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creates electroactive species from electroinactive
peptides, but not from electroinactive amino
acids. Thus, the electrochemical detection shows
a significant selectivity for peptides over amino
acids [7].

Simple pentapeptides yield stable complexes
with Cu(II) in which one amine and three amide
nitrogens are donors in the distorted octahedral
complexes [9]. This coordination environment
supports the Cu(III) oxidation state at remark
ably modest potentials [9]. The potential
needed to oxidize peptide-bound Cu(II) to
Cu(III) becomes more positive as the number of
amides becomes smaller; the resultant higher
energy Cu(III) forms of smaller peptides are less
stable towards intramolecular electron transfer
reactions. These intramolecular reactions destroy
the complex. Thus, the shorter peptides' Cu(III)
complexes have short lifetimes in basic aqueous
solution as evidenced by the low collection
efficiency in dual-electrode electrochemical de
tection [8], and values of the ratio of cathodic
peak current to anodic peak current in cyclic
voltammetry [7]. The lifetimes of Cu(III) com
plexes of dipeptides are probably very short,
though there is no direct chemical evidence to
support this speculation. Nonetheless, we found
conditions under which dipeptides are detectable
using the biuret reagent [8]. The electrochemical
detection cell had two electrodes, an upstream
anode and a downstream cathode. Our finding
was that high potential was required for the
oxidation and the lifetime of the Cu(III) peptide
formed in the oxidation was short, as expected.
Thus, detection at both the anode and the
cathode is poorer for the dipeptides than for
longer peptides.

Some peptides, such as glutathione and
N-acetyl-Asp-Glu [10-12], have been recog
nized as important to brain function. However,
in general there is very little information on the
concentration and distribution of dipeptides [13
22] perhaps in part due to the lack of suitable
methods. Any method which is developed for
peptides should, if possible, exhibit some selec
tivity over amino acids as the latter are expected
to be generally higher in concentration than
peptides. Thus, we have reinvestigated the de
tection of dipeptides with the ultimate purpose
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of finding conditions suitable for the determina
tion of o-dipeptides in the brain and we have
also looked into the selectivity of the detection
for peptides in comparison to the amino acids.

EXPERIMENTAL

Chromatographic equipment. A Waters 625
pump [polyetheretherketone (PEEK)] with a
600E controller were used to pump the aqueous
mobile phases through the 200 x 4.6 mm J.D.
column of Nucleosil 5 SB (Macherey-Nagel,
Duren, Germany), a 5-JLm diameter silica-based
anion-exchange material. The detector was a
BAS LC4B with a dual glassy carbon electrode
cell. The spacer thickness was 50 JLm. All poten
tials stated are referred to the Ag/AgCI, 3 M
NaCI electrode which was also obtained from
BAS (through CMA/Microdialysis, Stockholm,
Sweden). Data were recorded on a strip chart
recorder. Peak areas were approximated as the
product of the full width at half height and the
peak height.

Mobile phases were aqueous buffers and salt
solutions including 500 mM K zS0 4 , 500 mM
LizS0 4 , 500 mM LiCI and acetate buffers (sodi
um acetate, lithium acetate, acetic acid.) The
LiCI was from BDH (Poole, UK), while all the
rest were from Merck (analytical-reagent grade,
Darmstadt, Germany). Water was Milli-Q deion
ized and charcoal filtered. All solutions were
filtered through 0.45 JLm filters (type HV; Milli
pore, Bedford, MA, USA). The LiCI was used
both as recieved and after recrystallization from
hot water. There was a significant orange color
in the filtrate of the hot mother liquor which
suggests the presence of iron. Indeed, after using
the LiCI in the mobile phase the peaks became
broader and the peaks were returned to their
symmetrical shape after a couple of injections of
500 mM EDTA. Retention times were not
noticably changed by this procedure, which was
only needed once.

The Waters 625 pump uses four solvent reser
voirs. The concentrations of salts in the mobile
phases cited in the tables are given as final
concentrations as seen by the column. However,
the pH value of the individual mobile phase
components is stated.
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Postcolumn phases were buffered with
4 - (2 - hydroxyethyl) -1- piperazineethanesulfonic
(HEPES) (Sigma, St. Louis, MO, USA), and
phosphate (NaH2P04 • H20 and Na2HP04 •

2H 20), or sodium carbonate-hydrogencarbonate
(the latter four compounds were analytical-reagent
grade from Merck). The pH meter (Orion,
Zurich, Switzerland) was calibrated daily at pH
7.00 and pH 4.00. A pH very close to 8.1 is
obtained from a phosphate solution 500 mM in
the monobasic phosphate salt and 20 mM in the
dibasic salt; a pH near 8.0 is obtained if the
latter value is 30 mM. A pH near 9.85 results
from 100 mM each of sodium carbonate and
hydrogencarbonate, and the pH is about 8.9
when there are 180 mmols of hydrogencarbonate
to 20 mmols of carbonate per liter. A solution of
CuS04 (anhydrous, Merck) analytical-reagent
grade) and potassium sodium tartrate (Merck
analytical-reagent grade) was prepared by mak
ing separate solutions of the two species and
combining them. Molar ratios of 3:1 (tartrate to
copper) and 6:1 have been used.

