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The volume of stationary phase is extremely important for the estimation of thermodynamic informa-
tion such as entropy and Gibbs free energy in HPLC. However, the definition of this volume strongly
depends on the conditions chosen. In the present mini review the partitioning model of small mole-
cules at low concentrations and methanol as modifier is assumed. All the other conditions that could
influence the volume of the stationary phase like the thickness of the phase, the area of the phase,
the order of C18-chains, the density of the chains, the temperature etc. had to be considered and are
therefore reviewed in the present work. The results of the theoretical considerations and a new meth-
od of surface estimation were used to calculate the stationary phase volume.

1. Introduction

It is necessary to understand the interactions between ana-
lytes, stationary and mobile phase in order to develop op-
timal separation systems for RP-HPLC. A method com-
monly used to discuss these phenomena is the
determination of the sorption enthalpy and the sorption
entropy via van’t Hoff plots. The equation commonly used
to determine sorption enthalpy and sorption entropy is

ln k ¼ �DH=ðR � TÞ þ DS=Rþ ln f ð1Þ
where k is the capacity factor, �DH is the sorption enthal-
py, R is the gas constant, T is the absolute temperature,
DS is the sorption entropy and f is phase ratio (Vs/Vm).
Therefore the phase-ratio of stationary and mobile phase
(Vs/Vm) must be known to calculate the sorption entropy.
The adsorption and the absorption are assumed as interac-
tion mechanisms for our purpose: The characterisation of
the stationary phase via enthalpy and entropy. Furthermore
only methanol was used as the organic modifier.
The volume of the mobile phase has been examined
(Melander et al. 1983; Smith et al. 1986; Engelhardt et al.
1984; Hennion and Rosset 1988). However it seems rea-
sonable to calculate the volume of the stationary phase
first and as a consequence deduce the volume of the mo-
bile phase. Thus the volume of the stationary phase must
be determined.

Vmobile phase ¼ Vcolumn � Vsilicagel � Vstationary phase ð2Þ
Previous methods of calculating the phase ratio have used
the surface area of the bonded phase or have overesti-
mated the volume by including that of the silica support.

Guiochon and co-workers (Jandera et al. 1982) described
the stationary phase as that part of the column volume
which is not occupied by the mobile phase. Thus they
included the silica support to the volume of the stationary
phase. However, this at the first glance rough definition is
useful for MIP systems because in that case the polymer
skeleton is the stationary phase (Kim et al. 2006). Another
description of the phase ratio was introduced by Kazake-
vich and co-workers (Kazakevich et al. 2001; Chan et al
2005). For a mobile phase including MeCN the volume of
the pores is assumed as stationary phase volume. In that
case MeCN precipitates at the surface of the bonded selec-
tors and thereby no monomolecular layer but a multi-layer
adsorption could be found. The layer has a thickness of
approximately 14 Å and occupies 60% of the space avail-
able inside the adsorbent pores. Thus the volume of the
pores and the volume between the silica particles can be
understood as the stationary and mobile phase, respec-
tively. But this behaviour of adsorption cannot be stated
for methanol because merely a monomolecular adsorbed
layer of approximately 2.5 Å could be determined. Thus
only 12% of the space available inside the adsorbent pores
is occupied. Hence the volume of the stationary phase
also depends on the modifier which is used (Kazakevich
et al. 2001; Chan et al. 2005). The objective of our work
was the determination of the volume of the stationary
phase using methanol as organic modifier. Therefore both
theories are not suitable because for our purpose the vol-
ume of the stationary phase must vary with a change of
the chain length of the selectors. And that would not be
true using the first two theories.
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Another definition has been given by Melander and Hor-
vath (1980). Their approach defines the phase ratio as the
ratio of the surface area and the void volume of the col-
umn. However, the type and the length of the selectors
have also not been evaluated in this theory, implying that
adsorption is the sole mechanism in RP-HPLC. This is,
for normal modifier concentrations and small solutes, not
the common opinion. For bigger solutes this ratio can be
used because adsorption is assumed (Tessier 2002). But
this condition is different from that of our tests.
Additionally, the last method includes the problem of the
estimation of the surface area. The surface area can be
calculated by the BET analysis method. However, the
BET area is too big because C18-chains are not able to
use the whole surface, which is captured by nitrogen.
Only the surface area amenable for selectors is interesting
for the estimation of the volume (Vs).
Sentell and Dorsey (1988) have defined the volume of the
alkyl chains bonded to the silica surface as the volume of
the stationary phase. This theory was postulated after valid-
ating the statistical, mechanical results of Dill (Ying et al.
1989), which showed that the principal retention mechan-
ism for small nonpolar solutes is partitioning. Sentell and
Dorsey (1988) accepted this idea of the partitioning model
and they were able to show that retention time depends on
bonding density. Thus the interaction of the solute in the
stationary phase regardless of the selector (C18-chain or
calixarenes) is the main interaction. If adsorption were the
preferred interaction the bonding density and the kind of
selector molecule should hardly influence the retention for
small nonpolar solutes. Based on these results an equation
was developed that uses the carbon content to calculate
the surface coverage of C18-chains.

