
Journal of Chromatography A, 1047 (2004) 299–303

Electrochromatographic studies of etched capillaries modified
with a cyano pentoxy biphenyl liquid crystal
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Abstract

A liquid crystal stationary phase for open tubular capillary electrochromatograpy (OTCEC) is fabricated by etching a fused silica tube
and then bonding 4,4′-cyanopentoxy biphenyl by a silanization/hydrosilation process. The versatility of this electrophoretic capillary is
demonstrated by separations of proteins, peptides, basic pharmaceuticals and the metabolites of tryptophan. Chromatographic interactions are
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erified by resolution of two neutral peptides. Variable temperature studies are used to understand the liquid crystal properties of
oiety. EOF measurements as a function of pH and temperature further characterize this unique separation media.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Over the past 15 years researchers have shown that cap-
llary electrochromatography (CEC) can be utilized for sep-
rations of many classes of molecules[1,2]. This technique,
hich combines the use of an electrically-driven flow of a mo-
ile phase through a stationary phase, gives high efficiency
nd resolution of analytes similar to capillary electrophoresis
CE) while also providing selectivity that is often compara-
le to high performance liquid chromatography (HPLC). The
mall amounts (picomoles) of sample needed for the analysis
ake the technique well-suited for use in biological arenas
here sample volumes are limited. Furthermore strategies
mploying fluorescent[3], mass spectrometric[4], and elec-

rochemical[5] detection schemes have reduced concentra-
ion limits of detection as well.

Several methods of incorporating stationary phases into
EC are available, each with their advantages and disad-
antages. Early strategies focused on the packing of HPLC-

∗ Corresponding author. Tel.: +1 4089244939; fax: +1 4089244945.

type stationary phases into fused silica capillaries con
ing frits [6]. While high selectivity was recorded with the
techniques, many problems with bubble formation and
stability have limited the use of such techniques. Recen
velopments have concentrated on the formation of mono
columns of sol–gels[7] or rigid polymers[8] inside the fuse
silica capillary. With these strategies, ligands, which will
as the stationary phase, can be incorporated into the se
tion media to give the desired selectivity.

A final strategy that has been used attaches the sta
ary phase to the wall of the capillary[9,10]. This proce
dure, termed open tubular capillary electrochromatogr
(OTCEC), produces a monolayer thick coating into wh
analytes can partition as they migrate through the capi
Many classes of compounds including pharmaceuticals,
tides and proteins can be resolved, and the nature of the
ing process produces a surface that resists adsorption
the capillary wall[11–17]. A convenient way of attachin
the stationary phase to the capillary wall is via silanizat
hydrosilation[18]. Silanization covalently attaches a silic
hydride layer to the reactive silanol groups of the ca
E-mail address:pesek@sjsu.edu (J.J. Pesek). lary. This hydride layer can then be reacted with a variety
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of reagents to form the stationary phase. Typically, catalysts
such as free radical initiators or Speier’s catalysts are used to
increase the rate of the reaction. To increase the surface area
of the capillary, it is first reacted with ammonium bifluoride
at high temperatures, a process that can etch and redeposit
silica to form protrusions from the capillary wall[10].

Capillaries prepared in this way have many benefits. First
they resist the adsorption of basic molecules and give highly
symmetric peaks. Second, they are stable and give repro-
ducible retention times after several injections. Third, they
give selectivity and resolution that can be tuned with mobile
phase additives and changes in the pH of the background elec-
trolyte. This tunable resolution is due to changes in both the
electrophoretic mobilities of the analytes as well as changes
in the amount of partitioning into the coating of the capillary.

