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Four cholesterol bonded phases with different structures were investigated. The columns studied were
packed with stationary phase containing cholesterol attached to the silica surface using different types
of linkage molecules. The presence of the polar amino and carboxyl groups in the structure of the bonded
ligand strongly influence on the solvation process. The possibility of hydrogen bonding, dipole–dipole and
�–� electron interactions lead to preferential solvation of bonded ligands. The coverage density of bonded
ligands and length of the linkage strongly influence the adsorption of solvent from the mobile phase. The
removal of residual silanols during the hydrosilation procedure significantly influences solvation of the
holesterol bonded phase
xcess isotherm
olvation
olvent adsorption

bonded phase. Excess isotherms of the commonly used solvents in RP HPLC (methanol and acetonitrile)
were obtained using the minor disturbance method. For comparison of the stationary phases prepared
on different silica gels the excess adsorbed amounts were calculated per volume of the stationary phase
in the column. The hydrosilated UDC Cholesterol bonded phase is preferentially solvated by methanol
whereas the highest coverage Cosmosil Cholester phase exhibit high adsorption of acetonitrile. Polar

lester
feren
groups in the Amino-cho
of these processes are dif

. Introduction

The cholesterol bonded phase is a unique separation material
hose analytical capabilities are just beginning to be explored

1–3]. It can be successfully used to separate mixtures by both chro-
atographic systems: reversed phase (hydrophobic sample e.g.

olycyclic aromatic hydrocarbons PAHs) and normal-phase (e.g.
teroids) [3–6]. The cholesterol bonded phases have high resolving
ower for some samples which may be ascribed to its liquid crystal
roperties [7,8]. In the most interesting and promising cases, the
holesterol packings represent immobilized artificial membranes
hich are very important in modeling of permeation of drugs and
rug candidates through biological membranes [9].

The bonded phase hydrophobicity, measured by standard tests,
ehave similarly to typical octadecyl bonded phases. The retention
echanism is linked to the bonding type of the unit carrying the

holesterol (i.e., monomeric vs. polymeric one, carbamate vs. ether
onding) [10].

Another advantage of these packing materials is the possibil-

ty of using the cholesterol material with highly aqueous mobile
hases without any evidence of bonded phase collapse (dewetting)
hat drastically reduces solute retention [1].

∗ 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.2010.11.052
ol type bonded phase are solvated with both solvent but the mechanisms
t.

© 2010 Elsevier B.V. All rights reserved.

Actually, a few methods of cholesterol bonded phase synthe-
sis are used [1,4,10,11]. Those methods utilize silanization and
hydrosilation procedures. Hydrosilation leads to the formation of a
direct Si–C bond at the surface [1,11]. In the silanization procedure
an organosilane is attached to the surface. The cholesterol ligand
may be directly bonded during the silanization procedure [10] or
the silica surface can be modified with an aminosilane, which is
reacted with cholesteryl chloroformate in the second step [4]. The
presence of polar atoms in the structure of the bonded ligands, e.g.
ether, carbamate, ester, may have an influence on the solvation
properties of those phases [12].

When the binary hydroorganic mobile phase is in contact with
the surface of the stationary phase, molecules of the solvents can
preferentially solvate the surface [13–15]. The composition of the
mobile phase at the interface between mobile and stationary phase
is different from its bulk composition. The stationary phase envi-
ronment is a combination of three components: bonded ligands,
adsorbed solvent molecules and residual silanols [16–20].

The organic component of the mobile phase interacts with the
hydrophobic ligands on the surface of the stationary phase. In
order to understand the distribution of the solvent between the
adsorbed phase and a bulk binary solution the excess adsorp-

tion of the organic modifier has to be described [21–23]. Solvent
adsorption has been measured by many authors using the minor
disturbance method [14,24–26]. The excess amount of the adsorbed
solvent changes with the surface properties of the stationary phase:
the coverage density [16,21,27], the number of carbon atoms

dx.doi.org/10.1016/j.chroma.2010.11.052
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:bbusz@chem.uni.torun.pl
dx.doi.org/10.1016/j.chroma.2010.11.052
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Fig. 1. Scheme of the cholesterol bonded phases used in the study: A – Amino

n the organic ligand [12,28,29] and the type of bonded ligand
30,31].

