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Abstract

The effect of surface coverage and solid supports on the conformational order of alkyl chains of commercially available carbon clad zirconia
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ased supports and synthesised C18-alkyl modified silica based supports are probed in the dry state for the first time using variable
ourier transform infrared (FT-IR) and solid-state13C NMR spectroscopy. From FT-IR spectroscopy, the conformational order of alkyl c

ethered to the substrates is examined by the analysis of CH2 symmetric and anti-symmetric stretching bands. Through solid-state13C NMR
pectroscopy, the order is inferred from the relative intensity of the main methylene carbon resonance assigned to trans and t
onformations. It is found that molecules tethered to the graphite layer experience a strongly diamagnetic component of the highly
agnetic susceptibility of the graphite lattice, which reflects upfield shift in the13C NMR spectra of commercially available octadecyl-modi

arbon clad zirconia based column materials. The present results prove that temperature, surface coverage and solid supports hav
n the conformational order and mobility of alkyl chains tethered to the carbon clad inorganic metal oxides.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Zirconia based phases have been used as stationary
hase materials in high-performance liquid chromatography
HPLC) for well over a decade. The development of HPLC as
n efficient separation technique has been largely reliant upon

he synthesis of new efficient and selective stationary phase
aterials. An understanding of the underlying chemical
rchitecture and dynamics of such materials is a prerequisite

or the development of new stationary phase materials.
Silica based stationary phase traditionally are used as a

ubstrate material for HPLC due to their high mechanical
trength, narrow particle size distribution, high specific

∗ Corresponding author. Tel.: +49 711 685 4470; fax: +49 711 685 4467.
E-mail address:k.mueller@ipc.uni-stuttgart.de (K. M̈uller).

surface area, variance of pore size and well-docume
chemistry of surface modification[1]. Among the differen
modified silica phases, the octadecyl-modified system
become more popular since the majority of organic c
pounds are hydrophobic enough to interact with C18 ch
to some extent. Nevertheless, the silica based stati
phase materials have certain limitations such as rema
adsorptivity towards basic (amines) compounds due to si
interactions, leading to asymmetric peaks and also lack o
stability because the silica backbone Si–O–Si hydrolys
pH >8, and the siloxane bond is unstable at pH <2. Use o
umn temperatures above 60◦C can also result in hydrolys
of the stationary phase from silane-modified silicas[2].

Titania, zirconia, alumina and magnesia provide ch
ically stable alternatives to silica as chromatogra
stationary phase materials. These supports are supe
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silica with respect to mechanical stability and chemical
inertness within a pH range of 1–14[3]. Unger et al. have
compared the chromatographic performance of zirconia,
silica, alumina and titania in the normal phase HPLC mode
and showed that zirconia is superior in the separation of basic
compounds[1,4]. Nawrocki et al. studied the physical and
chemical properties of microporous zirconia that exhibited
excellent properties as a stationary phase material[3].
Zirconia based chromatographic phases have the potential
to overcome the drawbacks of silica. Zirchrom and Cabot
Corporation developed a novel stationary phase material by
attaching C18 chains to a chemically and thermally inert car-
bon clad zirconia surface which has good efficiency, extreme
chemical and thermal stability and a very different chro-
matographic selectivity compared to all silica C18 stationary
phases[5,6].

Chromatographic measurements provide vital informa-
tion about the properties of the bonded phase as a function
of mobile phase, temperature, stationary phase support,
solute hydrophobicity and polarity[7–9]. Such studies,
however, provide only indirect evidence about the bonded
phase morphology. On the other hand, by using techniques
like FT-IR [10–12], Raman spectroscopy[13–16], atomic
force microscopy[17], NMR spectroscopy[18,19] and
ellipsometry[17] more direct information about the alkyl
chain structure, conformation and dynamics of the chromato-
g rials,
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of the main methylene carbon resonance assigned to “crys-
talline like” trans and “solution-like” mixture of trans and
gauche conformations[18].