One class of molecules that has received little attention
as possible stationary phases in CEC is thermotropic liq-
uid crystals[19]. Early studies with gas chromatography
demonstrated the utility of liquid crystals as stationary phases
[20,21]. Recent NMR studies in our group of the T2 relax-
ation times of C18 stationary phases versus liquid-crystal-
based stationary phase have shown that liquid crystals such
as cholesteryl moieties show a non-linear decrease in molec-
ular motion with temperature[22]. Additionally, non-linear
logk versus 1/T (van’t Hoff) plots were recorded for polar
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tems, Foster City, CA, USA). Data from both systems were
acquired with Agilent Chemstation software with the ABI
system using an HP 35900 Interface. Absorbance at 210 nm
(unless noted otherwise) was used for detection to give the
best sensitivity. Modified capillaries were typically rinsed
with run buffer for 8 min prior to the electrophoretic separa-
tion. Bare fused silica capillaries were preconditioned with
0.1 M sodium hydroxide, Millipore water, and run buffer prior
to each electrophoretic separation. Temperature dependent
resolution studies were performed by heating or cooling the
capillary by a forced-air Peltier apparatus.

2.3. Buffers

Buffers were prepared from empirically determined
recipes that gave the appropriate conductivity and absorbance
values[24]. Running buffers were diluted from concentrated
stock solutions and were filtered through a 0.22�m nylon
membrane and degassed for 20 min using a helium sparge.

2.4. Capillary modification

Biphenyl capillaries were prepared as previously reported
[25]. Briefly the fused silica surface was etched with a 5%
ammonium bifluoride/methanol solution for a total of 4 h at
elevated temperature in a gas chromatographic oven. A sil-
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nalytes in chromatographic studies[23]. While these resul
o not represent true phase changes due to the tethered
f the stationary phase ligand, they indicate that the degr
ssociation of cholesteryl and biphenyl-type phases cha
ith temperature and that these changes can greatly
hromatographic behavior.

The work described in this paper extends the examin
f the 4,4′-cyanopentoxy biphenyl phases used in open t

ar capillary electrochromatography. New applications o
hase to challenging analyte mixtures as well as temper
ependent electroosmotic flow measurements are repo

. Experimental

.1. Reagents

Tris base, bovine and equine cytochromec, angiotensin
, II, and III, bradykinin, trypsinogen (bovine pancreas)�-
nd�-chymotrypsins (bovine pancreas), chymotrypsino
Type II, trypsin (porcine pancreas) and the tricyclic

idepressants were all purchased from Sigma (St. Louis,
SA). Stock solutions of analytes were prepared in wat
concentration of 100–1000 ppm. All samples were filt
ith 0.45�m membrane syringe filters prior to use.

.2. Instrumentation

Separations were performed on either an HP 3D CE
em (Agilent Technologies, Waldbronn, Germany) or an
70 A Capillary Electrophoresis system (Applied Bios
e
ca hydride layer was then covalently attached by rea
he etched surface with∼18% (v/v) triethoxysilane solutio
n dioxane with a hydrochloric acid catalyst (115�mol). The
,4′-cyanopentoxy biphenyl layer was attached to the hyd

hrough a free radical initiated process. The biphenyl (1.1
as added to 2.0 mL of toluene and 70�L of di-t-butyl perox-

de and heated to 70◦C for 1 h. The solution was then pass
hrough the capillaries, and the capillaries were heate
00◦C for 24 h. Solution was passed through the capilla
ach day for 5 days with the capillaries being stored in
C oven at 100◦C. At the end of the process the capillar
ere rinsed with toluene and methanol.

.5. Electroosmotic flow studies

The electroosmotic flow in the biphenyl capillary was
ermined as previously described[26]. Briefly a sample o
imethyl sulfoxide was injected for 5 s at 50 mbar and v
ge was applied for either 10 or 15 min. Then another sa
f DMSO was injected for 5 s at 50 mbar and then 50 m
f pressure was applied to the buffer vial to force the s
les past the detection window. Absorbance was moni
t 220 nm, and the time between the peaks was used to
ine the distance traveled by the first injection plug du

he applied voltage as well as the electroosmotic mobili

. Results and discussion

Fig. 1 demonstrates the utility of this biphenyl mo
ed capillary in the separation of a mixture of short pep
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Fig. 1. Electrochromatographic separation of peptides in the etched
cyanopentoxy biphenyl capillary. Experimental conditions: pH 7.00; applied
voltage = 15 kV;L = 50 cm;l = 25 cm; injection 3.0 s at 50 mbar. Solute 1:
50 ppm bradykinin; solute 2: 100 ppm angiotensin III; solute 3: 50 ppm an-
giotensin I; and solute 4: 25 ppm angiotensin II.

