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a b s t r a c t

The chromatographic properties of four cholesterol bonded phases with different structures were studied.
The columns used were packed with a stationary phase containing a cholesterol molecule attached to the
silica surface using different types of linkage molecules. As a basic characteristic of the bonded phases
the hydrophobicity and silanol activity (polarity) were investigated. The presence of the polar amino
and carboxyl groups in the structure of the bonded ligand strongly influences the polarity of the bonded
ey words:
holesterol bonded phase
ydrophobicity
ilanol activity
eparation selectivity
lkylbenzenes

phase. Columns were compared according to methylene selectivity using a series of benzene homologues
and according to their shape and size selectivity using polycyclic aromatic hydrocarbons (PAHs). The
measurements were done using MeOH–water and ACN–water mobile phases. The presented results
show that the coverage density of the bonded ligands and length of the linkage strongly influence the
retention and selectivity of cholesterol bonded phases.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

The cholesterol bonded phase is a unique separation material
1–3]. This type of bonded phase can be successfully used to sepa-
ate mixtures by both chromatographic modes: normal phase (e.g.
teroids) as well as reversed phase (hydrophobic sample, e.g. PAHs)
1,4–6]. Cholesterol bonded phases have high resolving power in
ome applications which may be connected to their liquid crys-
al properties [7–9]. Another advantage of cholesterol stationary
hases is the possibility to use it with highly aqueous mobile phases
ithout any evidence of bonded phase collapse that drastically

educes solute retention [1,2]. The bonded phase hydrophobicity,
easured by standard tests, (e.g. Engelhardt et al. [10], Walters [11],
alushko [12] and others [13,14]), exhibit similar properties to typ-

cal octadecyl bonded phases. However, the control of the coverage
ensity and presence of a polar group in the linkage make it possible
o obtain cholesterol packings with different hydrophobic–polar
roperties.

A few methods of cholesterol bonded phase synthesis have been

eveloped. Those methods include silanization and hydrosilation
rocedures. During the silanization procedure an organo-silane is
ttached to the silica surface. The cholesterol ligand may be directly
onded during the silanization procedure [15] or the silica sur-

∗ Corresponding author. Tel.: +48 56 611 43 08; fax: +48 56 611 48 37.
E-mail address: bbusz@chem.uni.torun.pl (B. Buszewski).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.08.064
face may be modified with an aminosilane, which is reacted with
cholesteryl chloroformate in the second step [4,9]. Synthesis of a
bonded phase on a hydride silica surface, leads to the formation
of a direct Si–C bond [2,16]. Regardless of the synthesis method-
ology, some electronegative atoms (oxygen, nitrogen) are present
in the ligand structure. The presence of polar groups in the bonded
ligands, e.g. ether, carbamate, ester, has an influence on the reten-
tion properties of these phases [17]. Thus the retention mechanism
is linked to the bonding type of the unit carrying the cholesterol
(i.e., monomeric vs. polymeric, carbamate vs. ether bonding, etc.)
[15].

After chemical modification any non-reacted or non-shielded
residual silanol groups present on the silica gel surface may affect
the retention of hydrophilic compounds by strong polar inter-
actions. Modification or shielding of the residual silanol groups
usually decreases the retention of polar solutes and improves their
peak shape. Accurate determination of polar interactions (silanol
activity) is important for the characterization of stationary phase
properties, but its measurement is less straightforward than the
characterization of hydrophobicity [10,12,18].

Hydrophobic selectivity tests are most often based on the
relative retention of compounds differing in the size of the non-

polar hydrocarbon part of the molecules, e.g. benzene and their
homologues) [14,19–22]. The dependence of the logarithm of the
retention factor of a solute, log k, on the volume fraction of the
organic solvent in a binary aqueous–organic mobile phase, ϕ, can
be described, to a first approximation, by a simple linear solvent

dx.doi.org/10.1016/j.chroma.2010.08.064
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:bbusz@chem.uni.torun.pl
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Fig. 1. Structures of the cholesterol bonded phases (A) Amino-cholester

trength model equation [19,23–25]

og k = a − mϕ (1)

here a is the logarithm of the retention factor extrapolated to pure
ater (log kw) and m is the parameter characterizing the effect of

he organic solvent on the retention.
Polycyclic aromatic hydrocarbons are useful solutes for deter-

ining the selectivity of stationary phases and their molecular
hape recognition [26–30]. The properties of cholesterol pro-
ide for sufficient separation of PAHs and other planar molecules
1,31]. Thus, the comparison of different cholesterol bonded phases
ccording to size and shape selectivity is interesting from a practical
s well as theoretical point of view.