Very few studies about the conformational order and
dynamics have been carried out on zirconia-based station-
ary phase materials. Since the small molecules can freely
interact with both the stationary phase and the underlying
substrate, the morphology of both alkyl chains behaviour and
substrate need to be understood. In the present contribution,
FT-IR and solid-state13C NMR investigations probing the
effect of temperature, surface coverage and solid supports on
the conformational order and mobility of the alkyl chains of
commercially available DiamondBond-C18 systems in the
dry state are presented. The results are directly compared
with the data from a parallel study on octadecyl-modified
silica gels and with data on related systems.

2. Experimental

2.1. DiamondBond-C18 column materials

The DiamondBond-C18 column materials were synthe-
sized using procedures similar to those described elsewhere
[21]. The level of surface coverage with C18 groups can
be varied by changes in the stoichiometry of the surface
m ent
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raphic column material is accessible. In such mate
he conformational order of the alkyl chain moieties
xpected to be a major source for the selectivity du
hromatographic separations. Recent studies have c
hat the conformational order, chain dynamics and
oncomitant effects on retention and selectivity depe
n various factors such as alkyl chain lengths, sur
overage, supporting material, temperature and pre
10–12]. Describing the alkyl chain conformational ord
n the molecular level is thus crucial for the understan
f such materials in their respective chromatogra
pplications.

FT-IR spectroscopy has been utilized for probing the
ormational order of alkyl chains in quite different range
lkyl materials. For instance, FT-IR absorption frequen
and intensities and band widths have been used to stu
onformation, structure and chain packing in polyethy
hains[20], n-alkyl modified silica gels[11], self-assemble
onolayers (SAMs)[12], pure hydrocarbons and biolo

al membranes[20]. Solid-state NMR spectroscopy is
mportant tool for studying the alkyl chain mobility a
onformational order of the stationary phases. The co
ation of cross polarization (CP) with magic angle spinn
llows acquisition of high-resolution NMR spectra of lo
bundance heteronuclei like13C and29Si in reasonable me
uring times. The carbon nuclei offer a wider chemical s
ange (220 ppm) than protons (12 ppm) and therefore pro
sensitive indicator of structural changes and the confo

ional order of immobilized ligands. In solid-state13C NMR
tudy order is typically inferred from the relative intens
odification reaction. In the present work two differ
iamondBond-C18 column materials were studied, i.e

ow density DiamondBond-C18 (hereafter denoted as LD
18) with a surface coverage of 2.5�mol/m2 and (ii) high
ensity DiamondBond-C18 (hereafter denoted as H
18) with a surface coverage of 4.0�mol/m2.

.2. Synthesis of C18-alkyl modified silica gels

The C18-alkyl modified silica gels (hereafter denote
i-C18) with a surface coverage of 4.2�mol/m2 were syn

hesized using the procedure as mentioned in the e
ublication[11].

.3. Sample preparation

The samples were measured by means of the KBr p
echnique. The pellets of the samples and KBr (1/10–1
/w) of 1 mm thickness were prepared under vacuum us
ydraulic press. For the solvent studies, the powdered sa
as placed between two KBr windows using a 25�m zinc
pacer and about 20�l of solvent was added. The pellets of
espective samples were placed in a brass cell equipped
n external thermocouple in close vicinity of the sample.
ell compartment was thermostated with a variable tem
ture unit (L.O.T. – Oriel, Langenberg, Germany) equip
ith KBr windows. The same thermocouple was also u

or monitoring the actual sample temperature. The tem
ture was regulated with an automatic temperature co
nit with an accuracy of±0.5 K.
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2.4. IR measurements

IR spectra were recorded on a Nicolet Nexus 470 FT-IR
spectrometer (Nicolet, Madison, WI, USA) equipped with
a DTGS detector. Typically, 256 interferograms covering a
spectral range of 4000–400 cm−1 at a resolution of 2 cm−1

were collected within a temperature range from 193 to 353 K.
The recorded interferograms were apodized with a triangu-
lar function and Fourier transformed with two levels of zero
filling. Correction for background absorption was done by
recording the background spectrum of the empty cell (mea-
sured with twice the number of interferograms as that used
for the sample). The background spectrum was automatically
subtracted from the sample spectra. Data from three inde-
pendent samples were acquired at all temperatures for all the
samples studied. The whole series of variable temperature
FT-IR spectra was measured twice for each sample. The data
analysis is thus based on an average of six measurements.

