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SUMMARY

The surface of the macroporous silica adsorbent Silochrom has been modified
with layers of carbon and an organosilicon polymer and the modified adsorbents
have been used in liquid chromatography with strongly and weakly polar eluents.
Hydrocarbons and their derivatives with a large hydrocarbon nucleus are eluted from
the column in order of increasing molecular weight and in order of increasing size of
the hydrocarbon nucleus of the derivatives. This effect is caused by the increase in
adsorption energy with increase in molecular size and corresponds with measurements
of heats of wetting and adsorption isotherms for fatty alcohols and acids from alccholic
and aqueous solutions on charcoal and carbon black. When the polar eluent is re-
placed with a non-polar eluent, the same weakly specificadsorbent separates substances
according to its capability of efiecting specific :ntermolecular interactions with the
functional groups. The term “‘reversed-phase chromatography’ is not an zeccurate
description of the adsorption process in this separation.

INTRODUCTION

In adsorption liquid (liquid-solid) chromatography, different specific! ad-
sorbents, namely silica gels and aluminas, are usually used. Separations on such spe-
cific adsorbents are determined mainly by specific intermolecular interactions of the
functional groups of the molecules of the components to be separated with hydroxyl
groups and other sites of specific adsorption on the surface of the adsorbent. It is
also customary to assume’ that adsorption liquid chromatography cannot be used
for the separation of homologues and substances that difier in molecular weight.
True, alkanes and other compounds that differ in the number of alkyl groups in the
molecule are not separated on polar adsorbents when eluted by non-polar or weakly
polar solvents.

* Presented at the 5th Scviet-Italizn Chromatography Symposium, Tellinn, April 22-25, 1975.
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F:g. 1. Isotherms for adsorption of phenol: (2) from n-hepiane solutions on wide-pore silica gel;

(b} from aqueous solutions on channel carbon black.

The study of heats of wetting with solutions® and adsorption from solutions®—°
oa which the adsorption liquid chromatography is based shows the following, how-
ever. (1) Adsorption of a particular substance occur on both specific and non-specific
adsorbents if an appropriate solvent is used (non-polar ins the former and polar in the
latter instance). Fig. 1 shows a comparison of such adsorption isotherms (plotied
according to the data of refs. 4 and 5). (2) An increase in the number of carbon atoms
in an organic molecule that contzins a polar functional group sharply increases the
adsorption from solutions in polar solvents on non-porous and porous non-specific
adsorbents. This is shown in Fig. Z (data taken from ref. 6). (3) An increase in the size
of the hydrocarbon nucleus of a molecule that contains a functional group resulis in
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Fig. 2. Dependence of Gibbs’ adsorption valuss, 1%, for fatty acids on Spheron-6 carboz black from
aqueous solutions at an equilibrium concentration of cx~ 0.615 mmole/ml on the number of carbon
atoms in the molecule, n¢.
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Fig. 3. () Adsorption isotherm for octadecanol from solutions in methanol on wide-pore charcoal;
{b) corresponding dependence of heat of wetting of this charcoal by solutions of octadecano!l in
cthanol on concentration.

positive adsorption and a larger energy of adsorption of higher homologues from their
solutions in lowsr homologues. This eifect can be seen in Fig. 3 (comparing data from
ref. 3).

Hence the extent of adsorpticn (at low concentirations) and the heat of adsorp-
tion from solutions in polar solvents increase with increasing molecular weight on
non-specific and weakly specific adsorbents. Therefore, the so-called “reversed-phase
chromatography™ technigue is based, from the point of view of the theory of adsorp-
tion from solutions, simply on the positive adsorption of less polar organic substances
from a more polar solvent on a non-specific or weakly specific adsorbent, or on the
positive adsorption of a substance that has the same polar functional group as the
solvent, but a larger hydrocarbon nucleus. Hence there is no reason to introduce a
special term such as “reversed-phase chromatography™. Adsorption liquid chromato-
graphy of any type is based on intermolecuizr interactions of the components of the
solution with the adsorbent and the eluent. In “reversed-phase chromatography™,
non-specific intermolecular interactions of the components with the adsorbent
mainly take place.