a ¼ %C � 106
ð12:011Þ � ðncÞ � SÞ � ð100� ½%C=ð12:011Þ � ðncÞ� � ðM� 35:5Þ ð3Þ

Here a is the surface coverage (mmol/m2), %C are grams
carbon per 100 g bonded silica as obtained from elemental
analysis, nc is the number of carbon atoms per mole si-
lane, M is the molecular weight of the silane and S is the
surface area of the native silica gel in m2/g.
The term (100 � [%C/(12.011) � (nc)] � (M � 35.5)) is a cor-
rection factor that helps to estimate the native silica surface.
C%/(12.011 � nc) is comparable with a molecular weight of
the selector that only considers the carbon skeleton.
The volume can be calculated by Eq. (4)

Vs ¼ a � S � ð100� ½%C=ð12:011Þ � ðncÞ�
� ðM� 35; 5ÞÞ � v �Wp � 10�6 ð4Þ

where 100 � [%C/(12,011) � (nc)] � (M � 35,5) is the cor-
rection factor for the native silica gel again, Wp is the mass of
the column packing and v is the molar volume of the bonded
alkyl group in cm3/mol. The last parameter mentioned is not
easy to investigate. Sentell and Dorsey (1988) have used the
results of Cheng (1985). He analyzed the density of chroma-
tographic selectors using gravimetry. With the density of the
chromatographic selector and its molecular weight it is sim-
ple to calculate the molar volume.
The volume of the alkyl chains has been acquired by in-
vestigating the densities of native silica gel and alkyl
bonded silica gel. For that purpose methanol was added to
the dry silica gels (native and alkyl bonded) to an exact
mark and the weight difference of native and alkyl bonded
silica gel was used for the calculation.
Based on the theory of Sentell and Dorsey a new defini-
tion of stationary phase is presented where not only the

selectors but also the adsorbed liquid molecules and less
covered areas define the volume.
Sentell and Dorsey (1988) determined the molar volume of
the C18-chains to calculate the volume of the stationary
phase. However the space occupied by the stationary phase,
does not only consist of the molar volume of the C18-
chains but also of ad- and absorbed molecules of the mobile
phase and of space not occupied by the chains (definition of
the phase volume) (Sander and Wiese 1993).
Molecules of the mobile phase are absorbed into the ma-
trix and let the volume swell (Ban et al. 2004; Klatte and
Beck 1996). Interestingly the composition of the adsorbed
molecules does not match those of the mobile phase. The
percentage of methanol of the methanol/water mixture, ad-
sorbed in the matrix, enhances with an increasing penetra-
tion into the C18-Matrix to 100% (Klatte and Beck
1996).
The unoccupied space in the C18-phase arises because of
the different C18-densities on the silica gel. It depends on
the manufacturing method which is used because, depend-
ing on the method, areas with high C18-density alternate
with areas of lower density (Liu et al. 2001). Additionally
using the calculation of molar volume and including the
coverage density unoccupied spaces occur, even with
equal distribution.
In order to define the term “volume of stationary phase”
the most important items will be defined. The results of
the theoretical examination and own experimental results
will be presented and a new method of calculation for the
stationary phase volume will be shown.

2. Distribution of C18-selectors on silica gel

One possible C18-distribution was presented by Lochmül-
ler et al. (Lochmüller and Wilder 1979; Lochmüller et al.
1983). They defined a part of the stationary phase as
groups of selector associates which behave similarly to
liquids. Gilpin et al. (Gilpin and Squires 1981; Gilpin
et al. 1982) postulated two possible states (bristle and
folded) and related it to the state of the temperature and
the solvent. Liu et al. (2001) determined a phase structure
dependent on the water content during the syntheses. The
higher the water content during syntheses had been the
more “islands” of C18-selectors were built. The unoccu-
pied space was covered equally in the next steps of the
syntheses. Thus areas existed with high and low C18-den-
sities. These results were supported by a work of Gritti
and Guoichon (2004). They investigated the accuracy of
adsorption isotherm parameter using dynamic HPLC
methods and found that the stationary phase is not homo-
geneous.