The electrode polishing protocol was to polish
with 6 JLm diamond (BAS, W. Lafayette, IN,
USA) followed by vigorous squirting of the
surface with deionized water, and then several
minutes of ultrasonication (Juchheim Labortek
nik, Seelbach, Germany) in methanol (Rathburn
L.C. grade, Walkerburn, UK). Sometimes this
was followed by a polish using 0.3 JLm alumina
(Fisher, Pittsburgh, PA, USA), and ultrasonica
tion in methanol again.

Amino acid and peptide solutes were: from
Research Plus (Bayonne, NJ, USA), Gly-Leu;
from Sigma, Ala, Gly, Ser, Lys, Leu, cystine,
Asp, Glu, Arg, Ala-Ala-Ala (A 3 ) ; from Bach
em (Philadelphia, PA, USA), Glu-Lys, Arg
Glu, Asp-Ala, Asp-Glu, Asp-Gly, Asp-Leu.
Solutions were prepared in water. They were
stable for about a week when refrigerated over
night.

RESULTS

Sensitivities have been calculated as peak area
per mol injected. The units are picocoulombs per
picomole. For a one-electron transfer, the maxi
mum value of the sensitivity is just Faraday's
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constant, about 9.65 x 104
• Thin-layer flow cells

of the design used usually detect a few percent of
the solute that flows over the electrodes, thus a
sensitivity of about 1000 C/mol is expected from
an ordinary single-electron transfer detection. In
a two-electrode cell, with an upstream generator
and a downstream collector, the senstivity of the
upstream electrode will be about 1000, while that
at the downstream electrode will be about one
third of that if the species formed at the up
stream generator is long-lived and survives the
journey from the upstream to the downstream
electrodes. In the system under discussion, the
upstream generator is an anode, while the down
stream collector is a cathode. Cathodic sen
sitivities for three representative peptides, A 3 ,

Asp-Ala and Asp-Glu, as a function of pH and
Cu(II) concentration in the postcolumn reagent
are shown in Table I. The mobile phase, flowing
at 1.0 mllmin, was 10 mM K2S04 , 25 mM pH
4.62 sodium acetate buffer. The postcolumn
phases, identified in Table I, were flowing at 0.5
mllmin. Better sensitivities were recorded for
the higher pH, a not unexpected result for an
oxidation. However" it is surprising that the
sensitivities decrease when the Cu(II) concen
tration is increased.

To test the effect of Cu(II) on the cathodic
sensitivity, the compounds A 3 and Asp-Ala
were used with a series of postcolumn phases
shown in Table II. The Cu(II) seems to play no
role in the generation of signal; even in the
absence of Cu(II), a significant signal is obtained
for the two peptides. At pH near 9 the sensitivity
is as good or better than at pH near 10. How
ever, when the postcolumn system was rinsed
with a 3% solution of concentrated nitric acid in
water for 90 min at 1.0 mIlmin , the sensitivity
with a pH 8.98 carbonate buffer postcolumn
phase declined to about 5% of its initial value.

In a separate experiment, with freshly polished
electrodes, the effect of pH and Cu(II) concen
tration were determined without changing the
buffering ion. Thus, carbonate-hydrogencarbo
nate buffers were used at pH values near 9 and
10, and Cu(II) concentrations of 0.1 and 1.0 mM
were used. The data for cathodic sensitivities are
shown in Table III. Once again, it can be seen
that the influence of Cu(II) is to decrease, rather
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Reversed-phase capillary high-performance liquid
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electrospray ionization mass spectrometric detection in
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ABSTRACT

Analysis of peptide mixtures by reversed-phase capillary HPLC with gradient elution using three detectors in series: UV (214
nrn), fluorescence (Am. = 280 nrn, Ae m i" . = 356 nm), and electrospray ionization mass spectrometry (ES-MS) is reported. The
chromatographic integrity of the system and the detection limits were evaluated. The effect of the mass spectrometer's acquisition
rate on the total ion current (TIC) profile was also examined. The utility of fluorescence monitoring with UV and ES-MS
detection was demonstrated in the analysis of proteolytic digests of proteins. The native fluorescence character of tryptophan
containing peptides provides selectivity in peptide mapping, while monitoring UVabsorption at 214 nm affords detection of the
peptide bond. Three tryptophan-containing tryptic peptides of bovine serum albumin were immediately located by fluorescence
among many UV peaks and ES-MS provided molecular masses allowing the peptides to be identified.

