermoiecular
interactions of the substance-adsorbent type (according to Kiselevs classification®).
Retention and selectivity in LC may be determined by a number of different inter-
molecular interactions due to the active role of the mobile phase. In L.C the retention
may be determined mainly by specific interactions (normal-phase chromatography}
or by non-specific substance—zdsorbent interactions (reversed-phase chromatogra-
phy). and also by their combinations.

In this paper-the attempt is made to classify LAC variants according to the
main types of intermolectlar interactions that determine retention.

2. RESULTS AND DISCUSSION

In molecular LAC the retention of substances and the selectivity of their sepa-
ration even in the simplest cases are determined by three types of intermolecular
interactions: substance--adsorbent, eluent-adsorbent and substance—eluent*s.
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CLASSIFICATION OF LAC VARIANTS ACCORDH\G TO THE MAIN 'E'YPES OF IhTER—
MCOLECULAR INTERAC’HO\I ;

spe-cﬁc mtcrac&on, NI = nou-specxﬁc interactios.

Variant  Inzeraction determining Retention d:arzzcteriszz&
No. substance retenticn 7
! Substacce-adsorbent SI (43 High selectivity towards compounds differing in polarity;

2) l'ugh salectivity towards compounds differing in gecmet—
rical structure (isomers and others);
3) group separation of homologous series is possible

2 Substance—adsorbent SI Variation of retention order
and substance—cluent NI of aromatic alky! dexivatives © -

3 Substance—-adsorbent SI Variation of retention order
and substance-eluent Si of polar compounds

4 Substance-adsorbent NI Separation of homologues

5- 7 - Substance-adsorbeat NI Polar substances eiitte earlier
and substance—clueat SI than non-polar substances

When a mixture is used as the eluent the number of possible interactions
increases. However, in certain instances parficular types of interaction predom-
inate!®. In general it may be stated that the total retention in LAC is determined by
specific or non-specific intermolecular interactions both on the adsorbent surface and
within the liquid mobile phase, the latter decreasing the total substance retention. In
Tzble 1 variants of LAC are given where one or two types of interactions pre-
Jdominate. This classification is supported by some experimentai results.

Selectivity towards various classes of compounds in the different variants will

be dztermined by changes in the free energy of sorption, A(4F}, aecordmg to the
foﬂowmg relationship:

AAF) = —RT In ta/t,, , (1)

wlhiere ¢, is the retention timme of the substance under study and ¢,, is the retention time
of a standard substance, usually benzene. Values of A(4F) are determined from the
retention ratio of the compounds obtained under identical conditions and often from
thz same chromatogram, and therefore can be calculated with good accuracy.

According to changes in the 4(4F) values of benzene derivatives (relative to
benzene) the selectivity of a chromatographic systern towards a given class of com-
pounds can be estimated. As the eluent usually plays am active role in LC, it is
necessary to consider the sclectivity of the system as a whole and not only tha: of the
adsorbeni.

Variant 1
For the first case of chromatography on a polar adsorbent (for example,
nydroxylated silica gel) with 2 non-polar or weakly polar eluent, the retention of
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Fig L. (a2} Chromatogram of cklorophencls on z 20 x 0.4 cm [.D. column of C-3 silica gel (s =~ 260 m3/g),
particle size 10~f5 pm. Eluent: hexane—chioroform-isopropanol (78:20:2). (b) Chromatogram of bromo-
phenols. Conditions zs in (a).

polar substances without long hydrocarbon chains is mainly determined by specific
substance-adsorbent intermolecular interactions.

The non-specific interaction of the methyl and methylene groups of the ad-
sarbate with the adsorbent does not play an important role as these groups are also
available in hydrocarbon eluents. The contribution of non-specific substance-eluent
interactions in this instance is also small compared with specific substance-adsorbent
interactions.

As the specific interactions are of orientational charocter, the retention is de-
termined not only by dipole moments but also to a great extent by the accessibility of
polar groups and by the orientation of molecules relative to polar groups on the
adsorbent surface. A high selectivity of separation of isomers and other compounds
having a spacious structure is observed in this variant. For example, LAC on a polar
adsorbent and in particular on hydroxylated silica gel when using a noun-polar or
weakly polar eluent provides a goed separation of ¢-, n- and p-isomers of aromatic
compounds®’.

The selectivity towards such isomers in LC is much highsr than in GC with the
same silica gel because in LC the separation is due only to differences in specific
interactions between the sample substance and polar groups of the adsorbent®’. Here
the screening of polar functional groups plays an active role, the retention of artho-
substituted derivatives being usually considerably smaller (Fig. 1).