The goal of our work was to compare the selectivity of station-
ry phases, which contain a cholesterol molecule attached to the
ilica surface using different linkage molecules. The influence of the
overage density and length of the linkage molecules on selectivity
ere determined. Methylene selectivity using a series of alkylben-

enes and shape–size selectivity obtained from PAH separations in
eOH–water and ACN–water were compared.

. Experimental
.1. Columns

A series of bonded phases containing cholesterol derivatives
as tested. The structures of the bonded ligands are presented

able 1
olumn parameters.

Amino-cholesterol Diamino-c

Column length [mm] 125 125
Column diameter [mm] 4.6 4.6
Particle diameter [�m] 5 5
Void volume [ml] 1.35 1.29
Diamino-cholesterol, (C) Cosmosil Cholester, and (D) UDC Cholesterol.

in Fig. 1. The first two phases (Fig. 1A and B) are home-made
(Chair of Environmental Chemistry & Bioanalytics, Torun, Poland)
and contain a cholesterol molecule attached to an amino bonded
phase via an amide bond. Synthesis of the Amino-cholesterol and
Diamino-cholesterol phases was performed according to method-
ology described earlier [4]. In the structure of Cosmosil Cholester
phase (Nacali Tesque INC., Kyoto, Japan) (Fig. 1C), the cholesterol
derivative is attached to a propyl spacer via ether bond. Phase D is
UDC Cholesterol (MicroSolv Technology Corporation, Eatontown,
NJ, USA) obtained by synthesis on a hydride silica.

The geometric parameters of the tested columns and particle
diameter of the silica gels are listed in Table 1. The column void
volume was determined by injection of thiourea using 60% MeOH
in water as the mobile phase.

The physico-chemical properties of the tested cholesterol
phases are listed in Table 2. Stationary phases are synthesized on
different types of silica gel. However, the specific surface area and
pore diameter of the support are similar in all the tested phases
(310–342 m2/g and 100–120 Å).

2.2. Chemicals

Two different mobile phase systems were used in the measure-

ments: methanol–water and acetonitrile–water. Organic solvents
(methanol and acetonitrile) were high-purity “for HPLC” isocratic
grade from J. T. Baker (Deventer, The Netherlands). Water was puri-
fied using a Milli-Q system (Millipore, El Paso, TX, USA) in our
laboratory.

holesterol Cosmosil Cholester UDC Cholesterol

150 150
4.6 4.6
4.5 4.2
1.58 1.68
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Table 2
Physico-chemical parameter of the stationary phases.

Amino-cholesterol Diamino-cholesterol Cosmosil Cholester UDC Cholesterol

Carbon load [%] 17.82 22.39 19–21 12.1
Coverage density [�mol/m2] 2.66 (amino) 2.30 (diamino) 2.1–2.4 1.5

1.77 (chol.) 2.28 (chol.)
Silica gel specific surface area [m2/g] 310 310 342 340
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Pore diameter [Å] 100
Bonding of cholesterol group Amide bond
Support Silica

The standard test compounds: aniline, phenol, homologues of
enzene and PAHs were obtained from Sigma–Aldrich Chemie
Steinheim, Germany). The concentration of tests compounds was
n the range of 10–40 �g/ml. The injection volumes were in the
ange 2–10 �l.

.3. Equipment

The liquid chromatograph was an HP Model 1050 (Hewlett
ackard, Waldbron, Germany) equipped with a four channel gradi-
nt pump, an autosampler with a 100-�l loop, a DAD detector and
data acquisition station (ChemStation software).