INTRODUCTION

The combination of mass spectrometry (MS)
and microbore or capillary reversed-phase high
performance liquid chromatography (RP-HPLC)
has emerged as a powerful technique for the
analysis of complex proteolytic digests of pro
teins [1-23]. Peptide mapping with mass spec
trometric detection is used to validate or confirm
deduced protein sequences [2,4]. This strategy
relies on comparing measured molecular masses
of proteolytic fragments determined by mass
spectrometry with theoretical molecular masses

• Corresponding author.
«Present address: Marion Merrell Dow, Inc., Bioanalytical

Chemistry Department, P.O. Box 9627, Kansas City, MO
64134-0627, USA.

of pep tides anticipated from the chemical re
action of the enzyme and protein [2].

Electrospray ionization (ES) [1-9] and con
tinuous flow fast atom bombardment (CF-FAB)
[1,2,10-23] are two ionization methods which
enable a mass spectrometer to be interfaced with
HPLC for generating gas-phase ions from pep
tides in solution. For RP-HPLC, solvents usually
consist of aqueous mixtures. of acetonitrile or
methanol with ~ 0.1% addition of an ion-pairing
agent. A commonly used ion-pairing agent in the
analysis of peptides is trifluoroacetic acid (TFA)
which is compatible with both ES-MS and CF
FAB-MS. Electrospray ionization mass spec
trometry offers several significant advantages
over CF-FAB-MS as a detection method for
liquid chromatography. One is that mobile phase
compositions of this sort work well for ES-MS
and do not require modification of the mobile
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dead volume between these two detectors. An
important part of the evaluation of the system
with three on-line detectors was to evaluate the
chromatographic integrity by measuring chro
matographic peak width at half heights (w1l2 ) at
each detector.

The w 1l 2 values were measured from the
chromatographic peak obtained from 25-pmol
injections of ACTH (1-24) (M, 2933.4) into the
chromatograph. ACTH (1-24) was selected
because the peptide contains a tryptophan res
idue and therefore is detected by fluorescence
under the conditions described in the experimen
tal section. For ES-MS detection, Q3 of the mass
spectrometer was repetitively scanned from m/z
730-738 in order to detect only one of the
prominent ions in the ES-MS of ACTH (1-24):
(M + 4H)4+. A scan rate of 80 (m/ z)s -I, yielding
an acquisition rate of 10 scan' s-I was used.
Therefore, for this experiment the sampling
interval for all three detectors was 0.1 s. A fast
acquisition rate ensures that the chromatograph
ic peak widths as observed by ES-MS are not
artificially degraded by long sampling intervals
while a slow mass spectrometer scan rate im
proves the signal-to-noise ratio of the peak. The
measured w1l 2 for the chromatographic peak as
observed at each detector is shown in Table I.
The mixing which occurs in the flow cells along
with laminar dispersion in the connecting tubing
causes the 26% increase in the fluorescence w 1l2

versus UV, as shown in Table I. As evident by
the small increase in w1l 2 for the TIC trace
compared to the fluorescence trace, the data

TABLE I

MEASURED PEAK WIDTHS (w 1l 2 ) WITH UY, FLUO
RESCENCE AND ES-MS DETECTION FOR ANALYSIS
OF 25 pmol OF ACTH (1-24)

Detector wll2 (s) % Increase"

UY" 12.5 ± 0.2
Fluorescence" 15.7 ± 0.6 26
ES-MSb 17.9 ± 0.2 14

a Average of 8 analyses.
b Average of 2 analyses.
C Represents % increase in w ll2 from that measured at the

immediately preceding detector.

indicates that there is some minimal broadening
of the chromatographic zone after fluorescence
detection. This broadening occurs in the flow
splitter, the connecting tubing prior to the elec
trospray interface, and in the electrospray inter
face itself.

Effect of mass spectrometer acquisition rate on
chromatographic trace

The chromatographic peak width observed
with mass spectrometric detection is a function
of the mass spectrometer's acquisition rate. In
creasing the acquisition rate (by shortening the
sampling interval) results in a narrower and
more accurate characterization of the chromato
graphic peak because there are more data points
to define its shape [41,42]. It has been estimated
that using 10-25 em long columns with efficien
cies between 1· 104 and 2.5· 104 plates, the
sampling interval should be 1 s, preferably be
tween 0.1-0.5 s. Otherwise, there is an apparent
loss in chromatographic resolution [41]. If the
m/z range scanned is kept constant, increasing
the frequency at which mass spectra are collected
requires an increase in the scan rate [measured
as (mfz)s-I]. However, increasing the acquisi
tion rate by scanning faster results in a poorer
S /N ratio because the sampling times (sampling
time = scan rate-I) for each m/z value are
shortened. Fig. 3 displays 8-min windows of TIC
traces from repetitive injections of 25 pmol of
ACTH (1-24). Because the HPLC conditions
for these repetitive analyses were identical, the
variation in the chromatographic peak observed
in the TIC trace is due to the different acquisi
tion and scan rates of the mass spectrometer.
The data obtained by scanning the mass spec
trometer from mfz 500-2000 at a rate of 150
(m/z)s-I, 300 (m/z)s-I, 600 (m/z)s-I and 1250
(m/z)s-I is shown in Fig. 3A-D, respectively.
Fig. 3A-D compares the measured w 1l2 for
these traces. Of the four traces displayed in Fig.
3A-D, the w 1l2 in Fig. 3D is the narrowest as is
expected because the acquisition rate was high
est. However, the increased scan rate results in a
decrease in the Sf N ratio due to the decrease in
sampling times. An alternative way to increase
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ABSTRACT