- If two polar functional groups in orthe-positions are able to participate in
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Fig. 2. Caromatogram of polyhydroxybenzenes on 2 20 x 0.5 cm I.D. columa of C-3 siica gel. Eluent:
hexane—chloroform—-isopropanal {78:20:2).

intramolecular bonds (hydrogen bouds in particular), the retention is also decreased
(Figz- 2) as specific substance-adsorbent interactions are weakened. The A(AF) values
for phenol derivatives are pyrocatechol + 530, pyrogallol —640, resorcinol — 3800,
hydroquinone —4940 aad phloroglucino! —8660 J/mole. The influence of intramolec-
ular hydrcgen bonding on the decrease in 4(4F) values may be estimated by the
difzrence-of the values for hydroquinone and pyrocatechol, phloroglucinel and py-
rogallol. Benzene derivatives on the same silica gel elute in the following sequence:
benzene, toluene, chlorobenzene, anisole, nitrobenzene, methyl benzcate, benzoni-
trile, acetophenone, benzilic alcohol and phenol. -

This variant is characterized by the following features:

(a) high selectivity of separation of the compounds according to their elec-
tronic structure, f.e., the separation of compounds that differ in.the nature of their
polar functional groups is riarked by high selectivity; gradient elution is often neces-
sary for the separation of ccmpounds that differ considerably in polarity??; .

(b} high selectivity of sepa.atlon of molecules that differ in gcometm:al struc-
ture (inclading isomers); .

(c) alky! denvatg...\ dlﬁ‘enng in their methyi ar methylene graup coutent oniy
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“are not usually separated in this variant; this applies particularly tc homologues with
_only slight changes in the electron density distribution; this drawback becomes an

advantage as it allows a group separation of alkanes, naphthenes and different ar-
_omatic hydrocarbonsmheavy hydrocarbon fractions to be achieved!3;

: (d) n thig variant the adsorptlcm properies of polar adsorbents may vary with
time owing to adsorptica of water or other strongly polar substances present in the
eluent. Under constant conditions, equilibrium is usually reached between the eluent
and the adsorbent and the column is stable; when the temperature and the eluent
composition are changed this equihbnum is upset“' the column should be regene-
rated if contamination is observed.

Var.ant 2

For the separation of alkyl derivatives when the methyl and methylepe sub-
stituents change, the molecular electron density (in particular for benzene and naph-
thalene derivatives when eluting with n-hexane on a silica ge! column) the retention
may be determined by both specific substance—adsérbent and nen-specific substance—
eluent interactions'S-1€.
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Fig- 3. Dependence of logarithm of capacity ratio (k) on the number of carbon atoms (1) in methyl-
substituted benzene molecules. Column, 3¢ x 0.6 cm I.D., KCC-4 shiica gl (s =~ 560 m?/g), particle size S~
8 ym; temperature, 25°C; eluent, hexane; flow-rate, 3.5 cm¥/min; detector, UV. -
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Aaikyi substzsuents in aromatic hydrocarbons (alkylbenzenes, alkylnaphtha—
!enes) influence: the electron depsity distribution in the benzene ring; aithough-this
mﬁuence-xs not strong it acts in differént ways and, consequently, may change the
speqzﬁc intermolecular interaction of the | benzene ring with the hydroxyl groups of the
silica gel surface. In n-alkylbenzenes the influence of lengthening of the alkyl chain on
the eiectmn ‘density distribution in the benzene ring becomes negligible. However, in
this instance an increase in the coatribution of the substance-<hztnt intermolecular
interaction, f.e., between the alkyl chain of the substttuted_ ar¢matic hydrocarbon
molecules and the n-hexane molecules, would be expected. This also influences the
oricntation of such molecules on the surface. These effects are siazll and an efficient
column is required in order to observe them.

The influence of the number of substituted methyl groups in the benzene ring
{2} on the strengthening of the specific adsorption of polymethylbenzenes on silica gel
from solutions can be seen from the approximate!y linear increase in log &, mth rrfor
this series of compounds (Fig. 3). .

. A different dependence of log &_ on n is observed for monoal!cyfbenzeue ad-
sorption (starting with ethylbenzene). For ethylbenzene the second group in the alkyl
chain, CH;, has only a very small influence on the electron density distribution in the
benzene ring (the negligible decrease in dipole moment of the ethylbenzene molecule
compared with that of toluene illustrates this effect). For propyl-, butyl- and amyl-
benzenes the electron density distribution in the benzene ring remains almost vn-
altered; therefore, the contributions of specific intermolecular interactions of these
compounds (starting with toluane} with the silica gel surface should be similar. How-
ever, with lengthening of the alkyl chain the contribution of specific substance—clueat
interactions increases. As a result, the total energy of adsorption on silica gal from the
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Fig. 4. Separctica of aikyl derivatives of beazzne and naphthalene. Conditions zs in Fig. 3.
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solutions becomes smaller. In accordance with this, the experimental data show that,
starting with ethylbenzene, the retention of mono-n-alkylbenzenes decreases mono-
tonously, which provides an unusual retention order of alkyl derivatives with Iong
chains (Fig. 4).