The processing and analysis of the spectra for CH2 stretch-
ing band analysis was done with OMNIC E.S.P.5.1 software.
The frequencies of the CH2 stretching vibrations were per-
formed from the interpolated zero crossing in the first deriva-
tive spectra.

2.5. NMR measurements
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DiamondBond-C18 systems and C18-alkyl modified sil-
ica gels (Fig. 1), variable temperature FT-IR as well as
NMR spectroscopy are utilised, since both can be used to
get complementary information of the tethered alkyl chains
attached to the different metal oxides. Conformational order
in the DiamondBond-C18 column material and C18-alkyl
modified silica gel are assessed using FT-IR spectroscopy
from the position of the CH2 symmetric and anti-symmetric
stretching bands. In principle, quantitative information about
the presence and amounts of various gauche conformers
(kink/gauche-trans-gauche (gtg), double gauche, and end
gauche conformers) is feasible by the analysis of the wagging
band intensities between 1330 and 1400 cm−1. The analysis
was not possible for the present DiamondBond-C18 sys-
tems due to overlapping of other peaks, which are likely due
to the phenyl-graphite layer modified substrate. Therefore,
only qualitative studies are performed for the present column
materials. Several attempts were made in order to study the
conformational order of DiamondBond-C18 systems in the
presence of various mobile phases, which would be of more
interest for the comparison under chromatographic condi-
tions. In fact, it is known that the presence of a mobile phase
has impact on the conformational properties of the attached
alkyl chains as compared to the dry state[13]. In order to do
so, the DiamondBond-C18 powdered samples were placed
between two KBr windows. Then, solvent was introduced
i the
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The13C CP/MAS experiments were performed by us
n MSL 300 NMR spectrometer (Bruker, Rheinstetten,
any) with a 1 kW linear amplifier stage (LPPA-130
ressler, Stollberg, Germany) at a13C resonance frequen
f 75.47 MHz. Variable temperature13C CP/MASNMR
easurements were done with cross-polarisation cond
sing a commercial 4 mm MAS probehead. The sample
ing frequency was 5 kHz, whereas the proton 90◦ pulse

ength and last delay were 6.6�s and 6 s, respectively.

. Results and discussion

To understand the local molecular environments
tructural arrangement of the carbon-clad zirconia b

Fig. 1. Molecular structure o
nto the KBr windows to study the influence of solvents on
onformational order of alkyl chains in the DiamondBo
18 systems. In this case, however, the spectral quality
o poor most probably due to the higher concentratio
iamondBond-C18 materials, which made the analys

he IR spectra impossible. Several attempts to overcom
roblem were not successful. Thus, the present FT-IR s
nly comprises experiments of dry materials.

Through13C NMR spectroscopy, the chain ordering
btained via analysis of13C NMR spectra where trans a
auche NMR signals can be clearly distinguished[18]. The
resent investigation thus provides—on the basis of d
nt13C NMR chemical shift values—qualitative informati
bout the chain ordering of the chains attached to the
upports.

irconia and silica based systems.
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Fig. 2. Experimental CH2 anti-symmetric stretching bands for LDZr-C18,
HDZr-C18 and Si-C18 phases at 333 K.