The degree of coverage of the surface by alkylsilyl ligands (˛RP)
as calculated on the basis of the carbon percentage determined

n a Model 240 CHN analyzer (Perkin Elmer, Norwalk, USA).

.4. Methods

Silanol activity (SAG) and the hydrophobicity (HG) of the sta-
ionary phases were done according to the method described by
alushko [12]. To determine these factors the analysis of aniline,
henol, benzene and toluene retention was done using a mobile
hase containing 60% methanol in water. The silanol activity SAG
nd hydrophobicity HG can be calculated as follows using solute
etention factors k:

AG = 1 + 3

[(
kaniline

kphenol

)
− 1

]
(2)

G =
(

ktoluene + kbenzene

2

)
(3)
Methylene selectivity tests were performed in MeOH–water
nd ACN–water conditions using benzene, toluene, ethylbenzene,
ropylbenzene and butylbenzene [32,33].

og k = log ˇ + n log ˛m (4)

ig. 2. Changes of the retention (log k) for the homologous series: BE, benzene; MB, methy
A) 70% ACN in water and (B) 70% MeOH in water.
119 100
ide bond Ether bond Ester bond
a Silica Hydride silica

where ˛m is a measure of methylene (liphophilic) selectivity, n is a
number of repeat methylene units and ˇ is a measure of aromatic
(phenyl) contribution to the retention [34].

In the shape and size selectivity tests the 8 PAHs were
used: 1-naphthalene, 2-phenanthrene, 3-anthracene, 4-pyrene,
5-chrysene, 6-benzo(a)anthracene, 7-perylene, 8-benzo(a)pyrene.
The retention of PAHs was performed in pure MeOH and pure ACN
as a mobile phase.

3. Results and discussion

3.1. Retention of alkylbenzenes

In Fig. 2, the retention (log k) of a series of homologues is pre-
sented. Linear trends are observed using both mobile phases: 70%
ACN in water and 70% MeOH in water. The Diamino-cholesterol and
Cosmosil Cholester phases have the most similar properties which
can be connected with the highest carbon load of these phases. The
changes in alkylbenzene retention are parallel on these phases. The
retention on the Amino-cholesterol phase is a little bit lower, espe-
cially using methanol as organic modifier. On the UDC Cholesterol
phase the retention is the lowest which can be connected with its
lower hydrophobicity of this phase but the slope of the trend (which
corresponds to selectivity) is comparable.

In Fig. 3, the changes of propylbenzene retention (log k) over the
mobile phase composition are presented. For all bonded phases
a linear dependence was obtained. From the intercept of the
trend line with the Y-axis the log kw parameter can be obtained.
These values correspond with the hydrophobicity of the stationary
phases.

The parameters log kw of all alkylbenzenes obtained from
the linear regression model are presented in Table 3. As can be

expected higher log kw values were obtained in MeOH–water
mobile phases than in ACN–water. The changes of the log kw with
the organic solvent in the mobile phase depend on the stationary
phase. When ACN is replaced by MeOH the highest increase is
observed on the Cosmosil Cholester and Diamino-cholesterol

lbenzene; EB, ethylbenzene; PB, propylbenzene; BB, butylbenzene; mobile phases:
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Fig. 3. Changes of propylbenzene retention (log k) with mobile phase composition: (A) acetonitrile and (B) methanol.

Table 3
log kw values obtained in MeOH–water and ACN: BE, benzene; MB, methylbenzene; EB, ethylbenzene; PB, propylbenzene; BB, butylbenzene.

Column BE MB EB PB BB

ACN–water
Amino-cholesterol 1.64 1.86 2.11 2.37 2.65
Diamino-cholesterol 1.70 1.95 2.22 2.51 2.82
Cosmosil Cholester 1.52 1.79 2.07 2.38 2.70
UDC Cholesterol 1.44 1.69 1.96 2.25 2.55

MeOH–water

b
C

3
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a

c
a
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S
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t

Amino-cholesterol 1.86 2.60
Diamino-cholesterol 2.43 2.90
Cosmosil Cholester 2.23 2.75
UDC Cholesterol 1.65 2.06

onded phase. The lowest increase was obtained on the UDC
holesterol bonded phase.