In 1948, Boldingh’ first used this choice of adsorbent and eluent for liquid
chromatography for the separation of the methyl esters of fatty acids. Recently, this
choice has been used to separate condensed aromatic substances®™ !, vitamins'®!2,
insecticides!?, antibiotics!?, steroids® and many other substances. In this connection,
the study of the possible application of adsorbent supports (i.e., supports with a high
specific surface area) modified with layers of non-polar or weakly polar substances is of
great interest. In this work, we modified an adsorbent support (macroporous silicaj
with lavers of pyrolytic carbon and layers of an organosilicon polyvmer.
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SILOCHROM COVERED WITH A LAVYER OF CARBON

The method of maodification of silica adsorbent surfaces by carbonr layers® is
based on the catalytic conversion of benzene accompanied by the formation of carbon
deposits on the support surface heated to 708-850°. The modified adsorbents are

rechanically strong and, as far as their surface chemistry is concerned, they are similar
to carbon adsorbents.

The macoporous sifica Silochrom C-280 was used as the adsorbent support’s,
Its surface was covered with a layer of pyrolytic carbon at a level of ca. 5 mg/m? at
850°. The adscrbent obtained was named Carbosilochrom. Liquid chromatography
was carried out with a dielectric capacity detector, using a2 350 X 3 mm LD. column
filled with adsorbent (particle size 80-160 zm). Diethyl ether, n-hexane and isopro-
pano! were used as eluenis. Capacity factors, K, (the ratio of the corrected retention
time of a substance being investigated to the retention time of a virtually non-adsorb-
ing substance’® characterizing the distribution of the adsorbate in the adsorbed layer
and in the liquid mobile phase of the column) were determined. Adsorption processes
in liquid chromatography are competitive!’, and the retention of organic molecules
therefore depends greatly on the nature of eluent used. The capacity factors for the
adsorption of some substances from different cluents on to modified Silochrom are
given in Table I.

TABLE!

CAPACITY FACTORS OF DIFFERENT ADSORBATES ON A COLUMN PACKED WITH
SILGCHROM MODIFIED WITH A CARBON LAYER USING THREE ELUENTS

Adsorbate K.

n-Hexane  Diethyl ether  Isopropanol

n-Nonane 0 0 0.2
n-Teiradecane — 0 0.5
r-Hexadecane — 0 1.0
n-Hepiadecane — — 2.1
Eenzens 3] 0 (4]
Di-n-propyl ether 0.8 — —
Acstone 35 0 0
isobutanol 4.7 — —

With the non-polar eluent n-hexane, strong retentions of acetone, ester and
zlcohol molecules were observed, due either to insufficient modification of the
adsorbent support surface with the carben layer or o polar groups on the surface of
the carbon film itself interacting specifically with polar molecules.

When the more polar elucnts diethyl! ether and isopropanol are used, their
zdsorption energy is near to that of acetone and acetone is therefore eluted from the
column with almost the same retenticn time as that of the eluent {{.e., £, = 0). The
influence of the polarity of the eluent on the retenticn of alkanes is opposite to that
on acetone: when using isoprepanol as the eluent, the adsorption of alkanes is posi-
tive. In this instance, an increase in the numbszr of carbon atoms in the meolecule
causes an increase in the non-specific intermolecular interaction of alkanes with the
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carbon surface and selectivity of the adsorbent towards hydrocarbon homologues is
observed.

Fig. 4 shows that the retention of rz-zikanes in z column filled with Carbaosilo-
chrom when they are eluted with isopropanol increases very rapidly with an increase
in the number of carbon atoms, x¢, in the n-atkane molecule. For 2 more rapid elution
of higher alkanes (nc > 17} from the column with this adsorbent it is necessary to
decrease the polarity of the eluent, isopropzanol, by adding to it a less polar component
such as diethyl ether or s-hexane.

In order to separate wide fractions of high-boiling n-alkanes, gradient elution
using isopropano! and a non-polar component can be used.
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Fig. 4. Dependence of capacity factors, K., on Carbasilochrom on the number of carbon atoms in
r-alkane molecules. Eluent, isopropanoi.

SILOCHROM COVERED WITH AN ORGANOSILICON PFOLYMER CHEMICALLY BOUND
TO THE SURFACE

Another means of modifying the surface of Silochrom C-8Q is the chemical
reaction of the silica surface with a weakly polar organosilicon polymer. We used a
Perkin-Elmer 1220 liquid chromatograph with a UV detector and a stainless-steel
column, SO cm x 2.6 mm [.D. A mixture of water and methanol in different propor-
tions was used as the eluent.