3. Molar volume of the C18-selectors

The molar volume of the selector states the volume which
is occupied by one mole of it. For amorphous, not crystal-
line or liquid crystalline states assumed in HPLC, it is
difficult to determine a volume. In order to quantify the
molar volume there are experimental and theoretical ap-
proaches. An experimental method was introduced by
Cheng (1985). A theoretical approach is to define the
C18-molecule as a cylinder and to assume that one mole
consist of 6.022�1023 cylinders.
The height and the diameter must be known to calculate
the cylinder. The molecule diameter calculated using the
theoretical length of the C––C-bonding is �100 pm and
the resulting molecule length is 2340.7 pm.
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However it is known that the last methylene group of al-
kyl chains captures a space with 200 pm diameter. Addi-
tionally it is known that the length of an all-trans alkyl
chain is expanded about 127 pm by a CH2––CH2-group. A
new calculation with these results yields a maximal length
of 2452 pm for an all-trans dimethyloctadecylsilyl mole-
cule. The diameter of the hypothetical cylinder must be
enhanced to 200 pm because van der Waals interactions
with analytes, which are the most common interactions in
HPLC, already occur in that distance. Thus an ideal cylin-
der with a diameter of 200 pm and a length of 2452 pm
was determined (Fig. 1). The last significant factor for the
volume is the silyl group. It has two methylene groups
and therefore its diameter must be enhanced by about
440 pm (radius methylene group 2� (100 pm) þ length of
silica carbon bonding 2� (220) pm s.a.). With all these
results a total volume of the C18-selector of 141 Å3 can
be determined. The area occupied by a selector molecule
is 32 Å2 due to the dimethylsilyl structure and the assump-
tion of free rotatability. A volume of 599 Å3 can be calcu-
lated using the experimental results of Cheng (1985). As-
suming the same length of the selector molecule an area
of 25 Å2 can be calculated and this results in a diameter
of 5.6 Å. Kazakevich (2007) presented a molecular vol-
ume of 630 Å3 for a C18-ligand (Table 1). Using our
maximal selector length an area of 25.7 Å2 is occupied by
one molecule (calculations of Kazakevich were done
using a length of 24 Å with a result of 26.2 Å2) and the
area has a diameter of 5.7 Å. These results show that the
diameter of the selector can be quoted with 6 � 4 Å. But
they also show that the amount of the molar volume is
not exact and depends on the method used. The big dif-
ference between our volume and the others is caused by
the calculation. We divided the C18-chain in two cylin-
ders. The first was the Si(CH3)2 group with a diameter of
640 pm and a height 220 pm. The second was the
(CH2)17––CH3 group with a diameter of 200 pm and a
height of 2032 pm. All the other calculations were done
with the diameter of the first group and the length of the
whole molecule.
The average distance between the C18-chains was deter-
mined, in order to get a picture of the coverage of the
stationary phase. Remarkably the average distance be-
tween two chains, assuming a density of 1 mmol/m2, was
1454 pm. With this result it can be shown that, assuming
a diameter of interaction of 200 pm for each chain, free
space between them must occur where no interactions
with the chains take place. The supposed regular distribu-
tion of the selectors is not always correct in practice. Liu

et al. (2001) could show that the stationary phase is het-
erogeneous with areas of low and high densities. Further-
more chain density is limited by the steric hindrance of
the dimethylsilyl groups. Thus there is a maximum cover-
age of about 4 to 6.6 mmol/m2 in dependence on the sur-
face area which is assumed. The theoretical densities can
be calculated by the area which is occupied by one selec-
tor. However, a penetration of this theoretical area is pos-
sible and would lead to a higher bonding density
(Fig. 2).
With these facts of less average C18-chain-density the less
steric selectivity of monomeric C18-phases can be ex-
plained because it is not significant whether the analyte is
rigid or flexible or spherical in order to penetrate into the
stationary phase.
The areas of high density as well as those of low density
are a part of the stationary phase. Therefore not only the
molar volume of the selectors but also the free space be-
tween the chains defines the stationary phase. Additionally
liquid molecules are adsorbed at or into the stationary
phase (Ban et al. 2004; Klatte and Beck 1996).
Thus the stationary phase can be defined as a compact
phase and its volume can be calculated by its thickness
and the area occupied by it.