For completely disordered structures the FT-IR frequency
of the CH2 anti-symmetric stretching band is close to that
of a liquid alkane (νa = 2924 cm−1). For well-ordered inter-
phases the frequency is shifted to lower wave numbers and is
close to that of crystalline alkanes (νa = 2915–2918 cm−1).
The same trend can be observed for the CH2 symmetric
stretching band as well. Thus, the frequency shift of the
band maxima in the symmetric/anti-symmetric CH2 stretch-
ing band regions (2853–2846 cm−1 and 2926–2912 cm−1)
provides qualitative information about the changes in the
conformational order as a function of the sample tempera-
ture, surface coverage and solid supports.Fig. 2portrays the
FT-IR spectrum for the HDZr-C18, LDZr-C18 and Si-C18 in
the anti-symmetric region between 2940 and 2900 cm−1. The
CH2 anti-symmetric band maximum for both DiamondBond-
C18 phases is almost the same whereas the band maximum
varies by 4 cm−1 between silica based and zirconia based
supports, i.e., DiamondBond-C18 phases. Upon increasing
the sample temperature the corresponding absorption band
maxima of the samples shifts towards higher wave num-
bers independent of the surface coverage. The position of
the band maxima as well as the actual variation with tem-
perature, however, depends on the respective samples.Fig. 3
depicts FT-IR spectra for the HDZr-C18 phases in the sym-
metric and anti-symmetric stretching band region between
3000 and 2800 cm−1. The impact of temperature on the CH
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Fig. 3. Temperature dependence of the CH2 symmetric and anti-symmetric
stretching bands of HDZr-C18 phases.

Fig. 4. Anti-symmetric CH2 stretching band positions of LDZr-C18, HDZr-
C18 and Si-C18 phases.

can be attributed to an enhanced alkyl chain flexibility owing
to decrease of conformational order.

The derived results for the absorption frequencies of
the CH2 anti-symmetric and symmetric stretching band
regions of the samples are summarized inFigs. 4 and 5.

Fig. 5. Symmetric CH2 stretching band positions of LDZr-C18, HDZr-C18
and Si-C18 phases.
2
ymmetric and anti-symmetric stretching band maxim
he DiamondBond-C18 systems is found to be lower as c
ared to conventional C18-alkyl modified silica gels colu
aterials.
It is important to note that the increase of FT-IR bandw

ith increasing temperature—a phenomenon describ
he earlier studies[12,22,23] and in the present Si-C1
ample—is absent in the DiamondBond-C18 systems. I
ase of Si-C18 (spectra not shown), the CH2 bands are narro
t lower temperatures, reflecting a low alkyl chain flexib
nd high conformational order[12]. At higher temperature
n increase of CH2 stretching bandwidth is observed wh
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Inspection of these figures reveals that the wave numbers
of the symmetric and anti-symmetric stretching bands of
the LDZr-C18, HDZr-C18 phases are lower as compared to
the Si-C18 phases for the entire temperature range. These
stretching band data imply that DiamondBond-C18 column
materials exhibit a higher conformational order as compared
to the C18-alkyl modified silica gels systems. Moreover,
the impact of temperature on the silica-based systems
is more pronounced as compared to the zirconia-based
DiamondBond-C18 systems, which maintain their high
conformational order over a wider temperature range. The
existence of higher conformational order, in particular for a
wider temperature range, is considered to be the molecular
basis of the enhanced performance of the DiamondBond-C18
column materials during chromatographic separations[5,6].

In comparing the high and low bonding density
DiamondBond-C18 systems, the HDZr-C18 has a slightly
higher conformational order as compared to the LDZr-C18
systems. The surface coverage has a greater influence at lower
temperatures as compared to higher temperatures. As ex-
pected, these results indicate that surface coverage has a direct
influence on the conformational order of the alkyl chains.
Even though the surface coverage is less in DiamondBond-
C18 systems (2.5�mol/m2 for LDZr-C18, 4�mol/m2 for
HDZr-C18) as compared to Si-C18 (4.2�mol/m2), the influ-
ence of the solid supports dominates over the influence of
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octadecylsilane over different periods of time[25]. A gradual
shift towards lower wave numbers was observed indicating a
transition from completely disordered to ordered structures
as the surface coverage of the monolayers increases.