The residual accessible silanols can also interact with the mobile
hase components and with the analyte molecules [32]. In the
ase of hydro-organic mobile phases, the silica is strongly hydrated
y water molecules. As a result retention is influenced by both
ydrophobic and solvophobic contributions [33]. In the case of the
ydrosilation process the residual silanols of the silica have been
eplaced by Si–H and their influence on adsorption and separa-
ion is reduced [1,34]. The bonded phase does not participate in
he retention as a homogenous entity but contains multiple sorp-
ion centers and changes the composition of the interfacial region
35].

In liquid chromatography, the surface of the stationary phase is
n contact with individual components of a mobile phase. The com-
osition of the liquid phase changes in an unknown manner from
he adsorbent surface to the bulk liquid [36]. The organic modifier
s preferentially adsorbed on the surface of hydrophobic stationary
hase, thus it forms a layer in the immediate vicinity of the surface
37,38].

In isocratic chromatography, the stationary phase is in equilib-
ium with the mobile phase. A small volume of the mixture of the
luent components with different concentration injected onto the
olumn introduces some perturbation and so-called minor distur-
ance peaks are observed. This perturbation moves through the
olumn and elutes at a given retention volume. The retention vol-
me of disturbance peak can be defined by Eq. (1) [29,37].

R(C) = VM + S
d� (C)

dC
(1)
here VR is the retention volume of the perturbation [ml], VM is the
hermodynamic dead volume of the column [ml], S is the total sur-
ace area of the adsorbent in the column [m2] and � is the excess
dsorption isotherm of the analyte [mol/m2] at concentration C
mol/l].
esterol, B – Diamino-cholesterol C – Cosmosil Cholester, D – UDC Cholesterol.

The integration of the Eq. (1) allows the calculation of excess
adsorption values from the dependence of disturbance peak reten-
tion on the concentration [29] (Eq. (2)).

In a previous study the solvation process on a bonded phase
with specific functionalities was investigated [12]. In this work
the four different cholesterol type stationary phases are investi-
gated. The retention and separation selectivity of this series of
cholesterol packings were reporter earlier [39]. For determining
solvation processes we used the minor disturbance method to
measure the excess adsorption isotherms of methanol and ace-
tonitrile from water onto a series of cholesterol bonded phases.
The goal of our work was to determine the mechanism of sol-
vation processes on four bonded phases containing cholesterol
molecules attached to a silica support. Even thought all phases
contains cholesterol molecule, they are connected using spacer
with different length and with different functional groups which
has to influence the solvation process. Also the impact of the
hydrosilation procedure of silica gel to the solvent adsorption was
also measured. The solvent adsorption on the carbamate choles-
terol phases were compared with a corresponding amino bonded
support.

2. Experimental

2.1. Materials

A series of bonded phases containing cholesterol derivatives was
tested. The structure of the bonded ligands is presented in Fig. 1.
Phases A 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. Synthe-

sis of the Amino-cholesterol and Diamino-cholesterol phases was
performed according to methodology described earlier [4]. In the
structure of Cosmosil Cholester phase (Nacali Tesque INC., Kyoto,
Japan) the cholesterol derivative is attached to the propyl spacer
via an ether bond (Fig. 1C). Phase D is an UDC Cholesterol (Micro-
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Table 1
Geometric parameters of the columns.

Amino-
cholesterol

Diamino-
cholesterol

Cosmosil
Cholester

UDC
Cholesterol

Column length [mm] 125 125 150 150

S
s

d
c

F

t
m
t
p

˛

n
t
s

l
t
e
c
w
o
c
i
b

m
(

T
P

Column diameter [mm] 4.6 4.6 4.6 4.6
Particle diameter 5 5 4.5 4.2
Void volume [mL] 1.35 1.29 1.58 1.68
Phase ratio 0.54 0.61 0.58 0.48

olv Technology Corporation, Eatontown, NJ, USA) obtained during
ynthesis on the silica hydride support.