4. Area of stationary phase

The area occupied by the stationary phase is defined by
the surface of the media (silica gel). Thus the surface area,
accessible for the selector, is the parameter which is used
to calculate the volume.
The standard method to measure the surface area of
HPLC-silica gel is the BET-method. This method uses ni-
trogen to estimate the surface because nitrogen is small
and therefore it can enter almost every volume. Addition-
ally it forms a monolayer and with the knowledge of the
area occupied by an atom of nitrogen (16.2 Å2) the calcu-
lation of the surface area is possible. The BET-surface
however is not that exact for the volume calculation men-
tioned above, because nearly the whole surface of the sili-
ca gel is determined and not only that part which can be
occupied by the stationary phase.
The surface area had to be estimated by a method that
considers this fact. Additionally it must be mentioned that
the surface of the silica is rough and the macro- and mi-
cro-pores (< 50 Å and 10 Å respectively) are probably cy-
lindrical. Therefore the picture of a plain area where the
chains are bonded at is incorrect. This curvature of the
pores causes a reduction of the volume even with an all-
trans conformation.
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Table 1: Calculation of volumes and areas of a C18-selector

Volumes of one
selector in Å3

Diameter of the covered
area on the silica matrix
of a C18-molecule in Å

Area of a
selector in Å2

141 6.4 (Meyer) 32.2
630 5.7 (Kazakevich) 25.7
599 5.6 (Sentell, Dorsey) 24.5

Fig. 1: Height of a C18-chain

Fig. 2: Possible overlaps of the areas of two selectors



The surface area which is estimated through CTAB (ce-
tyltrimethylammonium bromide) gives attention to all
these demands because the size of the molecule is similar
to that of a C18-molecule. Therefore the micro pores
which are not coverable by C18-selectors will not be de-
tected by the CTAB molecule and their surface will not be
measured. Additionally a defined area for each CTAB mo-
lecule is used in the calculation of the surface area (simi-
lar to BET). That means the surface of a covered plane
assuming the highest possible density can be calculated by
multiplying the area of a CTAB molecule by their number.
The highest possible density in a pore is less than that of
a plane due to the curvature because the molecules hinder
each other. The calculation of the surface, however, im-
plies a plane because the area of a CTAB molecule on a
plane is used. Thus the surface of a pore is estimated
smaller than it actually is. This area not included in the
measurement is exactly that area which cannot be covered
by the C18-selectors.
The CTAB method (ASTM D: 6845-02) is protected and
thus cannot be described here (ASTM, 2002).
The CTAB-surface gives attention to all demands of a
C18- and calixarene-covered area because the steric hin-
drance and the pore curvatures are considered.

5. Thickness of the stationary phase

Knowing the surface area of the stationary phase the vol-
ume depends on the thickness of the compact phase. The
thickness is defined by some parameters (ability to swell,
organization of the selectors and with this the conforma-
tion and orientation of the selectors).
Different working groups have developed different models
about the shape of C18-chains and different theories about
the transformation of the phases influenced by varying
parameters.
The most important parameters were reviewed, discussed
and complemented with own investigations.

5.1. Methanol and the stationary phase

The behaviour of methanol, of methanol/water mixture,
and C18-chains were investigated by Montgomery et al.
(1992). It could be shown that the structure of the chains
is not influenced by the alcohol but that only the surface
is wetted. Bliesner and Sentell (1993) proved that Methan-
ol precipitates on the selectors of the stationary phase
using NMR. Klatte and Beck (1996) could show the con-
centration enhancement of methanol at the stationary
phase depending on the depth of penetration with a com-
puter model. Additionally they confirmed that the struc-
ture of the stationary phase will not change using a
methanol range of 10–90% methanol as organic modifier
in the mobile phase (Klatte and Beck 1996). Furthermore
it is interesting that the methanol molecules which are pre-
cipitated on the stationary phase are highly ordered. Sun
et al. (2006) ascertained that the methyl groups of the ab-
sorbed methanol molecules orientate towards the lipophilic
chains, whereas the polar hydroxyl group points towards
the solvent side. Klatte and Beck (1996) confirmed the
theory of ordered methanol und postulated that the
methanol molecules start to orientate in a distance of 20 Å
from the silica surface (�3 Å above the C18-chains). This
result is in excellent agreement with those published by
Kazakevich and co-workers (Kazakevich et al. 2001; Chan
et al. 2005). Graphically Ban et al. (2004) showed the be-
haviour of solvent molecules of the mobile phase and the