One might wonder whether the CH2 stretching band
differences between the zirconia and silica based materials
are due to the effect the carbon layer might have on the
spectra and not a result of increased conformational order.
However, earlier investigations on SAMs (also including
different supports), biomembranes, alkanes and polymers
[12,20,25,26]proved that the CH2 stretching band positions
are irrespective of the corresponding materials, and always
occur in the same spectral range, as discussed earlier. Inde-
pendent results from NMR[18,19]and Raman spectroscopy
[13–16]as well as studies of other conformational sensitive
IR bands clearly proved that the variation of the stretching
frequencies is only due to changes in the conformational
order. Remarkable changes in the CH2 stretching absorption
would be only expected if the respective support and the
tethered alkyl chains strongly interact, for which there is no
evidence in the present systems.

Variable temperature13C CP/MASNMR spectra of the
LDZr-C18 material are depicted inFig. 6. The 13C NMR
chemical shifts for (CH2)n units of DiamondBond-C18 is
observed at 30.2 ppm, which is attributed to gauche defects.
The peak at 23.5 ppm characterizes the methylene unit
a ppm
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urface coverage, as can be deduced from the present r
t should be emphasized that the alkyl modified silica
nd DiamondBond-C18 systems are chemically distinct
ach other. As shown inFig. 1, the zirconia particle surfac

s clad with a graphite-like layer linked with phenyl grou
ollowed by tethered C18-alkyl chains, whereas the a
hains are directly connected to the surface silanol grou
he silica surface in the case of C18-alkyl modified silica

Higher conformational order is observed for carbon
irconia-based systems when compared with silica b
odified silica gels. One might be tempted to argue whe

he ordering of alkyl chain originates from the zirconia s
orts or it stems from the carbon clad (graphite materials

s coated on the surface of the zirconia supports. At pre
definitive answer on this issue cannot be given. The pr
ndings, however, are consistent with previous data for
AMs on different solid supports[12]. Here, it was clearl
emonstrated that the substrate plays an important role o
onformational order of alkyl chains that are attached to

norganic oxide surfaces. It was found that the highest
ormational order exists on titania followed by zirconia
ventually by silica supports. Moreover, like in the pres
iamondBond-C18 systems, a reduced temperature d
ence of the alkyl chain conformations was observed fo
30 SAMs on zirconia and titania.
In the present systems an increase of conformational

s observed upon increase of surface coverage. This is
istent with the data from a comprehensive study on su
odified silica gels from our group[24]. Likewise, Fadeev e
l. studied a series of zirconia-based samples that reacte
.ttached to the phenyl group and the resonance at 13
hows the presence of the terminal methyl group.
esonance at 129.5 ppm and the other resonances
29.5 ppm occur due to the presence of the phenyl g
nd the graphite layers in the DiamondBond-C18 mat
Fig. 1). The main signal for the (CH2)n groups is almos
naffected by the actual sample temperature.

The13C CP/MASNMR spectra of the HDZr-C18 mater
s shown inFig. 7, where the main resonance for the (CH2)n
s observed at 30.5 ppm, which is attributed to the disord
hain segments (liquid-like equilibrium of trans/gauche c
ormations). In comparison with the LDZr-C18 material,
een that the resonance frequency is slightly lowfield sh
hich suggests a reduced amount of disordered chain
ents. Upon increase of temperature, the main reson

or the (CH2)n is again practically unaffected. That is,
3C NMR data and the aforementioned FT-IR data for
iamondBond-C18 samples provide consistent results

espect to the influence of temperature on the alkyl c
onformational order.