.2. Stationary phases hydrophobicity/silanol activity test

The retention of four standard compounds (aniline, phenol, ben-
ene and toluene) on the tested stationary phases was compared
sing mobile phase containing 60% methanol in water. The results
re presented in Fig. 4.

Two parameters obtained from Galushko test differentiate
holesterol stationary phases. The lowest polarity (including silanol
ctivity) is observed on the Diamino-cholesterol and Cosmosil
holester phase (stationary phases with the highest carbon load).
imultaneously, these phases exhibit the highest hydrophobic-
ty. These properties are caused by the relatively high surface
overage of the cholesterol ligands (see Table 2). The decrease
f the silanol activity between Amino-cholesterol and Diamino-

holesterol phases may be connected with increase of the coverage
ensity as well as the shielding properties of the longer diamino

igands which can cover the surface of the silica gel because of
he conformational changes. The lowest hydrophobicity and rela-
ively high polarity are displayed by the UDC Cholesterol stationary

Fig. 4. Stationary phases silanol activity (A) and hydr
3.03 3.51 4.02
3.38 3.91 4.46
3.25 3.81 4.37
2.51 3.01 3.53

phase. These properties may be connected with the relatively low
coverage density of this phase and the hydride surface of the silica
support.

Stationary phase hydrophobicity obtained from the Galushko
test was correlated with the log kw parameter of alkylbenzenes.
As it can be expected, the strong correlation between log kw and
hydrophobicity is observed (R2 higher than 0.95). Data for ethyl-
benzene and butylbenzene log kw with are presented in Fig. 5. This
result confirms that the log kw parameter represents the hydropho-
bicity of the stationary phase. However, it is very useful to compare
chemically bonded phases according to their relative hydrophobic-
ity or hydrophobic retention.

3.3. Methylene selectivity

In binary mobile phases containing various volume fractions, ϕ,
of organic modifier in water, linear dependencies of log k on ϕ were

found according to Eq. (1), where:

a = a0 + a1n (5)

m = m0 + m1n (6)

ophobicity (B) according to Galushko test [12].
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ig. 5. Correlation between log kw of ethylbenzene and butylbenzene from MeOH
olution with stationary phase hydrophobicity (HG).

he increments in the parameters a and m per methylene group,
0, a1, m0 and m1 were determined using multilinear regression, n
s a number of repeat methylene units in alkylbenzenes series. The
ata are summarized in Table 4.

The parameter a of Eq. (4) is the logarithm of the retention factor
xtrapolated to pure water (log kw). The parameter m characterizes
he effect of the organic solvent on the retention. Both parameters
epend on the hydrophobicity of the sample and of the stationary
hase.

The hydrophobicity contribution to retention is characterized
sing a homologous series with a non-polar repeat methylene
roup. Parameters a and m of Eq. (4) increase in a linear man-
er with increasing number of carbon atoms, n, in the alkyl group
Eqs. (5) and (6)) [32,33]. Parameters a1 and a0 represent methy-
ene selectivity and phenyl selectivity, respectively. Parameters m0
nd m1 describe the influence of the mobile phase on the phenyl
electivity and methylene selectivity, respectively.

Despite the difference in the retention of alkylbenzenes, the
ethylene selectivity of all tested cholesterol phases is very simi-

ar. However, the highest methylene selectivity (a1) is observed for
osmosil Cholester phase and the lowest for the Amino-cholesterol
sing both organic modifiers. The UDC Cholesterol column, on
hich the retention is the lowest, exhibits comparable methy-

ene selectivity. The highest phenyl selectivity (a0) is obtained on
he Diamino-cholesterol phase and the lowest on UDC Cholesterol.

igher coverage density of bonded ligands often results in bet-

er selectivity of the stationary phase (a1 = 0.30 and a1 = 0.57 for
osmosil Cholester in acetonitrile and methanol, respectively). A
ecrease of the coverage density of bonded ligands often leads
o lower selectivity of the packing (a1 = 0.26 and a1 = 0.47 for

able 4
he parameters a0, a1, m0, m1 and correlation coefficients R2 of Eqs. (5) and (6) in the hom