We can determine the differences in the variations of the free energy of adsorp-
tion from r-hexane solutions on silica gel, 4(4F), for various polymethylbenzenes
relative to benzene. The A(4F) versus r relationship is close to linear, Z.e., the contri-
butions of CH, groups are additive. Variation of the A(4 F) value for one CH; group
replacing a hydrogen atom in the ring is, on average, 550 J/mole. This value cor-
responds to the effect of CH; substitution on the electron density distribution in the
benzene ring, increasing its capability for specific intermolecular interactions with
silanol groups on the silica gel surface. The influence of the variation in the sub-
stance—eluent intermolecular interactions (per CH, group) on the decrease in reten-
tion in the mono-1-alkylbenzene series may be estimated in an analogous way. The
corresponding decrease in the A(AF) value due to the increase in the non-specific
adsorbate—eluent intermolecular interaction and the possible weakening of the specific
adsorbate—-adsorbent intermolecular interaction per CH, group is 190 i/mole.

Varianr 3

When in the normal-phase variant a polar eluent is used (which is usually a
mixture of a non-polar or weakly polar eluent with a strongly polar eluent), the
retention may be determined by specific substance—adsorbent and specific substance—
eluent interactions, especially when high concentrations of polar eluent are added.

Scott and Kucera®™ showed that with low concentratioas of a polar eluent an
adsorbed monolayer of the eluent molecules is formed on the adsorbent surface, and
with high concentrations several monolayers may be formed'®. In this instance the
retention of substances is considerably weakened owing to the adsorption of polar
eluent molecules on the surface of the polar adsorbent. Adsorbate molecules may
force polar molecules out of the adsorbent surface (some energy is consumed in this
process and therefore the retention decreases) or they may adsorb on the monolayer
of these polar molecules. If the concentration of polar molecules in the eluent is high.
variant 3 may be expected.

Fig. 5 shews that the retention order of phenol and anilize on hydroxylated
silica gel may change with variation in the concentration of the polar eluent (in
particular an alcohol) added. With low alcohol concentrations (1 94), the specific
substance—eluent interaction is small and phenol is retained more strongly than
aniline. With high isopropanol concentrations (S9) the specific substance—eluent
interaction (hydrogen bond) piays an important role; the latter appears to be stronger
for phenol and consequently the retention order changes. With intermediate concen-
trations (3 %) aniline and phenol are not separated.

With non-polar adsorbents and strongiy polar eluents (especially water-ai-
cohol mixtures) reversed-phase chromatography takes placeS. In this instzace the
compounds with non-polar (methyl and methylene) functional groups are more
strongly sorbed by the non-polar sorbent surface from a polar eluent. The com-
pounds are mostly retained on the surface owing to adsorption by non-polar groups.
Polar groups merely decrease the retention as they interact with polar groups of the
eluent molecules and this interaction ternds to carry the molecule from the adsorbent
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Fig. 3. Separation of phenol 2ad ariline on a columa (10 x 0.4 cm LD.) of C-3 silica gel, particle siza
10-15 ym_ Flow-rate, 1.5 cm>/min; temperature, 25°C; eluent, hexzme-isopropanol. Conceatration of
isopropanel in hexane: (2) 1 %; (b) 3%: (c) 5°%.

surface into the mobile phase. Thus in reversed-phase chromatography the retention
is determined by nonr-polar pon-specific substance-adsorbent interactions on the ane
hand and by polar specific substance—eluent interactions on the other, the latter
decreasing the reiention.

This variant is charactcrized by the following features:

(a) strongly polar substances are retained weakly, being eluted earlier than
non-polar substances; stroagly polar substances in the normal-phase variant are re-
tained strongly and stepwise or gradient elution is required for analysis, whereas in
the present variaat strongly polar substances elute rapidly;

(b) substance—eluent interactions show up most clearly; variation of the nature
of the eluent may sometimes change the retention volumes and the selectivity of
separation o a greater extent than variation of the nature of the adsorbent; -

{c)} columns in reversed-phase chromatography have a long service life; under
proper operating conditions they may be used as long as reguired.

The retention regularities are often correlated with the solubiiitiss of the sub-
stances in the mobile phase. However, the solubility is determined by substance—
eluent intermolecular interactions. In the given instance selectivity is determined by
methyl group adsorpticn. It has been shown!? that the selectzwty of carbon ad-
sorbants is higher.

In reversed-phase chromatography two variants (4 and §, below) from those
listed in Table 1 may be realized.
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Fig. 6. Chromatogram of benzene derivatives on a 10 x 0.6 cm L.D. column of KCK-2 silica ge (Cy
bondsd phase); temperature, $0°C; eluent, watzr—isopropanol (3:2}.