The geometric parameters of the tested columns and particle
iameter of the silica gels are listed in Table 1. Phase ration F was
alculated from the following equation [40]:

= 1 − εT

εT
(2)

Elementary analysis is the basic method used to describe sta-
ionary phase. The amount of carbon and other elements can be

easured by sample combustion. The knowledge of percent of
he carbon enables to calculate the coverage density of stationary
hase. In this case the Berendsen equation is used [41]:

RP
I = 106PC

1200nC − PC (M1 − nX )
1

SBET
(3)

where:
˛RP

I – coverage density [�mol/m2], PC – percent of carbon [%],
C – number of carbon atoms in the ligand, M1 – molar mass of
he ligand, nx – number of functional group in reactive group of the
ilan, SBET – specific surface area [m2/g].

Physico-chemical properties of the tested cholesterol phases are
isted in Table 2. Stationary phases are synthesized on different
ypes of the silica gel. However, specific surface area and pore diam-
ter are similar on the all tested phases. Cholesterol molecules are
onnected with the linkage chain using different functional groups
hich are the additional polar adsorption center in the structure

f the bonded phase. This functional groups will interact with spe-
ific interaction with solvents molecules whereas linkage chain can

nteract only with non-specific van der Waals forces. Types of the
onding groups are listed in Table 2.

Two different mobile phase systems were used in the measure-
ents: methanol–water and acetonitrile–water. Organic solvents

methanol and acetonitrile) were high-purity “for HPLC” isocratic

able 2
hysico-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) 1.7
(chol.)

2.30
(diamino)
2.2 (chol.)

1.9-2.2 1.5

Silica gel
specific
surface area
[m2/g]

310 310 342 340

Pore diameter
[Å]

100 100 119 100

Bonding of
cholesterol
group

Amide
bond

Amide
bond

Ether bond Ester bond

Support Silica Silica Silica Hydrosilated
silica

Number of
carbon atom
in the linkage

4 6 3 11

Linkage length
[Å]

8.8 13.3 5.8 18.1
r. A 1218 (2011) 441–448 443

grade from J.T. Baker (Deventer, The Netherlands). Water was puri-
fied using a Milli-Q system (Millipore, El Paso, TX, USA).

2.2. Equipment

The liquid chromatograph was an HP Model 1050 (Hewlett
Packard, Waldbron, Germany) equipped with a quaternary pump,
an autosampler with a 100 �l loop, a DAD detector and a data acqui-
sition station using Chemstation software. The frequency of the
detector was 2.5 Hz.

The surface coverage by the alkylsilyl ligands (˛RP) was cal-
culated on the basis of the carbon percentage determined with a
Model 240 CHN analyzer (PerkinElmer, Norwalk, USA).

Solid-state NMR measurements were performed on a Bruker
MSL 300 spectrometer (Bruker AG, Karlsruhe, Germany) with
samples of 200–300 mg in double bearing rotors of ZrO2. Cross-
polarization/magic-angle spinning (CP/MAS) NMR were recorded
with a pulse length of 5 �s and a pulse repetition time of 2 s. All
spectra were externally referenced with liquid tetramethylsilane
(TMS) and the chemical shifts (ı) were given in parts per million
(ppm).

2.3. Methods

For solvent adsorption measurements, each column was equili-
brated with a mobile phase of decreasing concentration of organic
solvent in water from 100% to 0% by pumping at least 20 ml of
solvent mixture. Perturbation of the baseline was done by 2 �l
injections of the mixture with higher concentration of organic sol-
vent than the plateau concentration. The signal was detected with
an RI detector and a UV detector at � = 195 nm. The temperature in
all measurements was kept at 298 K.

The thermodynamic void volume of the column (VM in Eq. (1))
is obtained by integrating the retention times of the perturbation
peaks (from 0% to 100% of the organic modifier) [42]:

VM = 1
Cmax

C=Cmax∫

C=0

VR (C) dC (4)

The excess isotherm of the adsorbed organic modifier from
water solution per unit amount of stationary phase surface can be
calculated with the following equation [29]:

� (C) = 1
S

C∫

0

(VR (C) − VM) dC (5)

where VR is a retention volume of the perturbation peak, VM is
the thermodynamic void volume of the column, S is a total surface
area of the adsorbent in the column and � is the excess adsorption
isotherm of the analyte [mol/m2] at concentration C [mol/L].