A method for the separation of N-acetylmannosamine and N-acetylglucosamine is described, which consists of chromatography
of the two sugars on a column (30 x i em) of the cation-exchange resin, Dowex 50W-X2, in borate buffer at pH 7.8.
N-Acetylmannosamine is eluted near the void volume, while N-acetylglucosamine emerges in a more retarded position. It is
postulated that the separation occurs as a result of the combined effects of ion exclusion and gel permeation. Thus, in borate
solution, N-acetylmannosamine presumably exists largely as a negatively charged complex and is therefore excluded from the
sulfonated polystyrene matrix, while N-acetylglucosamine occurs mainly as the free sugar in the equilibrium mixture and,
being a neutral compound, has free access to the porous resin. The proposed mechanism for the separation was supported by the
finding that glucose and glucose 6-phosphate could also be separated on a column of the same resin, with water as the eluent.

INTRODUCTION

Established procedures for the separation of
neutral monosaccharides include a group of
methods, which are based on the formation of
sugar-borate complexes and subsequent frac
tionation by various techniques originally de
veloped for the separation of charged com
pounds [1,2]. This approach has been particular
ly valuable in the analysis of mixtures of
monosaccharides that are otherwise difficult to
separate, e.g., N-acetylmannosamine and N
acetylglucosamine. Thus, a mixture of these
two sugars can easily be resolved by paper
electrophoresis in borate buffer [3,4] or by
chromatography on an anion-exchange resin in
borate form [5]*. N-Acetylmannosamine mi-

* Corresponding author.
"" The procedure described by Johnson et al. [5] was used for

fractionation of disaccharides containing N-acetylglucos
amine and N-acetylmannosamine but is also applicable to
the separation of the two monosaccharides [6].

grates faster than N-acetylglucosamine on elec
trophoresis and binds more tightly to the resin
during ion-exchange chromatography, indicating
that it forms a borate complex more readily than
does N-acetylglucosamine. Yet another expres
sion of the relative strengths of the borate
complexes is the difference in R F values ob
served on chromatography of the two sugars on
borate-treated paper [3,4,7]. N-Acetylman
nosamine migrates more slowly than N-ace
tylglucosamine, presumably because the ionic
complexes are less soluble in the mobile phase
than the free sugars and N-acetylmannosamine is
complexed to a greater extent than N-acetyl
glucosamine at equilibrium.

We have recently found that N-acetylman
nosamine and N-acetylglucosamine may also be
separated by chromatography on Sephadex G-15
in borate buffer [8]. Since the borate complexes
are larger than the free sugars and N-acetylman
nosamine forms the strongest complex, we ex
pected that N-acetylmannosamine would emerge
first and that N-acetylglucosamine would be
eluted in a more retarded position. This was
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indeed the case. When this experiment was
carried out, however, we had not realized that
the difference in size between the N-acetylman
nosamine-borate complex (Me 269 for the sodi
um salt and 246 for the complex ion) and free
N-acetylglucosamine (Me 221) is so small that
there had been no reason to expect that com
plete separation would occur under the condi
tions chosen. This conclusion was reinforced by
the observation that glucose and maltose (Me 180
and 342, respectively) were separated only par
tially on the column (117 x 1.5 em) used in these
experiments. We therefore speculated [8] that,
besides the molecular mass difference between
free N-acetylglucosamine and the N-acetylman
nosamine-borate complex, two additional fac
tors contributed to the observed separation: (a)
the presence of a hydration shell around the
charged borate complex, which increased its
apparent molecular mass, and (b) an ion-exclu
sion phenomenon resulting from complexing of
the borate in the buffer with the glucose-contain
ing Sephadex matrix and repulsion of the
N-acetylmannosamine-borate complex from the
negatively charged beads. If the latter effect
were operative, separation should also occur
when the two N-acetylhexosamines are chro
matographed on a bona fide cation-exchange
resin with a sufficiently porous matrix that allows
entry of the free N-acetylglucosamine into the
beads. In the present communication, we report
that N-acetylmannosamine and N-acetylglucos
amine may indeed be separated by chromatog
raphy on the cation-exchange resin, Dowex 50W
X2, in borate buffer.