behaviour of the stationary phase by varying methanol
concentrations. A complete separation of stationary and
mobile phase could be shown at a methanol range of 0 to
10%. It was outstanding that the stationary phase did not
collapse. After enhancing the methanol concentration over
10% a penetration of mobile phase into the stationary
phase could be shown. However, the inner space of the
stationary phase was not wetted by the solvent. The in-
complete wetting of the phase is consistent with former
results (Ban et al. 2004). Sander et al. (1983) used IR-
methods to relate the degree of disorder of the chains to
the methanol concentration of the stationary phase. These
results showed that the order of methanol wetted phases is
higher compared to results measured in vacuum, but the
order does not change in a range between 70 and 100%
methanol.
Methanol wets the hydrophobic C18-chains and orientates
the methyl group towards the alkyl groups and the hydro-
xyl group towards the solvent in stationary phase environ-
ment. However, methanol does not destroy the structure of
the chains in normal modifier concentration and only pe-
netrates the stationary phase up to a depth of 10 Å (Klatte
and Beck 1996). The adsorbed liquid molecules enhance
the volume of the stationary phase up to 3 Å because ad-
sorbed, ordered molecules do not belong to the mobile
phase anymore. These results are not valid for all modi-
fiers but only for methanol because MeCN for example
has other wetting properties and will react differently.

5.2. Order of the stationary phase

The order of the C18-chains is, beside the precipitation of
methanol, the most essential factor for the structure and
the thickness of the stationary phase. All other parameters
influence the order only indirectly by the amount of disor-
der they cause. Assuming a maximal ordered phase all
selectors would exist in the all-trans conformation with a
resulting phase thickness of 24.5 Å þ 3 Å. When the or-
der and with it the structure changes the thickness of the
selectors will be reduced.
For considering the order of the stationary phase, first the
selectors will be described in the condition of maximal
order and then in condition of disorder.
A C18-phase has a maximal order when all chains are in
the all-trans conformation and the chains are arranged par-
allel with the same distance similar to a crystal structure.
The amount of disorder increases when the all-trans con-
formation changes into a gauche-form. This occurs with
chains longer then 10 carbon atoms. However a distinc-
tion between some conformation changes is necessary. A
single gauche-conformation changes the order differently,
in dependency on the carbon atom, where the change of
conformation takes place. Therefore it follows that chains
with a conformation change at the proximal ending in-
crease the disorder of the phase intensively whereas
gauche conformations at the distal ending (end gauche)
influence the disorder less because the morphology of the
molecule is not modified strongly. If two gauche-confor-
mations per molecule occur and they have the opposite
direction then a kink conformation is exhibited. When
both conformational changes point into the same direction
the selector will adopt an U-shape conformation and in-
crease the disorder most (Fig. 3).
The frequency of the occurrence of the different confor-
mations (all-trans, gauche, end gauche, kink) has to be
estimated in order to determine the order of a C18-phase.
This was accomplished in dependence on temperature
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(Ban et al. 2004; Sander et al. 1983; Srinivasan et al.
2006), chain length (Sander et al. 1983; Srinivasan et al.
2006) and coverage density (Lippa et al. 2005).

5.2.1. C18 chains and its behaviour
in high aqueous environment

Many theories have been put forward and works have
been done which have tried to explain the structure, shape
and behaviour of the C18-chains. There are common and
special considerations which deal with C18-molecules in
polar environment.
Halasz and co-workers (Karch et al. 1976) published the
“bristle structure” where the chains are orientated verti-
cally like bristles towards the silica surface. Hemetsberger
et al. (1979) supposed another structure with collapsed
chains aspiring to a minimal surface. A similar picture
was drawn by Harris and co-workers (Wong et al. 1991).
They found collapsed phases via fluorescence measure-
ment at high water content. Mountain and Thirumalai
(2003) also showed folded hydrocarbons. They determined
n-eicosane via molecular dynamics simulations and found
chains with end to end contact to be about 12 times more
likely than unfolded conformations.
However, Tolls et al. (2002) published that long-chain hy-
drocarbons prefer the all-trans conformation in highly po-
lar environment. This conclusion was supported by Cra-
mer and Truhlar (1992). Using a Monte Carlo simulation
Sun et al. (2006) presented results demonstrating that most
of the C18-molecules are not folded on the surface but are
extended into the space with an average length of
14.8 � 4 Å. However, the lengths of the selectors referring
to the cumulative number do not show an ideal Gaussian
distribution. A little maximum at 5 Å end to end distances
exists. At this distance the chains show an U-shape con-
formation and with it the maximal folded conformation.
This peak at 5 Å exists also at mobile phase mixtures of
33/67% and 66/24% methanol/water but not in such a dis-
tinctive way. The second peak at 17 Å (16 Å < > 18 Å)
also occurs at each mobile phase composition. This means
that a change in the mobile phase does not affect the
thickness of the stationary phase. Only the compositions
of the conformations of the selectors will change. This

outstanding result was supposed by Ban et al. (2004)
using molecular dynamic computer simulation. Again the
thickness was determined with 17 � 3Å independent of
the mobile phase composition.
Recapitulatory it can be pointed out that water content
over 90% in the mobile phase leads to strong modification
of the stationary phase. However it must be emphasized
that high water content does not lead to a completely
folded or collapsed stationary phase. The structure of the
alkyl-chains will change. However, the thickness and with
it the volume will hardly alter.