The maximum adsorbed amount of solvent (Cads) in/on station-
ary phase can be found by extrapolating the slope of the excess
isotherm in a linear region to the y-axis or it can be calculated as
the intercept parameter of the straight line fitted to the linear region
of the excess isotherm [29].

The excess adsorbed amount of solvent was calculated per vol-
ume of the stationary phase in the column. This assumption is
commonly used by Guiochon in the comparison of adsorption phe-
nomena on the different bonded phases [43–46]. However, used
silica gels posses different specific surface area but the highest

relative difference is up to 10%.

It is known in the literature the methodology for calculation
the surface area in the column [47] but it need data from low
temperature nitrogen adsorption which in not available with-
out destroying the column. Also the methodology presented by
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Every isotherm has a negative part at high concentration of ace-
tonitrile in the mobile phase. This phenomenon is caused by the
excess adsorption of water. Acetonitrile can interact with residual
silanols via dipole–dipole interactions which are much weaker than
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Fig. 2. 13C CP-MAS-NMR spectra of the A

uiochon [48] need data about the density of bonded ligand
and this calculation in the case of different cholesterol packing
ill be obtained with significant error. Thus we assume the calcu-

ation of excess isotherms per volume of the packing material as a
ost credible.

. Result and discussion

.1. Stationary phase characterization

The carbon loads of the tested phases are from 12.10% for
DC Cholesterol to 22.39% for Diamino-cholesterol. The cov-
rage densities calculated on basis of carbon load are in the
ange 1.5 �mol/m2 for UDC Cholesterol up to 2.28 �mol/m2 for
he Diamino-cholesterol bonded phase. Bonded ligands contain
pacers with different numbers of carbon atoms which causes irreg-
larity in the comparison of carbon loads and the coverage density
f the cholesterol ligands (Table 2).

The structures of the Amino-cholesterol and Diamino-
holesterol bonded phases were confirmed using 13C cross
olarization (CP) MAS-NMR spectroscopy. Fig. 2 displays the
pectra obtained for the Amino phase and Amino-cholesterol
onded phase.

The carbon atoms of the bonded ligands for each observed sig-
al have been marked. In the spectrum of the Amino phase a signal

or the methoxy group (ı = 50.0 ppm) from the methoxysilane is
bserved. These groups are hydrolyzed during second step of the
eaction. The carbon atom connected to silicon gives a signal indi-
ated by peak at ı = 11 ppm.

The absence of bands at ı = 2.5 ppm proved the presence of a
olymeric-type of the stationary phase. The signal at ı = 156 ppm
orresponds to the carbon atom in the carbonyl groups and signals
t ı = 140 ppm and ı = 121 ppm represents carbons connected by
double bond in ligand deposition. The carbon atom connected
ith the hydroxyl group in the cholesterol molecule has a chemical
hift of ı = 74 ppm. Signals in the range ı = 19–57 ppm correspond to
he cholesterol moiety bonded to the aminoalkyl ligands. The NMR
nalysis confirms the presence of the expected functional groups
n the structure of bonded ligands, similar to that presented earlier
3,49].
-200204060

and Amino-cholesterol bonded phases.

3.2. Excess adsorption of solvent

Acetonitrile forms a thick adsorbed layer on the hydrophobic
surface of the stationary phase. As it has been discussed in the
literature, acetonitrile is present at an equivalent of four or five
molecular layers. Methanol, however, forms only a monomolecu-
lar adsorbed layer on the same surface [29]. The location of the
maximum on the excess isotherm for acetonitrile shifted towards
higher concentration of the organic modifier than in the case of
methanol. This behavior is observed for all the tested stationary
phases. If the cholesterol molecule in all tested stationary phases
is the same, the differences in the solvation processes have to be
connected with the structure of the linkage molecule and with the
surface of the silica support.