MATERIALS AND METHODS

N-Acetylglucosamine was obtained from
Pfanstiehl Labs. (Waukegan, IL, USA). N
Acetylmannosamine, glucose, glucose 6-phos
phate, N-acetylglucosamine 6-phosphate, p
dimethylaminobenzaldehyde, phenol and Dowex
50W-X2-400 (200-400 mesh) were from Sigma
(St. Louis, MO, USA). N-Acetyl-[1,6-3H]glucos

amine (sp. act., 30-60 Ci/mmol) was purchased
from American Radiolabeled Chemicals (St.
Louis, MO, USA) and Blue Dextran from Phar
macia LKB Biotechnology (Piscataway, NJ,
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USA). 3HzO (sp. act., 5 Ci/g) was from DuPont/
New England Nuclear. Other reagents were of
analytical grade and were purchased from Fisher
Scientific (Atlanta, GA, USA).

Quantitative analysis of N-acetylhexosamines
was carried out by the method of Reissig et at.
[9]. Glucose and glucose 6-phosphate were ana
lyzed by the phenol-sulfuric acid method [10].
Radioactivity was measured by liquid scintilla
tion spectrometry in a Packard Model 2450
instrument, using 0.5 ml of aqueous sample and
4.5 ml of Scintiverse BD (Fisher Scientific).

Chromatography was carried out on Econo
Columns (Bio-Rad Labs., Richmond, CA, USA)
as follows. The cation-exchange resin was con
verted to the Na + form by washing successively
with 4 M HCl, water, 2 M NaOH, and water
again. A column (30 x 1 em; bed volume, 23.5
ml) was packed and equilibrated with 0.27 M
sodium borate, pH 7.8, which had been prepared
from H 3B03 and NaOH [5]. Elution was carried
out with this buffer at a flow-rate of 10-12 ml/h,
unless otherwise indicated, and 0.5- to 1.0-ml
fractions were collected. Vo was determined by
chromatography of a 200-p,} sample (4 mg) of
Blue Dextran, and ~ was estimated by chroma
tography of 3H zO (50000 cpm). In some experi
ments, shorter columns (5.9-6.5 x 1.5 em) were
employed, which had been packed in used PD-lO
columns (Pharmacia LKB Biotechnology).

RESULTS

Calibration of the standard Dowex 50W-X2
400 column (30 x 1 em; Na + form) with Blue
Dextran and tritiated water as markers for Vo
and Vt gave values of 10 and 23 ml, respectively
(Fig. lA). When a mixture of N-acetylman
nosamine and N-acetylglucosamine was chro
matographed on this column with water as
eluent, no separation occurred, and the two
sugars emerged as a single peak close to ~,

indicating that they had entered the resin beads
(Fig. IB). In contrast, elution with borate buffer
gave two completely separated peaks, with ef
fluent volumes of 14 and 18 ml, respectively (Fig.
lC). Since equal weights of the two N-acetylhex
osamines had been applied to the column and
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ABSTRACT

A gradient ion chromatographic method with chemical suppression is described for the simultaneous determination of alkali,
alkaline-earth metal cations and ammonium. This fully automated ion chromatographic method was applied to determine these
cations in water extracts of ambient air particulates collected on thin PTFE filters. The procedure is also potentially available for
any aqueous samples.

INTRODUCTION

Since the development of ion chromatography
(LC) [1], many studies [1-17] have dealt with the
determination of monovalent and/or divalent
cations.

Monovalent cations such as alkali metal cat
ions and ammonium are' easily eluted with dilute
nitric or hydrochloric acid [2]. The separation of
alkaline-earth metal cations requires the use of
stronger driving ions, such as ethylenediamine
[4], and are further facilitated by addition of
complexing agents to the mobile phase [3,4]. The
need for two eluent systems for a complete assay
of mono- and divalent cations leads to double
the analysis time and expenditure. To date, the
simultaneous determination of alkali and al
kaline-earth metal cations and ammonium by
isocratic elution has been difficult.

* Corresponding author.

A few methods have been reported for
simultaneous analysis of alkali and alkaline-earth
metal cations by non-suppressed isocratic elution
with UVabsorption spectrometry or conductivity
detection [7-10]. Miyazaki et at. [7] reported a
simultaneous separation of alkali metals, mag
nesium and calcium ions, and ammonium utiliz
ing a silica-based cation exchanger with CuSO 4
solution as eluent. However, lithium, strontium
and barium could not be separated. Sherman
and Danielson [8] used a styrene-divinylben
zene copolymer-based cation exchanger and
Ce2(S04)3 as an eluent for the separation of
Na+, K+, Rb+, Cs+, Mg2+ and Ca 2+ with
indirect absorption detection. The isocratic elu-
. f N + NH+ K+ M 2+ d C 2+ .non 0 a, 4 , , g an a cations

using different eluents and conductivity or UV
absorption spectrometry detection had been
achieved by Sato [9]. With the silica-based weak
cation exchanger (Nucleosil) coated with
PBDMA [poly(butadiene-maleic acid)] and a
tartaric acid or a combination of citric acid and
pyridine-2,6-dicarboxylic acid (PDCA) as the
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adsorption processes. One such modification,
proposed by Jonsson and Mathiasson [16]
is:

VN = KLVL + KsA s+ KlA I + KAA A (2)

where KLVU KsA s, KIA l and KAA A represent
the contributions to the net retention volume V

N

from partitioning, gas-solid, liquid-solid, and
gas-liquid interfacial adsorption, respectively. It
is clear that the partition coefficient cannot be
calculated from the measured net retention vol
ume and stationary phase volume (VL ) unless the
contribution from these adsorption terms is neg
ligible or can be corrected by empirical or
theoretical methods. One obvious method of
reducing adsorption contributions is to minimize
the area of the gas-solid (As), liquid-solid (AI)'
and gas-liquid (AA) interfaces relative to the
volume of the stationary phase.

Two different approaches have been de
veloped to separate the contribution due to
different retention processes. The first approach
is to measure the specific retention volume using
a series of columns with different amounts of
stationary phase [17]. The specific retention
volume is then plotted versus IIVv A "cor
rected" specific retention volume is said to be
obtained by using the value resulting from the
extrapolation of this plot to the ordinate, IIVL
equal to zero. This is interpreted as being the
specific retention volume obtained on an infinite
ly thick stationary phase which is said to "cor
rect" for the contributions to retention from
interfacial processes. This approach can easily be
applied if there is a linear relationship between
the specific retention volume and IIVv This can
be true only with constant adsorption effects or a
linear absorption contribution, where the ab
sorption effect is so low that the infinite dilution
condition can be realized for both the partition
and adsorption retention processes. The situa
tion is complicated when adsorption is non
linear, that is when the peak is tailed and 'the
retention time and volume vary with sample size.
In such cases where peaks are significantly
asymmetrical, the retention volume corre
sponding to elution at a fixed solute.gas concen
tration, ECP (elution by characteristic point)
method [2], rather than the peak maximum
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volume, has been used as the basis for measure
ment [17]. This fixed concentration is determined
by choosing a point at constant height on the
diffuse side of the peak which is then used to
obtain a solute's retention volume [18]. One
clear disadvantage of this approach is that a
series of columns have to be used under the
same conditions. Another limitation of the ap
proach is that the relationship between retention
volume and the amount of stationary phase may
be non-linear. The extrapolation is then much
more subjective [19]. Non-linear relationships
between retention volume and the volume of
stationary phase have been reported [6,20).
These are attributed to cooperative adsorption
effects [6] and stationary phase wetting transi
tions [18).

A second way to handle asymmetric peaks is
to inject such a large sample that all adsorption
sites become saturated. Retention is then domi
nated by a non-linear partition process and not
by adsorption. This situation is thought to pre
vail when the retention time increases with
sample size [19,21,22]. Retention is measured
under partition dominated conditions and the
partitioning contribution to retention is obtained
by extrapolating the retention volume to zero
sample size. The advantage of this approach is
that measurements can be made on a single
column. However, in order to achieve partition
ing dominated retention, very large sample vol
umes must be used for strongly adsorbed species.
Moreover, all measurements are actually made
in the region where the partition coefficient
becomes sample size dependent. Therefore, it is
difficult to estimate the error introduced by using
such large amounts of sample.

Jonsson and Mathiasson [22] proposed a simi
lar approach by developing an equation which
described retention under the assumption that a
single Langmuir-type adsorption process contri
butes to retention. A series of retention volumes
at different sample sizes are measured. The data
are then fitted to their equation. The contribu
tions from adsorption and partition processes can
then be calculated by extrapolating to zero
sample size. Alternatively, the contributions
from adsorption and partitioning were separated
by Korol et al. [23] by assuming a linear relation-
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results with the alkanes agree best, but this is
hardly surprising since the column was essential
ly "calibrated" so as to give perfect agreement
with Abraham et al. 's values for n-pentane,
n-hexane and n-heptane. In contrast, there is a
very slight systematic deviation observed for the
aromatic solutes whereas the hydrogen bond
donor, oxygenated, and amine solutes are all less
retained on the capillary column relative to
Abraham et al. 's estimates which come pre
dominantly from measurements made with
packed beds of porous particles. Interestingly,
the intercept in all cases is essentially zero within
the statistics of the fit.

It should be noted that the systematic differ
ences between the gas-liquid L 16 values re
ported here and those reported by Abraham et
al. are not due to errors in estimates of the dead
volume. For example, significant deviations with
respect to Abraham, et al. 's reported values
are found for dimethylformamide, dimethylaceta
mide and dimethyl sulfoxide even though all
three solutes are well within the range of reten
tions observed for n-pentane to n-decane, all of
which agree very well with Abraham et ai.'s
values.