5.2.2. Influence of temperature on the stationary phase

Sander et al. (Sander et al. 1983; Sander et al. 2001) inves-
tigated the temperature as an influencing parameter on the
alkyl chains and could show positive results. Srinivasan
et al. (2006) also found a modification of the number of
gauche and kink conformations per chain over a tempera-
ture range of 180–340 K. A slight increase of order could
be shown with falling temperature. This tendency was
confirmed by Ban et al. (2004). The results were, how-
ever, more exact. Furthermore they differentiate the inves-
tigations even more by classifying the C18-chain into
three parts (root, middle, end) and by determining the or-
der of these three parts separately. All these results show
that temperature influences the order of the chains. As
mentioned, in the amount of order is controlled by the
conformations. Therefore it is evident that rising tempera-
ture causes a slightly higher amount of modified confor-
mations. It is noticeable that the average location of the
modified conformation is dependent on the temperature.
The disorder enhances with rising temperature mainly on
the basis of the chains. This fact is significant for the car-
bon density inside the phase because modifications of the
chains on the basis cause strong morphologic changes so
that carbon atoms concentrate at the proximal region of
the phase.
These results were supported partly by Singh et al. (2002).
They deuterated the C18-chains on position C4, C6, C12

and measured the gauche-defects in dependency on the
temperature. A higher amount of modified chains on the
proximal ending was unexpectedly found with increasing
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Proximal ending

Distal ending

Gauche Gauche
gauche conf.
in the same
direction

gauche
conf. in the
opposite
direction (kink)

All-trans
conf.

Gauche conf.
at the distal
ending

Gauche conf. at
the proximal
ending

Fig. 3:
Possible types of conformation of a C18-phase



temperature. This seems to be an antagonism to results of
Ban et al. because their results showed that the order used
to be higher at the proximal part than at the middle or end
parts but changed mainly with rising temperature on the
proximal part. However, if the conditions and results of
Ban et al. (2004) are considered at 100% water, the high-
est amount of gauche defects can also be measured at the
proximal ending. Furthermore the allocation of the solute
in root, middle and end does not agree with the allocation
of the selector by means of the three deuterated carbons.
Basically, Singh et al. (2002) also determined the positive
influence of decreasing temperature on the order of the
phase.
The influence of temperature on the order is proven. If the
temperature decreases, the amount of disorder also de-
creases but slowly and continuously (Sander et al. 2005).
Therefore it must be assumed that no escalate phase tran-
sition exists. The increasing order of the phase is used in
HPLC to separate steric isomers because the slight ener-
getic difference in the retention of these isomers can be
used in systems with a degree of high order. This is
caused by the energy which is needed to form a cavity in
the C18-chains. More rigid molecules like triphenylene
and more flexible molecules like o-terphenyl require dif-
ferent cavities although they are almost identical. The en-
ergy difference is more distinctive with ordered phase.
Thus separation is possible or the selectivity is better
(Sander et al. 2005).

5.2.3. Influence of the density on the stationary phase

Beside the temperature and the selector length the order of
stationary phase is affected by the coverage density of
C18-chains (Klatte and Beck 1996; Lippa et al. 2005; San-
der et al. 2005).
Lippa et al. (2005) could show that the number of gauche
conformations decreases with increasing coverage density
using molecular, dynamic simulations of covered silica gel
with a density of 1.64 to 5.94 mmol/m2. Sander et al.
(2005) also found supporting results for that theory and
confirmed them using Fourier transform infrared spectro-
scopy, Raman spectroscopy and NMR. Lippa et al. (2005)
differentiated their results even more by relating the num-
ber of gauche-conformations to the position of carbon
atoms. It is evident that most of the gauche defects appear
in the range between the fourth and the eighth carbon
atom independently of the coverage density. This fact may
be responsible for the different results discussed above.
A shift of carbon density of the stationary phase to the distal
ending is affected by the increasing order caused by the en-
hanced coverage density. Furthermore it could be shown
that the distribution of the carbon concentration along the
phase axis equals due to increased densities and that very
high densities cause a thicker stationary phase (Lippa et al.
2005). However, very high densities are not possible in
practice of monomeric phases. The calculated thickness for
phases used in practice was 16 � 3 Å and supports the re-
sults of Sun et al. (2006) and Ban et al. (2004).
The coverage density influences the order and with it the
distribution of carbon atoms along the phase axis. A high-
er density causes a higher degree of order and a shift of
the carbon concentration towards the distal ending.