Variant 4
When using non-polar adsorbents and strongly polar eluents, the separation of
non-polar and weakly polar substances is mainly carried out due to non-specific
interactions substance-adsorbent. This is used for the separation of homologues by
1022

LC. Numerous examples may be found in the literature .

Variant 5

Retention of substances due to non-specific substance-adsorbent and specific
substance-eluent interactions takes place in the system non-polar adsorbent-strongly
polar eluent—polar separated substance.

For the chromatography of compounds having polar functional groups (oo a
non-polar adsorbent from a polar eluent), the intermolecular interaction of these
compounds with the eluent is important. However, this intermolecular interaction is
of a specific character and it is determined mostly by the formation of hydrogen
bonds between =-bonds or polar functional groups of polar compounds and polar
groups of the eluent?3. The contribution of polar compound-eluent intermolecular
interactions to the total intermolecular interaction of the given compound with the
adsorbent and the eluent may be considerable. It may be increased if substances
capable of stronger specific intermolecular interactions are added to the polar
eluent™*.

The influence of intermolecular interactions between aromatic hydrecarbons
and a polar eluent on retention volumes and separation selectivity on silanized silica
gel can be easily established using derivatives differing in the nature of their polar
functional groups. The influence of intermolecular interactions of these derivatives
with a polar eluent may be estimated relative to benzene and toluene and their deriva-
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tives havmg p{'}l&x functional groups in parag-positions. Flg. 6 shcws the cnromato—
gram of benzene derivatives. ;

) The interaction of polar functional groups of benzene denvam«es with the
polar groups of ihe eluent decreasss their retention volume and the}' elutc earher than
benzene. .

Increments in the five energy of adsorption per pold functnona{ group are
given in TFable 2.

_Intramolecular interactions (intramoiecalar hydrogen bonding in partrutar)
‘have a strong influence on substance retention and separation selectivity. Intramolec-
ular hydrog=n bonding weakens specific substance—cluent imeractions. In mono-, di-
and trihydroxy benzenes the intramolecular hydrogen bond plays a pa.ruauiarly im-
poriant role (Table 2).

Trihydroxybenzene isomers (phloroglucinoi. pyrogalicl) differ consxdetabty in
their retention times, because in the pyrogallol molecule the hydroxyl groups, being
in ortko-positions relative to each other, may form an intramolecular hydrogen bond,
so that the specific intermolecular interacticn with the eluent is weakened and pon-
specific interaction with the adsorbent is increased. In the phloroglucinol molecule all
hydroxyl groups are in meta-positions relative to each other, so thart they are free and
cannot enter the intramelecular bydrogen bozd. They thercfore form a strong inter-
molecular hydrogen bond with the hydroxyl zroups in the eluent molecule (water and
alcohol). In this instance the retention order Jf hydroxybenzenes is the reverse of that
m variant 1.

TABLE 2

RELATIVE VARIATIONS OF FREE ENERGY OF ADSORPTYION, 4(4F), ON SILANIZED
SILICA GEL WHEN ELUTING WITd WATER-ISOPROPANOL (4:1} AT 50°C

Flow-rute: 1 em?/t *n (relative to beno:ne and phenol)

Cormpound Functional group ™ A(AF) (f|mole)

Benzernr derbatives
Aniline NH, 2780

. Phenol OH . 2359
Benzyl alcohol CH.OH 1660
Agaisole OCH, ) 1540 .
Acetophenone COCH; 1330

" Benzaoupitrile . CN 997

Nitrobenzens ) NQ, 360
Flzorobenzene F —437
Tolune _ CHj — 1480
Chlorobenzane Q —~1730
Bronickanzene Br —1819
lodobeazene I 2450

Pheno! derivatives i -

Phloroglucinel OH (2) 3050 -
Eydroquinone oH - ) 3960
Resorcinel OH - 2366
Pvrozatechol OH 1640

Pyrogallol OH (2 . . T3z
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__ Finally, it should be noted that conditions may be created such that interac-
tions with the adsorbent do not take place. In this instance the retention of a sub-
stance in the column will be determined by the void volume (dead volume) accessible
to the molecules (gel permeation chromatography?3).

In conclusion, modern column liquid chromatography with high column ef-
ficiency possesses wide possibilities for the variation of tte selectivity of separation; it
makes the method exclusively applicable to the separation and analysis of multi-
component mixtures including high-molecular-weight and unstable compounds.

3. SUMMARY

Classification of liquid adsorption chromatography variants according to the
main types of intermolecular interactions responsible for retention is discussed. Five
variants are specified in which retention is determined by combinations of specific and
non-specific intermolecular interactions of the types substance-adsorbent, eluent—
adsorbent and substance—eluent. The classifications are supported by examples.
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