In Fig. 3, the excess isotherms for acetonitrile are shown. The
shape of the curves is similar for all the tested stationary phases,
with a maximum around 40% of acetonitrile in the mobile phase.
1.00.80.60.40.20.0
-1.0

ACN volume fraction [φ]

Fig. 3. Excess isotherm of acetonitrile on the series of cholesterol bonded phases
calculated per volume of the packing material in the column.
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ig. 4. Excess isotherm of methanol on the series of cholesterol bonded phases
alculated per volume of the packing material in the column.

he hydrogen bonds created between silanols and water molecules.
he water excess adsorption on residual silanols is higher when
he amount of water molecules in the mobile phase decreases.
he highest excess adsorption of ACN is observed on the Amino-
holesterol phase. On the other stationary phases adsorption is
imilar and lower by about 30%.

In Fig. 4, the excess isotherms of methanol on the series of
holesterol bonded phases are presented. All the curves behave
n a similar manner almost without a negative excess. This indi-
ates that the preferential type of interaction is hydrophobic [42].
he highest negative part is observed for the Cosmosil Cholester
olumn. However, a significant amount of methanol may be
dsorbed near the silica surface through the hydrogen bonding with
esidual accessible silanols [30]. The negative part of the excess
sotherms which corresponds to water adsorption is really small or
bsent. It suggests that residual silanols are covered with methanol
olecules, not water. The stationary phases also contain different

olar groups (electronegative atoms e.g. nitrogen, oxygen) in the
inkage of the cholesterol molecules which can establish prefer-
ntial interactions with solvent molecules. Recent measurements
onfirms, that methanol may interact with residual silanols even
he coverage density of bonded phase is high [50]. High surface
overage hamper penetration of methanol molecules to the silica
urface which is observed on the Cosmosil Cholester column (the
ighest coverage and the highest water adsorption on the silanols).
dditionally, the presence of polar groups in the linkages and amino

igands make the penetration between ligands more easy.
Hydrogen bonding can also be established between water

nd methanol molecules. The preferential adsorption of water
olecules from a methanol–water mobile phase is observed as a

egative part of the excess isotherm but it is significant only on
he Cosmosil Cholester stationary phase. Relatively lower methanol
dsorption on this stationary phase may be connected with rela-
ively high coverage density of bonded ligands which shield the
esidual silanols. Cholesterol molecules in high density are likely
o retain liquid crystal properties which may hamper penetration
f the solvent molecules to the silica gel surface and they adsorb
ainly on the top of the bonded phase. A lower coverage density

f bonded ligands implies relatively better solvation of the lig-
nds by solvent molecules. This phenomenon was also confirmed
y a modeling study [51] and microcalorimetric measurements
50].
The highest excess adsorption of MeOH is observed on the
DC Cholesterol phase. The adsorption on Amino- and Diamino-
holesterol phase is lower than 30%. The lowest adsorption (of
bout 60% than on UDC Cholesterol) is observed on the Cosmosil
holester bonded phase.
Organic solvent volume fraction [φ]

Fig. 5. Excess isotherm of methanol and acetonitrile on the nonend-capped C18
bonded phases with coverage density 3.27 �mol/m2 calculated per volume of the
packing material in the column (data according to Ref. [16]).

The tested stationary phases contain different types of linkages
connecting the cholesterol molecule to the surface. In these spacers
oxygen and nitrogen atoms are presented. All phases contain one
or two oxygen atoms (carboxyl or ether group). These atoms may
be a hydrogen bond acceptor in contact with methanol and water
molecules. Cholesterol phases prepared using an amino linkage
contains nitrogen atoms. The nitrogen atoms in the amino groups
have attached hydrogen and therefore they may function as both a
hydrogen bond donor and a hydrogen bond acceptor.

Another property which can differentiate the tested cholesterol
phases is structure of the silica surface. The UDC column (Fig. 1D)
is prepared on silica hydride. This eliminates silanols as an adsorp-
tion center. In attached ligands there are no oxygen atoms on the
modified surface, only direct bonds between carbon and silicon
atoms. However, the adsorption of MeOH on this stationary phase is
relatively higher than on the other cholesterol phases under study.