6. Recapitulatory notes on C18-chains

The thickness of stationary phase is influenced by differ-
ent parameters (water content of mobile phase, properties

of organic modifier, temperature and coverage density of
stationary phase).
A water content of the mobile phase higher than 90%
leads to a modification of the structure of the stationary
phase. The thickness however does not change (Sun et al.
2006). At this point it must be considered that the phase
interface, as it is needed for the volume definition, does
not comply with the average length of the selectors. In
fact the length, ascribed to most of the chains, must be
considered. This information can be obtained by plotting
the number of alkyl chains against the length of the
chains. The diagram shows an asymmetric dispersion with
a maximum at 17 � 3 Å (Ban et al. 2004; Sun et al.
2006).
Methanol does not lead to a structural change of the sta-
tionary phase. On the other hand the degree of order in-
creases using methanol compared to results measured in
vacuum (Sander et al. 1983). But this is only true for that
case because a further enhancement of methanol concen-
tration does not cause a significant influence on the order
of the chains. The second and outstanding property of
methanol, concerning the phase volume, was the precipita-
tion on the stationary phase (Bliesner and Sentell 1993).
This phenomenon could be found until a distance of 3 Å
above the C18-chains (Kazakevich et al. 2001; Chan et al.
2005; Klatte and Beck 1996). Additionally these methanol
molecules orientate their CH3-groups towards the lipophi-
lic chains and their hydroxyl groups towards the polar sol-
vent. The adsorbed molecules do not longer belong to the
mobile phase and thus have to be added to the stationary
phase. Thus the measured phase thickness has to be en-
hanced about 3 Å.
The temperature influences the order of the C18-solutes.
If the temperature decreases the degree of order increases
(Sander et al. 2005). The effect on the thickness however
is marginal because only a shift of carbon concentration to
the distal ending can be observed. Thus the properties of
the stationary phase change but not its volume. It is nota-
ble that the effect of temperature is small and continuous.
Therefore a large temperature range has to be considered
to ascertain a measurable change of order.
The coverage density has a similar importance as the tem-
perature for the degree of order of the phase. Increased
densities enhance the degree of order because the interac-
tions of chains with gauche defects become energetic
more inefficient (Lippa et al. 2005). A lot of work has
been done on the basis of this theory using both simula-
tions (Klatte and Beck 1996 1995; Wick et al. 2004) and
measurements of covered silica gels (Liu et al. 2001). A
comparison of results of both approaches is difficult be-
cause the values of covered silica gel are determined using
the BET surface and thus are not that exact. Furthermore
areas of high and low coverage density could be found
(Liu et al. 2001). Thus the density is just an average val-
ue. The thickness of about 17 � 3 Å is not influenced by
the densities used in monomeric stationary phases similar
to the temperature. Solely the shift on the carbon density
to the distal ending could again be observed at enhanced
order (Lippa et al. 2005).
The thickness of the stationary phase used for the calcula-
tion of the volume is assumed with 17 � 3 Å þ 3 Å ¼
20 � 3 Å.

7. Calixarenes

Calixarenes, following cyclodextrines and crown ethers,
are the third generation of supramolecules used in HPLC
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as stationary phases (Fig. 4). They consist of phenol units
linked via methylene bridges, can form inclusion com-
plexes and are used in many fields of science (Meyer and
Jira 2007). The reflections which were made for the C18-
chains partly match the calixarene phases and they should
be verified for their validity. The CTAB surface is amen-
able as well for calixarenes as for C18-molecules. There-
fore these data can be used.
The other parameters (mobile phase, temperature, coverage
density) probably have less bearing on the calixarenes than
on the C18-chains because these molecules have a high in-
ner order which is hard to affect. The water content of the
mobile phase could influence the calixarene-bonded phases
because the calixarene molecules also exist in different con-
formations (cone, partial cone, 1,3 alternate. . .). However,
these modifications do not affect the thickness of the sta-

tionary calixarene-bonded phase because at each conforma-
tion, phenol units of the calixarenes are orientated axially
towards the spacer and thus show the same phase-interface
as cone calixarenes. Additionally the calixarene spacers are
that short that an all-trans conformation must be assumed.
The thickness of the adsorbed layer of methanol is prob-
ably the same for calixarenes and alkyl chains because
results of investigations on phenyl phases also showed a
thickness of the adsorbed layer of 2,5 Å.
The height of calixarenes was calculated with 11 þ 3 Å
and 15 þ 3 Å for the calix[n]arenes and p-tert.-butylca-
lix[n]arenes, respectively (Fig. 5).