hormones. The capillary is able to resolve the 4 peptides based
on their charge in solution in the pH 7.00 run buffer. The
bradykinin is predicted to have a charge of +2 and migrates
the fastest followed by angiotensin III (+1) and angiotensin
I then angiotensin II. The detection of the neutral species,
angiotensin I and II, demonstrates that a small amount of
residual electroosmotic flow remains in the capillary and that
resolution of neutral species is possible due to their inter-
action with the coating on the capillary wall. Interestingly,
angiotensin II, with a phenylalanine at its C-terminus mi-
grates slower in the capillary than angiotensin I, presumably
due to interactions with the biphenyl coating. Angiotensin I
displays a shoulder on the leading edge of the peak in both
the mixture and the individual sample. This feature could be
an unresolved impurity, the result of sample decomposition,
or a sample solvent peak.

Fig. 2 displays the ability of the capillary to resolve a
mixture of digestive enzymes. The analysis of this mixture
of digestive enzymes was complicated by the cleavage of
the enzymes by each other. However the mixture of five en-
zymes was resolved into 5 peaks (three overlapping) with
the peaks for trypsin,�- and�-chymotrypsin not baseline re-
solved under these experimental conditions. These proteins
are positively charged at pH 3.00, yet no peak tailing was ob-
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Fig. 3. Partial electrochromatographic separation of basic pharmaceuticals
in the etched cyanopentoxy biphenyl capillary. Experimental conditions:
applied voltage = 30 kV; injection 3.0 s vacuum;L = 50 cm;l = 25 cm; pH
2.14. Solutes 1: desipramine; 2: nortryptiline; solute 3: imipramine; and 4:
clomipramine.

served indicating that the silanol groups have been effectively
covered by the silanization/hydrosilation bonding reactions.

Fig. 3 shows the electrochromatogram of several basic
pharmaceuticals: clomipramine, imipramine, desipramine,
and nortryptiline. While only clomipramine was completely
resolved from the other components under these experimental
conditions, no tailing of the peaks was observed. The longer
migration time of clomipramine is most likely due to its
larger hydrodynamic radius giving it a lower electrophoretic
flow than the other three solutes. When these drugs are sepa-
rated by high performance liquid chromatography, extensive
method development is required, and the optimum mobile
phase consists of several organic modifiers. If one excludes
column preparation, then a CEC method might only require
optimization of background electrolyte pH and applied volt-
age. The use of an etched capillary chemically modified with
another liquid crystal, cholesterol, has been demonstrated for
the separation of another class of basic analytes, benzodi-
azepines[11].

Fig. 4shows the separation of serotonin and tryptamine—
two metabolites of the amino acid tryptophan at pH 2.14.

F ine in
t : pH
2 .
S

ig. 2. Electrochromatographic separation of digestive enzymes i
tched cyanopentoxy biphenyl capillary. Experimental conditions sam
ig. 1 except pH 3.00 with 2.0 s injection at 15 kV and an applied
ge = 6 kV. Solutes (all 100 ppm): 1: trypsinogen; 2:�-chymotrypsin; 3
-chymotrypsin; 4: trypsin; and 5: chymotrypsinogen.
ig. 4. Electrochromatographic separation of serotonin and tryptam
he etched cyanopentoxy biphenyl capillary. Experimental conditions
.14; applied voltage = 25 kV;L = 50 cm; l = 25 cm; detection at 221 nm
olute 1: tryptamine and solute 2: serotonin.
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Fig. 5. Electrchromatographic separation of bovine and equine cytochrome
con the etched cyanopentoxy biphenyl capillary as a function of temperature.
Experimental conditions:L = 33.4 cm;l = 24.9 cm; applied voltage = 10 kV;
pH 7.0; injection 5.0 s at 50 mbar. Solute 1: bovine cytochrome c; solute 2:
equine cytochrome c; and i: impurity(ies).