Agreement between the alkane and aromatic
hydrocarbon series measured in this work and
that of Abraham et al. [28] is excellent. This is
expected since these solutes should not adsorb
on packed beds or capillary surfaces. The differ
ences are generally smaller than 0.02 log units,
which is within the standard error reported by
Abraham et al. [28] for a comparison of his data
to headspace measurements (which are free from
adsorption contributions). However, there are
significant deviations for 2-methylpentane and
cyclopentane. These solutes, in Abraham et ai.'s
data set, were measured by Kwantes and Rijn
ders [63] using copper helices as the support.
Interpolation of the data for 2-methylpropane,
2-methylbutane and 2-methylhexane, reported
by Abraham et al., predicts a value of 2.491,
which is in much better agreement with the value
of 2.507 in this work than with the value of 2.549
reported by Abraham et al. The value reported
in this work agrees very well with a recently
reported value of 2.516 measured by headspace
GC [54]. Additionally, the value reported for
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2,4-dimethylpentane by Abraham et al., 2.841, is
significantly high relative to the value measured
in this work, 2.812. Abraham et al. 's value was
obtained from ref. 21 by correlation of the data
obtained from experiments on n-heptadecane at
a temperature other than 25°C. Our value agrees
well with headspace measurements, 2.816 [54].

The most deviant aromatic hydrocarbon is
butylbenzene. Its value is nearly 0.03 log units
lower than that measured here. The value
quoted by Abraham et al, is based on an esti
mate obtained by extrapolating results from
lower homologues. We repeated the correlation
and extrapolation and obtained a value of 4.702,
which is in very good agreement with our ex
perimental value of 4.714. Also, this data point
was reported by Schantz and Martire [64] to be
4.704.

Excellent agreement was also found for halo
genated alkanes. No significant deviation be
tween the two data sets was detected.

In contrast to the behavior of the non-polar
solutes, considerable systematic differences were
observed for many polar solutes. In almost all
instances (see below for several exceptions) the
partition coefficients of polar species reported by
Abraham et al. are larger than those observed
here. This is the expected direction assuming
that the data obtained with the capillary columns
are not as strongly influenced by adsorption at
the solid surface as are data obtained on packed
columns. The gas-liquid L 16 value for all al
cohols (except methanol, ethanol and 2,2,2-tri
fluoroethanol) were smaller than those given by
Abraham et al. We do not believe this is a result
of interfacial adsorption in our system, but is a
result of the exceedingly low retention of these
solutes on the capillary column due to the lower
surface area to volume ratio. Retention of these
species is not significantly different than the dead
volume of the column. Therefore, we believe the
values listed in Table I for those solutes are in
error. Alongside. these values we have reported
some recently measured headspace GC values
for these solutes [see ref. 53] which we prefer to
the capillary column measurements.

The largest differences for polar solutes were
observed for benzyl alcohol, phenol and an
extraordinarily large difference was observed for
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meric 1:1 complexes between the lone electron
pairs of the selectand and the electronically and
coordinatively unsaturated metal-containing
selector is due to a rapid and reversible associa
tion equilibrium [10,11]. Useful selectors (which
were termed Chira-metals) are bis(l3-ter
peneketoenolates) of manganese(II), cobalt(II),
nickel(II), copper(II) and zinc(II) [12-14]. The
unique molecular architectures displayed by ter
peneketoenolates such as l3-perfluoroacylated
camphor, carvone, menthone and pulegone [15]
provide a broad range in the variation of the
enantioselectivity involved in the chiral recogni
tion process.

Thus, racemic ethers, ketones, alcohols, acet
als, esters and other classes of compounds have
been quantitatively separated into enantiomers
employing capillary glass of fused-silica columns
coated with an 0.1 m (m = molal) solution of the
chiral metal chelate {e.g., nickel(II) bis[(3-hep
tafluorobutanoyl)-(lR}-camphorate] or other re
lated Chira-metals} in an apolar liquid such as
squalane or polysiloxanes [2]. As the maximum
operation temperature of Chira-metal columns is
limited to about 100°C (in some instances to
BO°C for a short period of time) [16], it was
desirable to decrease the volatility of the metal
chelate by incorporating it in a polysiloxane
matrix, thus combining the high enantioselectivi
ty of Chira-metals with the thermostability and
excellent coating properties of polysiloxanes rem
iniscent of Chirasil-Val [4], and related station
ary phases [17-20], and Chirasil-Dex [21]. Final
ly, these chiral polysiloxanes can be cross-linked
and/or immobilized on the inner surface of glass
or fused-silica columns [19,20,22,23], resulting in
non-extractable stationary phases containing
chemically bonded chiral metal complexes
(Chirasil-metal) suitable for on-column injection
modes and for the use of mobile phases with
higher density as in supercritical fluid chromatog
raphy (SFC) [24] and capillary electrophoresis
(CE) [25].