8. Volume of the stationary phase

The CTAB-surface of the silica gel used is 224 m2/g (ex-
perimental see ASTM 2002). As expected, this surface is
smaller than those which were determined by the BET
method (320 m2/g). The percent ratio of BET and CTAB
surface is 72% and matches the examples given by the
owner of the method (Table 2).
The CTAB surface area is valid for bare silica gel. There-
fore absolute surfaces have to be acquired for each col-
umn depending on the carbon load. Thus phases with
equal selectors but different carbon load must have differ-
ent phase ratios. The mass of a column filling is given
with 1.05 g. The mass of bare silica gel can be calculated
with Eq. (5).

mf ¼ f100� ½%Cs=ð12:011 � ncsÞ �Ms�
� ½%CSi=ð12:011 � ncsiÞ �MSi�g � 10�2 �mp ð5Þ

where %Cs is the carbon load of the covered silica gel
caused by the selector, %Csi is the carbon load of the
covered silica gel caused by endcapping, ncs is the num-
ber of carbon atoms of the selector, ncsi is the number
of carbon atoms of the endcapping material, Ms is the
molar mass of the selector, Msi is the molar mass of
endcapping material and mp is the mass of the column
filling.
Thereby the mass of the selectors and endcapping materi-
als is subtracted from the mass of the column filling. The
individual surface of column filling and with it the station-
ary phase volume can be calculated in Table 3.
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Fig. 4: Thickness of a calixarene

Fig. 5: Conformations of calix[4]arenes

Table 2: Examples of surface ratios

BET-surface (m2/g) 150 146 157 145 157 134 133
CTAB-surface (m2/g) 116 120 124 118 123 118 116
Percent ratio (%) 77.3 82.2 78.9 81.4 78.3 88.1 87.2



The values of the columns investigated by us are shown
(table 3). Continuative calculations of the volume of mo-
bile phase show that the calculated volumes match those
obtained by the void volume.

9. Conclusion

The definition of stationary phase depends on the condi-
tions used in HPLC. Our purpose was the definition and
estimation of the volume of stationary phase for small com-
pounds at low concentrations using methanol as organic
modifier. Under these conditions the stationary phase must
be considered as a compact phase including not only the
selectors but also the liquid molecules and the space in it.
Therefore its volume can be calculated with the covered
area and the thickness. The thickness and the order of the
phase are affected by some factors which were reviewed:
– The methanol content of mobile phase only influences

the structure. Thus the order is less influenced. The
thickness, however, is increased by the methanol
through precipitating on the stationary phase.

– The order of the phase represents a very important or
maybe the most important effect on the thickness of the
phase because, except methanol, all the other param-
eters affect the order. It is evident that the carbon
density adjusts when the order is increased. And the
thickness is enhanced by very high coverage density.

– The temperature influences the order in such a way that
decreasing temperatures determine a degree of higher
order. However the temperature range must be chosen
widely to observe a modification because the influence
is small but continuous.

– The coverage density affects the order in such a way
that an increasing density causes a degree of higher
order because gauche conformations become energetic
more unfavourable.

– The concentrations of methanol in the mobile phase
below 10% are inadequate to wet the stationary phase.
Hence the polar character of the water affects the struc-
ture of the chains and a total separation of the two
phases (mobile and stationary) can be observed.
The CTAB method for calculation of the volume of sta-
tionary phase is useful. The CTAB surface represents the
area which is covered by the stationary phase more ex-
actly than areas which were acquired by the BETmethod.
With these results thermodynamic determinations in
HPLC can be calculated more accurately to improve the
understanding of interactions in HPLC.

10. Experimental

10.1. Columns

The six calixarene-bonded columns (Caltrex1 AI-III and Caltrex1 BI-III)
and the Kromasil1 C18-column (Eka Nobel) were obtained from Syntrex
GbR (Greifswald, Germany) with a carbon content of 14.3% C; 16.2% C;

14.7% C; 15.9% C; 17.2% C; 18% C; 20% C, respectively. The dimension
of the columns was 125�4 mm I.D. All columns were packed with Kro-
masil1 silica gel (5 mm).

10.2. CTAB method

The technique we used to determine the CTAB surface is a standard meth-
od of ASTM with the number ASTM D: 6845-02 (ASTM 2002; Sandrine
et al. 2005). This standard is used to determine the rough surface area of
silica in rubber industries. The standard is protected. Therefore we are not
allowed to publish the details of the method.
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