These molecules only differ by the presence of a hydroxyl
group in the 5 position on serotonin which is absent in
tryptamine. At this low pH both molecules would be singly
charged and the difference in their migration times would be
due to variations in their hydrodynamic radii or the extent
of their interactions with the biphenyl moiety bonded to the
inner capillary surface.

Fig. 5gives the most interesting result with this capillary.
This electrochromatogram shows the temperature-dependen
resolution of cytochromec molecules from two different
species. These molecules differ by only one amino acid yet
they can be resolved by OTCEC with the biphenyl capillary.
Furthermore the resolution changes with the temperature of

the separation. A maximum in resolution is obtained at 30◦C.
A number of smaller components are also seen in these elec-
trochromatograms. These also shift with temperature and one
peak (i) can be seen to move from a longer migration time
than the two major components at lower temperature to a
shorter migration time at the highest temperature (40◦C).
This non-linear behavior in resolution with liquid crystal sta-
tionary phases has also been observed by our group in HPLC
experiments. In one study, the capacity factor (k) of two forms
of gentamycin varied non-linearly with temperature[23].

The change in resolution of the protein peaks is obviously
due to a change in the difference of the effective mobilities of
the two proteins. The effective mobilities of the protein would
consist of the sum of the electrophoretic mobility and the
electroosmotic mobility times the fraction of time the protein
spends in the mobile phase. The last factor is dependent upon
the chromatographic contribution to the overall migration.
The electroosmotic velocity should be the same for all species
and is easily measured.

To further substantiate the chromatographic effect respon-
sible for this change in resolution with variations in temper-
ature, a study of the electroosmotic flow in the capillary was
performed at various pH, temperatures, and voltages. This
study was performed by using dimethyl sulfoxide (DMSO)
as a neutral marker and applying the voltage for either 10 or
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r the
E n has
b tched
c dic
E and
t For
e eatly
r ching
p l.
I ersal
o c-
t nyl
c w in

F ntoxy
b
2 s ap-
p lute
p

t

5 min. Experiments performed at 10 and 20 kV gave sim
esults for the intrinsic mobility of DMSO. As expected
OF was towards the anode at low pH. This phenomeno
een recorded before for bare and chemically modified e
apillaries[27]. For bare, fused silica capillaries, any ano
OF observed is attributed to protonated silanol groups

he presence of metal ion impurities in the capillary wall.
tched and modified capillaries, the hydride surface gr
educes the concentration of silanol groups, and the et
rocess has incorporated NH4

+ ions into the capillary wal
t is the presence of these cations that give rise to the rev
f the electroosmotic flow.Fig. 6 shows the measured ele

roosmotic flow at pH 8.14 for the cyanopentoxy biphe
apillary. This data indicates that the electroosmotic flo

ig. 6. Electroosmotic flow vs. temperature in the etched cyanope
iphenyl capillary at pH 8.14. Experimental conditions:L = 33.4 cm;l =
4.9 cm; two injections of DMSO for 2 s at 50 mbar separated by 60
lication of 10 kV for 30 s, then application of 50 mbar for 10 min to e
eaks. Detection at 220 nm.
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the biphenyl capillary increases in a fairly linear manner with
increases in temperature. Therefore the changes in EOF with
temperature do not explain the changes in resolution of the
proteins and hence it can be attributed to a chromatographic
or electrophoretic mechanism. Similar linear dependencies
of EOF as a function of temperature were obtained at other
pH values.

4. Conclusions

This study further demonstrates the favorable properties
for basic analytes and the biocompatible nature for proteins
and peptides of etched chemically modified capillaries in
open tubular electrophoretic analyses. These desirable fea-
tures are the result of both the etching step that produces a
new surface matrix on the inner wall of the capillary and the
silanization/hydrosilation modification process that leads to
a hydride layer on the surface with virtually no silanols and
an attached organic moiety above it. The presence of chro-
matographic interactions is confirmed in peptide separations
and variable temperature protein migration data. The unique
characteristics and usefulness of a liquid crystal bonded moi-
ety on the surface is demonstrated in the variable temperature
experiments. Further work is in progress on more complete
t cap-
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