In analogy with the total synthesis of Chirasil
Val [4,22] starting from monomers, and earlier
attempt to prepare Chirasil-nickel by hydrolysis
equilibration of nickel(II) bis[(3-heptafluoro
butanoyl)-(lR)-lO-(dimethoxymethylsilyl)methyl
camphorate] and diethoxymethylvinylsilane in

M. Schleimer and V. Schurig / J. Chromatogr. 638 (1993) 85-96

the presence of trimethylsilanol led to a co
polymeric stationary phase possessing clearly
enhanced thermal stability [26]; however, at
tempts to cross-link or immobilize this phase by
radical induction were not successful as small
amounts of radical starters had an adverse effect
on the metal chelate leading to a strong decrease
in the observed chiral separation factors a [27].

In this paper, we describe a new synthetic
pathway to Chirasil-nickel by a different ap
proach through hydrosilylation of 3-hepta
fluorobutanoyl-(lS)-10-methylenecamphor to a
preformed polymer containing Si-H func
tionalities and subsequent formation of the metal
chelate which, after coating on the inner surface
of fused-silica columns and thermal treatment,
shows no loss in enantioselectivity and is stable
against common organic solvents and even
supercritical carbon dioxide at high densities
[28].

EXPERIMENTAL

Materials
(lS)-10-Camphorsulphonic acid, polymethyl

hydrosiloxane, hexachloroplatinic acid and china
clay were obtained from Aldrich (Steinheim,
Germany). Octamethylcyclotetrasiloxane and
hexamethyldisiloxane were obtained from
ABCR (Karlsruhe, Germany). All solvents em
ployed were of HPLC grade.

Instrumentation
Carlo Erba Fractovap 2350 and 2150 and

Mega HRGC 5300 gas chromatographs (Fisons,
Mainz, Germany), equipped with flame ioniza
tion detectors (250°C), were used. The carrier
gas was nitrogen or preferentially helium (both
99.996%) (Messer-Griesheim, Frankfurt, Ger
many), used without further purification (cau
tion: hydrogen should not be employed as the
carrier gas in complexation gas chromatography).
The splitting ratio at the injector (250°C) was set
to 1:100. In order to avoid overloading condi
tions, the instruments were set to their highest
sensitivity at a tolerable signal-to-noise ratio. For
SFC measurements a Carlo Erba SFC3000 in
strument (Fisons), equipped with a syringe
pump, pneumatic injection valve and flame ioni-
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mined, but also the citrate and acetate contents
(zones 1 and 2, respectively).

For quantitative analysis the calibration graphs
covered the range 0.05-0.40 mmol/l, obtained
by analysing a series of standard solutions. The
calibration graphs (see Fig. 2) were linear in this
range and can be expressed by the following
equations:

cR SO = O.0077t + 0.034 r = 0.9960

CR A ct = 0.0058t - 0.042 r = 0.9989

CUVAct = 0.000065P - 0.82 r = 0.9964

where cR SO is the sodium octanoate concentra
tion (mmol/l), CR Act and CUVAct are those for
N-acetyl-DL-tryptophan obtained from conduc
timetric and spectrophotometric detection re
spectively (mmol/l), t(s) is the zone length, P is
the peak area, and r is the correlation coeffi
cient.

The results for the stabilizer content in the
samples of 20% and 5% HSA are summarized in
Table I. As can be seen, external calibration
gives sufficiently accurate results (the declared
values are 20 mmol). In spite of this, it is
necessary to use the standard addition method
when citrate and acetate in HSA are to be
determined. These compounds are usually pres
ent in HSA solutions. Analysis is carried out in
the presence of proteins, i.e., without their
removal prior to the isotachophoretic determina
tion.

The reproducibility of the zone measurements

TABLE I

STABILIZER CONTENT OF 20% AND 5% HSA
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with sodium octanoate is less than 1 s and with
N-acetyl-DL-tryptophan less than 2 s. UV detec
tion is more suitable for N-acetyl-DL-tryptophan
determination.

CONCLUSIONS

The method described for the determination
of sodium octanoate and N-acetyl-DL-tryptophan
in HSA is rapid and simple. The time for one
measurement of a multi-component mixture is
ca. 22 min. It is possible, in addition to the
above-mentioned components, to determine
simultaneously also citrate and acetate ions. By
the standard addition method, twenty samples of
HSA were analysed isotachophoretically with a
relative error of 1-15%.
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Leading electrolyte: 10 mmol histidine-histidine monochloride (pH 5.95). NAct = N-acetyl-DL-tryptophan; NAct+ = values
obtained with UV detection.

Stabilizer

Sodium octanoate
NAct
NAct+

Stabilizer content (mmol/l)

20%HSA 5%HSA

External Standard External Standard
calibration addition calibration addition

19.8 18.2 4.9 4.2
19.0 22.3 4.9 5.2
20.8 20.3 4.9 4.9
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