Figs. 3-7 show separation of some alkyt derivatives of benzene, naphthzalene
and phenol. It can be seen that the order of elution of the alkyl derivatives is deter-
mined by the number of methyl groups in the molecule. It is noteworthy (Fig. 7a)
that with the same number of methy! groups, the dimethyl ether of phloroglucinol is
etuted from the column earlier than p-xylenol {2,5-dimethyi-i-hydroxybenzene} in
spite of the higher molecular weight of the former. The lower retention of this ether
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Fig. 5. Separation of polymethylbenzenes on an organosilicon polymer film deposited on Silechrom
C-80. Eluent, methanol-water (i:1), flow-rate 1.1 ml/min; 50°; UV detector (254 nm).
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Fig. 6. Separation of methylnaphthaienes on organosilicon polymer film depasited on Silochrom C-89.
Conditions are as in Fig. 5.



LC'ON MODIFIED MACROPOROUS SILICA 263

OH OH o ;
o | o &
CHG OCH3 £ CH; CH3
f o oH
| _cu. /@;s{;
CHz ; CH3
CH3 CH3
oH
3
I CH;
: J k
3 J 1 3 3 I3 i 1 k3 3
(o] 5} ° Q 5 10
min
a o]

Fig. 7. Separation of mathyl derivatives of phenols on organosilicon polymer film deposited on Silc-
chrom C-80. Elusnt, mathanol-water (3:7), flow-rate 1.4 mi/min. Other conditions as in Fig. 5.

compared with that of p-xylenol is due to the larger nuwmaber of oxygen atoms in its
molecule, which causes an increase in the interaction of the molecules with the mole-
cules of the polar eluent (methanol and water). With amino derivatives of benzene and
diphenyl, an increase in the retention is observed with increasing molecular weight and
number of methyt groups (Fig. 8).

The retention volumes of zalkylbenzenes when separated on non-specific
adsorbents depend strongly on the nature of the eluent. When the methanol content

NHz

min

Fig. 8. Separation of aromatic amines on organosilicon polymer film deposited on Silochrom C-80.
Eluent, methanol-water (15:85), flow-rate I ml/min. Other conditions as in Fig. 5.
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of the methanol—water eluent is increased, the retention volume decreases (Fig. 9a),
owing to the increase in the interaction between the alkyibenzenes and the eluent.

The selectivity of the separation of toluene and benzene and, correspondingly,
m-xylene and benzene, also decreases for the above reasons when the methanol content
in the eluent is increased (Fig. 9b). With an increase in the number of methyl groups
in alkylbenzenes and alkyinaphthalenes, the selectivity of the separation of benzene
and its alkyl derivatives {and correspondingly of naphthalene and its alkyl derivatives)
increases. The same results are observed for p-cresol and other methyl-substituted
phenols {Fig. 10).
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Fig. 8. Dependances on eluent composition (percentage of methanoi in water) of: {a) retention vol-
umes of benzene (1), tolueas {2) and m-xyisne (3) on organosilicon polymer film depaosited on Silo-
chrom C-80; (b) selectivity cosfiicients, «: toluene/benzene (1) and m—xylene/benzene (2) on organo-
silicon polymer film depasited on Silochrom C-80.

Fig. 11 shows that the selectivity of the separation of benzene and toluene
and also that of benzene and m—xylene decreases with increase in temperature. However,
the influence of temperature is not large compared with that in separations due to
specific interactions®®. The decrease in the retention volume of toluene with increase
in temperature depends on the proportions of water and methanol in the eluent
(Fig. 12). The greatest decrease is observed when the proportion of methanol is 369,