In Fig. 5 the excess isotherms of methanol and acetonitrile on
the octadecyl bonded phase are presented. Adsorption of acetoni-
trile on the C18 phase with coverage density 3.27 �mol/m2 is much
higher (about 50%) whereas adsorption of methanol is similar than
on the cholesterol stationary phases. The adsorption of acetoni-
trile indicates that on the C18 phases the hydrophobic interactions
are preferential and that the C18 phase is more hydrophobic than
cholesterol packings. The small negative part of the acetonitrile
excess isotherm shows that on the C18 phase there are no so
much polar adsorption centers available for interactions with water
molecules.

Excess adsorption of methanol on the C18 phase is lower than
on UDC Cholesterol column and higher than on other cholesterol
packings. There is no so much difference than in the case of acetoni-
trile. There is no negative part which suggests stronger adsorption
of methanol than of water on the silanols. In the case of cholesterol
packings the adsorption of water is observed using methanol as an
organic solvent.

3.3. Influence of the coverage density and length of the spacer

In Fig. 6A the changes of the adsorbed solvents with the cover-
age density of cholesterol ligands are presented. It shows that the
amount of excessive adsorbed solvent is not a function of coverage
density of bonded ligands. It confirms that the silica support and the

polar group in the linkage strongly influence solvation of the sta-
tionary phase. However, excess adsorption is not solely a property
of preferential solvation caused by polar and hydrophobic interac-
tions. Another possibility is that solvent molecules can penetrate
between the bonded ligands.
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Fig. 6. Changes of the maximum amount of adsorbed solvent (Cads) with co

Similar results are obtained when the maximum concentration
f adsorbed solvent is plotted against number of atoms in the link-
ge (Fig. 6B). Despite the lower coverage density in the case of the
DC Cholesterol stationary phase the adsorption of both solvents is
igher than on the high coverage density Cosmosil Cholester phase.
his may be explained by the increased length of linkage from 3
o 11 carbon atoms. The relatively higher increase of methanol
dsorption is probably caused by presence of the carboxyl group
n the UDC Cholesterol phase.

.4. Comparison between amino and cholesterol phases

As seen in Figs. 7 and 8, the excess amount of both solvents
ncreases after the second step of the derivatization of the Amino
nd Diamino phase with cholesterol ligands. It is accompanied by
large increase of carbon load and increase of the stationary phase
ydrophobicity.

Cholesterol molecules attached to the silica gel using a longer
inkage have a greater possibility of conformational changes. If
holesterol ligands are collapsed on the silica gel surface, the resid-
al silanols will be totally covered by the ligands and the migration
f water and organic solvent molecules between ligands will be
ore difficult.
The high polarity of the Amino and Diamino bonded phases is

aused by the presence of nitrogen atoms in the ligand structure.

ue to the low hydrophobicity of these phases (3 or 5 carbon atoms)

trong adsorption of water is observed. The highest excess of water
dsorption is observed on the Diamino phase which contains two
mino groups on the five-carbon chain.
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ig. 7. Comparison of the acetonitrile excess isotherms on the amino-type and
holesterol-type packings calculated per volume of the packing material.
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Fig. 8. Comparison of the methanol excess isotherms on the amino-type and
cholesterol-type packings calculated per volume of the packing material.

3.5. Relative adsorption of solvents

A comparison of the maximum amount of solvent excess
extracted from the mobile phase is presented in Table 3. Values
are calculated as an amount of solvent per volume of the pack-
ing material in the column. The ratio ACN/MeOH was calculated in
order to compare the relative adsorption of both solvents. A higher
value reflects preferential adsorption of acetonitrile and a lower
value demonstrates preferential adsorption of methanol.

As expected the Amino-cholesterol and Diamino-cholesterol
phases exhibit a similar ratio of ACN/MeOH which can be connected
with analogous adsorption mechanism. However, the adsorption of
methanol on the Diamino-cholesterol phase is slightly higher. This
fact is connected with the structure of the Diamino linkage. The
presence of the extra amino group in the ligands causes preferen-
tial adsorption of methanol via hydrogen bonds with amino groups.

These interactions are much stronger than possible dipole–dipole
interactions of the acetonitrile molecule with polar group.