The variable temperature13C CP/MASNMR spectra o
he Si-C18 (solution polymerised) are shown inFig. 8. For
he Si-C18 phases at room temperature, the NMR reson
or the main (CH2)n resonance appear at 31.4 ppm,
t 13.2 ppm for the terminal CH3 group. The value o
1.4 ppm for the main methylene resonance can be attri

o trans-gauche chains, which is in between the litera
alues for all-trans chains (∼33 ppm) in crystalline alkane
nd conformationally disordered gauche chains (∼30 ppm)

n isotropic melts[27]. For the present C18 chains, t
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Fig. 6. Variable temperature13C CP/MASNMR spectra for the LDZr-C18
phases.

distinct methylene group signals, referring to these two types
of alkyl chains of different conformational state, could not
be observed simultaneously. Typically, such separated peaks
only show up for longer alkyl chain lengths, such as C22,
C30 or C34[17,28,29]. Fig. 8 further demonstrates that the
amount of gauche conformations increases with increasing
temperatures, since the main resonance frequency shifts
slightly upfield with a value of 31.0 ppm at 340 K. At higher
temperatures, dual methyl resonance profiles are obtained at
chemical shift values of 14.7 and 13 ppm.

On comparing the position of the main NMR resonances
of the (CH2)n groups in the DiamondBond-C18 phases
and C18-alkyl modified silica gels, i.e., upfield shifts in
the DiamondBond-C18 phases, one might be tempted to
assign a “less ordered” organization to the methylene carbons
(CH2)n of DiamondBond-C18 phases and conclude that the
DiamondBond-C18 phases have higher amounts of gauche
concentrations. However, such upfield shifts for1H NMR
resonances have been observed for adsorbates (chemisorbed
on other carbonaceous materials such as water on cokes[30],

Fig. 7. Variable temperature13C CP/MASNMR spectra for the HDZr-C18
phases.

xenon on grafoil[31] and a variety of molecules adsorbed on
the basal plane of graphite carbon black[32]. These findings
were related to the existence of a highly anisotropic mag-
netic susceptibility of the13C CP/MASNMR powder pattern
in graphite and related materials. As a result, the alkyl chains
attached to the graphitic surface via phenyl group experience
a strong diamagnetic field component due to the anisotropic
magnetic susceptibility of the graphite layers[33]. Thus,
the present overall upfield shift of the13C resonances of
the DiamondBond-C18 phases does not reflect directly the
conformational order. Rather it stems from the magnetic
interaction with the graphite surface.

Therefore it is not possible to compare the13C
CP/MASNMR spectra of the DiamondBond-C18 phases
and the conventional C18-alkyl modified silica gels directly.
Obviously, for the present systems the IR spectroscopic data,
i.e., CH2 stretching band positions, are more reliable. As
mentioned earlier, the temperature dependencies of the13C
resonances and CH2 stretching band position for a distinct
sample, however, are consistent.

Emphasis was also given to the terminal methyl group to
understand the behaviour of alkyl chain structure especially
on its surface. Dual methyl resonance peaks are observed only
for silica based systems especially at higher temperatures
i.e., above 330 K. Pursch et al. discussed the methyl group
resonances in C30 SAMs in detail as an important character-
i
S pro-
fi .
A thyl

)

zation tool for these alkane-type SAMs[17]. Here, for C30
AMs on ProntoSil (silica gel), dual methyl resonance
les were observed at chemical shifts of 14.7 and∼13 ppm
similar upfield shift has been noted for chain-end me
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Fig. 8. Variable temperature13C CP/MASNMR spectra for the Si-C18
phases.

groups in polyethylene when going from a crystalline to a
noncrystalline environment[34]. The split up of the methyl
resonance was attributed to the heterogeneity of the sam-
ple, i.e., methyl groups of different mobilities exists in these
materials.