he logarithms of the retention volumes of alkylbenzenes and alkyinaphthalenes
increase approximately linearly with the number of carbon atoms in the molecule
(Fig. 13). It should be noted that if under these conditions toluene is retained more
wazakly than naphthalene, m-xvlene is retained more strongly than naphthalene. In all
instances, the separation occurred mainly due to the high energy of the non-specific
intérmolecular interaction of hydrocarbons and their derivatives with the weakly
specific adsorbent. However, it is possible to seperate polar molecules also owing
to their specific intermolecular interactions with weakly specific adsorbents and with
mixed specific and non-specific adsorbents if a2 non-pelar eluent is used. For instance.
nitroanilines are eluted by m-hexane on Silochrom modified with a weakly polar
organosilicon polymér in the order orthio~, meia- and para-isomers. When polar iso-
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Fig. 10. Dependence of selectivity coefiicient, o, on the number of methyl groups, Icus, fOr aromatic
hydrocarbons and their derivatives on organositicon polymer film deposiied on Silochrom C-80
jeluent, methanol-water (1:1); 50°}: (2) methylbenzenes relative to benzene (@) and methyinaph-
thalenes relative to naphthalene (O); (b) methyl-substituted phenols relative to p-cresol (O) and,
for comparison, methylbenzenes relative to toluene (§).
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Fig. 11. Dependence of selectivity coefficient, a, on temperature for toluene (1) and m-xylene (2}

relative to benzene on organosilicon polymer film deposited on Silochrom C-80. Eluent, methanol-
water (3:7).
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Fig. 12. Dependence of retention volume of tcluene on organosilicon polymer film deposited on
Siiochrom C-80 on temperature with different methanol-water eluent compositions: 1, 3:7; 2, 1:1;

~

3, 7:3.

lOg VR

ral - /

OCGHZ(CH3)¢ X CigHgl{CH3)a
121

CeMa(CHaly 0
11
X Cyohly ~CH4
Tor O CeHA(CH3),
oo
K CioHe

o’ CgHs —CH3 /

osh /

o7 r

/04:6;45
06
i —2 L] H ] 3 13
6 7 8 S 10 1 12

g

Fig. 13. Dependence of logarithm of reiention volume on organosilicon pelymer film deposited on
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propanoi is added to the n-hexane, the retention volumes decrease. The best separa-
tion of pitroaniling isomers was obtained with n#-hexane containing 0.2% of isopro-
panol as the cluent.

The results obtained are in agreement with the fact that retention volumes and
separation selectivities in liquid chromatography are determined not only by inter-
action of the component with the adsorbent but also by its interaction with the eluent
and by interaction of the eluent with the adsorbent'’. By changing the relationship
between the energies of these interactions, simply by altering the nature or composi-
tion of the eluent, one can achieve a transition from chromatography with 2 non-polar
or weakly polar eluent to that described in this paper, viz., chromatography with a
polar eluent and the same weakly specific adsorbent. In fact, if the difference in the
intermolecular interaction energies is due mainly to a specific interaction of polar
functional groups of the component molecule with the adsorbent (the non-specific
interaction of its alkyl groups is simiilar to that for corresponding non-polar eluents
such as alkanes), then the process usually considered as a2 “common’™ variant of liquid
chromatography takes place. Conversely, when this difference in intermolecular
interaction energies is due mainly to a non-specific interaction of the hydrocarbon part
of the molecule with the adsorbent (the specific interaction of polar functional groups
of the component being similar to those for polar eluents), then the process that is
called “‘reversed-phase chromatography’ occurs. This indicates that the term “‘re-
versed-phase chromatography” is not an accurate description of the adsorption pro-
cess in this separation.

One should take inio account that adsorption chromatography on weakly
specific and mixed adsorbents with elution with polar eluents can occur oaly in the
separation of non-polar molecules or molecules with a large hydrocarbon nucleus.
In the separation of polar molecules with a small hydrocarbon nucleus, a non-specific
interaction between the component and the adsorbent and a specific interaction be-
tween the component and the eluent will mainly take place. For polar molecules of a
component with a small hydrocarbon nucleus the latter interaction decreases the re-
tention volumes of these components. The correlation between the iniermolecular
component-adsorbent, eluent-adsorbent and component-eluent interaction energies
should always be taken into consideration and not simply such an indirect parameter
as the solubility of the component in the eluent?%, which may give no information
on the interaction of the component with the adsorbent. Attempts to explain the re-
tention differences in series of substances in terms of their different solubilities in a2
particular eluent have repeatedly been made'®%. Such an explanation, however, can-
not be adequate as retention in adsorption liquid chromatography is caused not
simply by interactions of the component and eluent molecules but mainly by the inter-
actions of component and eluent molecules with the adsorbent.
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