As was discussed above, on the UDC Cholesterol phase pref-
erential adsorption of methanol is observed. Relative adsorption

Table 3
Comparison of the maximum amount of adsorbed solvents on the stationary phases
calculated per volume of the adsorbent in the column.

Stationary phase CMeOH
ads

[mmol/ml] CACN
ads

[mmol/ml] Ratio
ACN/MeOH

Amino-cholesterol 2.76 7.61 2.75
Diamino-cholesterol 2.40 5.59 2.33
UDC Cholesterol 4.49 6.29 1.40
Cosmosil Cholester 1.79 6.51 3.64
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Fig. 9. Model of solvation on the cholesterol bonded phases.

f methanol is the strongest on this stationary phase which
an be connected with solvation of the hydride surface of the
ilica support. On the other hand relatively low methanol adsorp-
ion is observed on the Cosmosil Cholester bonded phase. It
an be explain by fact that in the structure of this phase
nly one oxygen atom is present. This limits the possibility
or hydrogen bonding between methanol and the stationary
hase.

.6. Model of cholesterol phase solvation

Based on the obtained results, Fig. 9 presents a theoretical model
f cholesterol bonded phase solvation. In the structure of bonded
igands four solvation zones may be indentified. First starting from
he bottom is the silica surface with polar residual silanols (Y in
ig. 9). On this surface the polar interactions (hydrogen bonds) are
referential thus it is an adsorption zone of water and methanol.
he linkage chain may be divided into two zones. On the carbon
hain hydrophobic interactions are dominant and the polar bond-
ng group (X = amide, ether or ester) interacts with mobile phase
omponents (MeOH and water) via polar interactions.

The cholesterol molecule is a hydrophobic adsorption center.
t is preferentially solvated by organic modifiers via hydrophobic
nteraction and specific �–� interaction in the case of acetonitrile
n the mobile phase. There are two types of adsorption centers
n the bonded phase: hydrophobic and polar excess adsorption
f solvents from the mobile phase. Excess adsorption of acetoni-
rile is connected with solvation of the cholesterol moiety and
he hydrophobic part of the linkage whereas excess adsorption of

ethanol may take place on the all units of the bonded phase.
xcess adsorption of water is observed mostly in acetonitrile-
ater mobile phases and is connected with solvation of the silica

urface and the polar bonding group. However, differences of
overage density, length of the linkage and type of polar bond-
ng group causes differences in the relative values of excessively
dsorbed solvents. The presented model shows that the struc-
ure of the cholesterol bonded phase has similar properties to
mmobilized artificial membranes and thus it can be used for

odeling of the process which takes place on the natural cell mem-
rane.
The proposed structure of the solvated stationary phase contains
ayers of preferentially adsorbed solvents. The solvent layers result
n the stability of bonded ligands over a wide range of mobile phase
omposition, including extremely high water concentrations.

[
[
[
[
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4. Conclusions

Solvation processes on the four different cholesterol bonded
phases in methanol and acetonitrile environments were inves-
tigated. Adsorption of acetonitrile is higher than adsorption of
methanol. However, methanol adsorbs relatively strongly on the
UDC Cholesterol bonded phase prepared by a hydrosilation pro-
cedure. Relatively low methanol adsorption is observed on the
Cosmosil Cholester bonded phase which has the highest surface
coverage. The presence of a polar group (electronegative atoms)
has a significant influence on solvent adsorption. These groups
interact via hydrogen bonds with methanol and water molecules
and their interactions with acetonitrile are rather weak. The pres-
ence of a carboxyl group causes an increase of methanol adsorption
whereas an increase of stationary phase hydrophobicity increases
adsorption of acetonitrile.

Preparation of the cholesterol phase via modification of the cor-
responding amino phase causes an increase in adsorption of the
both organic solvents. Simultaneously, a decrease of water adsorp-
tion is observed. This phenomenon is connected with an increase
of the stationary phase hydrophobicity and reduction of the amino
group polarity in the stationary phase.

The properties (silica support, linkage type) of the series of
cholesterol packings have a significant influence on the reten-
tion and separation selectivity of solutes in methanol–water and
acetonitrile–water conditions.
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