4. Conclusion

In the present study, two different C18-bonding densitiy
DiamondBond-C18 phases were examined by solid-state
13C NMR and FT-IR spectroscopy. The temperature depen-
dence of the13C NMR and FT-IR data was found to be
consistent. However, contradictory results were obtained
from the FT-IR and13C NMR data with respect to the
influence of the solid support, which can be attributed to the
existence of a highly anisotropic magnetic susceptibility of
carbon cladding which is vapour deposited on the zirconia
substrate. We conclude that the HDZr-C18 has a greater
conformational order as compared to its corresponding
low-density counterpart. The temperature dependence of the
conformational order of the C18 chains on the carbon clad

zirconia phase is much less pronounced than in conventional
column material prepared from silane modified silica gels.
It is concluded that carbon clad zirconia based substrates
exhibit a higher conformational order of alkyl chains and
high thermal stability, which should be the molecular origin
of the enhanced performance of the DiamondBond-C18
systems during chromatographic separations.

Acknowledgments

The Deutsche Forschungsgemeinschaft is gratefully
acknowledged for the financial support. G.S. would like to
thank the Graduiertenkolleg “Chemie in Interphasen” for a
doctoral fellowship.

References

[1] K.K. Unger, Packings and Stationary Phases in Chromatographic
Techniques, Marcel Dekker, New York, Basel, 1990.

[2] A. Kurganov, U. Trudinger, T. Isaeva, K.K. Unger, Chromatographia
42 (1996) 217.

[3] J. Nawrocki, M.P. Rigney, A. McCormick, P.W. Carr, J. Chromatogr.
A 657 (1993) 229.

[4] M. Grun, A. Kurganov, S. Schacht, F. Schuth, K.K. Unger, J. Chro-
matogr. A 740 (1996) 1.

[5] C.V. McNeff, D.R. Stoll, P.W. Carr, D.R. Hawker, A. Kyrlidis, G.
and

.

89

[ 68.
[ 6

[

[ ogr.

[ ogr.

[ togr.

[ 002)

[ S.A.

[ s 71

[ .

[ ical

[ eff,

[ ith,

[ pec-

[

Gaudet, The Pittsburgh Conference on Analytical Chemistry
Applied Spectroscopy, New Orleans, LA, 2001.

[6] P.W. Carr, C.V. McNeff, D.R. Stoll, D.R. Hawker, A. Kyrlidis, G
Gaudet, Eastern Analytical Symposium, Somerset, NJ, 2001.

[7] C.H. Lochm̈uller, M.L. Hunnicutt, J.F. Mullaney, J. Phys. Chem.
(1985) 5770.

[8] K.B. Sentell, J.G. Dorsey, J. Chromatogr. 461 (1989) 193.
[9] L.C. Sander, S.A. Wise, Adv. Chromatogr. 25 (1986) 139.
10] L.C. Sander, J.B. Callis, L.R. Field, Anal. Chem. 55 (1983) 10
11] S. Singh, J. Wegmann, K. Albert, K. M̈uller, J. Phys. Chem. B 10

(2002) 878.
12] G. Srinivasan, M. Pursch, L.C. Sander, K. Müller, Langmuir 20

(2004) 1746.
13] C.A. Doyle, T.J. Vickers, C.K. Mann, J.G. Dorsey, J. Chromat

A 877 (2000) 25.
14] C.A. Doyle, T.J. Vickers, C.K. Mann, J.G. Dorsey, J. Chromat

A 877 (2000) 41.
15] J.E. Pemberton, M. Ho, C.J. Orendorff, M.W. Ducey, J. Chromo

A 913 (2001) 243.
16] M.W. Ducey, C.J. Orendorff, J.E. Pemberton, Anal. Chem. 74 (2

5576.
17] M. Pursch, D.L. Vanderhart, L.C. Sander, X. Gu, T. Nguyen,

Wise, D.A. Gajewski, J. Am. Chem. Soc. 122 (2000) 6997.
18] M. Pursch, L.C. Sander, K. Albert, Anal. Chem. News Feature

(1999) 733A.
19] S. Neumann-Singh, J. Villanueva-Garibay, K. Müller, J. Phys. Chem

B 108 (2004) 1906.
20] R. Mendelsohn, R.G. Snyder, K. Merz Jr., B. Roux (Eds.), Biolog
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