Column Parameters

a0 a1

Acetonitrile–water
Amino-cholesterol 1.60 ± 0.9% 0.26 ± 2.0%
Diamino-cholesterol 1.65 ± 1.0% 0.29 ± 2.0%
Cosmosil Cholester 1.48 ± 1.2% 0.30 ± 2.1%
UDC Cholesterol 1.40 ± 1.2% 0.29 ± 2.2%

Methanol–water
Amino-cholesterol 2.11 ± 1.5% 0.47 ± 2.5%
Diamino-cholesterol 2.36 ± 1.3% 0.52 ± 2.2%
Cosmosil Cholester 2.01 ± 1.4% 0.57 ± 2.0%
UDC Cholesterol 1.55 ± 2.0% 0.49 ± 2.3%
1217 (2010) 6891–6897 6895

Amino-cholesterol column in acetonitrile and methanol, respec-
tively). Specific polar groups in the linkage (ether, amide, amino)
may also influence the selectivity of the bonded phase. The sol-
vation of the bonded ligands governed by hydrophobic effects
[35] or polar interactions [17] also can influence the separation
process.

All of the parameters are lower in acetonitrile–water with
respect to methanol–water mobile phases except parameter m0
on the UDC Cholesterol phase. This effect is caused by a higher
polarity change in aqueous–organic mobile phases when increasing
the concentration of acetonitrile. Parameter m0, which character-
izes the effect of the organic solvent on the contribution to the
retention by phenyl, is similar in acetonitrile/water and in the
methanol–water mobile phases. It is almost independent of the
type of the organic solvent. However, the parameter m1 is much
higher in methanol–water mobile phases.

3.4. Retention of PAHs

In Fig. 6, the chromatograms of the 8 PAH mixture separation on
the cholesterol bonded phases using MeOH as a mobile phase are
presented. The highest retention of PAHs was obtained on the most
hydrophobic bonded phase–Diamino-cholesterol and the lowest
retention on the least hydrophobic–UDC Cholesterol bonded phase.

The tested stationary phases differ from each other not only in
the retention but also in the selectivity of the separation. One can
observe the selectivity based on the size with an increase in the
number of the aromatic rings in the molecule and shape selectiv-
ity connected with different geometry of the molecules with same
number of aromatic rings.

3.5. Shape–size selectivity

For the size selectivity investigation the retention of benzene,
naphthalene and phenanthrene were compared. Linear dependen-
cies of the retention (log k) with the number of aromatic rings
in the molecule were obtained (Fig. 7). Despite the lower reten-
tion on the UDC Cholesterol phase in the test conditions used the
shape selectivity (˛s) of all cholesterol packings is similar. Using
ACN as a mobile phase the highest size selectivity was obtained
on the UDC Cholesterol phase (˛ = 2.89 and ˛ = 4.82) and the low-
est on the Cosmosil Cholester column (˛ = 1.63 and ˛ = 1.96). In
pure MeOH as a mobile phase the highest selectivity was obtained
on the Diamino-cholesterol (˛ = 2.24 and ˛ = 2.84) and the lowest
on the Cosmosil Cholester bonded phase (˛ = 1.83 and ˛ = 2.40)
for naphthalene/benzene and phenanthrene/napthalene, respec-

tively. Stationary phases obtained by modification of corresponding
amino-type support exhibit very similar selectivity. The solvation of
the cholesterol molecules as well as residual amino ligands and thus
creation of the cavities for the solute determine the size selectivity
of the stationary bonded phases.

ologous series of n-alkylbenzenes (C1–C5).

R2 m0 m1 R2

0.9992 2.33 ± 0.3% 0.16 ± 1.3% 0.9997
0.9992 2.33 ± 0.3% 0.17 ± 1.6% 0.9995
0.9991 2.12 ± 0.4% 0.19 ± 1.4% 0.9996
0.9991 2.73 ± 0.4% 0.27 ± 1.5% 0.9994

0.9988 2.74 ± 0.7% 0.41 ± 1.8% 0.9993
0.9991 2.94 ± 0.7% 0.44 ± 1.7% 0.9994
0.9991 2.76 ± 0.7% 0.47 ± 1.5% 0.9996
0.9989 2.55 ± 0.7% 0.49 ± 1.4% 0.9996
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Fig. 6. Chromatograms of the separation of 8 PAHs using pure MeOH as a mobile phase.
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Fig. 7. Changes of the retention (log k) with increase number

The separations of PAH isomers may be a good parameter for
omparison of stationary phase selectivity. In the test mixture
hree pairs of isomers were evaluated: anthracene/phenanthrene,

enzo(a)anthracene/chrysene, benzo(a)pyren/perylene. The selec-
ivity of the separations is listed in Table 5. The highest selectivity
f anthracene and phenanthrene was obtained on the Cosmosil
holester bonded phase using MeOH and on the Amino-cholesterol

Table 5
Shape selectivity of pairs PAHs isomers.

Column Anthracene/phenanthrene B

MeOH
Amino-cholesterol 1.08 1
Diamino-cholesterol 1.08 1
Cosmosil Cholester 1.12 1
UDC Cholesterol 1.00 1

ACN
Amino-cholesterol 1.48 1
Diamino-cholesterol 1.08 1
Cosmosil Cholester 1.11 1
UDC Cholesterol 1.00 1
matic rings using: (A) MeOH and (B) ACN as a mobile phase.

phase in ACN conditions. The opposite situation was observed for
benzo(a)anthracene/chrysene where the highest values of selec-
tivity were observed on the Amino-cholesterol and Cosmosil

Cholester in MeOH and ACN environment, respectively. Separa-
tion of benzo(a)pyrene and perylene was the best on the Cosmosil
Cholester column in both solvents. Under the tested conditions
the lowest selectivity was exhibited by the UDC Cholesterol col-

enzo(a)anthracene/chrysene Benzo(a)pyren/perylene

.11 1.07

.07 1.09

.06 1.15

.05 1.00

.00 1.10

.15 1.11

.26 1.16

.11 1.01
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mn which can be correlated with the relatively low retention. A
ecrease of the mobile phase elution strength should provide much
etter results.

The main parameter which influences shape selectivity seems
o be the coverage density of the bonded phase. An increase of the
urface coverage provides better selectivity of isomers. However,
he highest shape selectivity obtained on the Cosmosil Cholester
nd Amino-cholesterol phases can be connected not only on the
overage density but also on the length of the linkage. Stationary
hases with a shorter linkage exhibit better selectivity than those
ith longer spacers. The more rigid structure of Cosmosil Cholester

nd Amino-cholesterol packing provide better selectivity in sepa-
ation of planar molecules under the test conditions used in this
tudy.

. Conclusions

Four bonded stationary phases which contain cholesterol lig-
nds were compared with respect to their hydrophobic–polar
roperties and separation selectivity. From the tests used for
hese stationary phases, the highest hydrophobicity and the lowest
olarity were exhibited by the Diamino-cholesterol and Cosmosil
holester bonded phases. The lowest hydrophobicity and highest
olarity properties were found on the UDC Cholesterol bonded
hase synthesized on the hydride silica gel indicating this phase
ave the best separation capabilities for hydrophilic species.

The methylene selectivity of all the tested cholesterol phases
s very similar. However, the highest methylene selectivity is
bserved for Cosmosil Cholester phase and the lowest for the
mino-cholesterol using both organic modifiers. The highest
henyl selectivity was obtained on the Diamino-cholesterol phase
nd the lowest on UDC Cholesterol.

Because of the properties of the cholesterol ligands, the tested
tationary phases exhibit good selectivity for PAH separations.
sing pure MeOH and ACN as a mobile phase the size selectivity

phenanthrene/naphthalene) is higher than 1.96 on the all tested
hases.

A more complicated situation is observed for the separation
f PAHs isomers. In this comparison the highest selectivity was
btained on the Cosmosil Cholester bonded phase. However, partic-
lar pairs of isomers are separated with the highest selectivity being
n different bonded phases. Generally, a higher coverage of choles-
erol ligands often results in higher selectivity of the cholesterol
onded phases under the test conditions used in this investigation.
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