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Electrochemical detection of dipeptides with selectivity

against amino acids

Stephen G. Weber* and Hweiyan Tsai

Department of Chemistry, University of Pitisburgh, Pittsburgh, PA 15260 (USA)

Mats Sandberg

Institute of Neurobiology, Department of Histology, Géteborgs Universitet, Medicinaregatan 5, Gteborg (Sweden)

(First received August 27th, 1992; revised manuscript received February 1st, 1993)

ABSTRACT

Electrolysis of a basic mobile phase containing biuret reagent [Cu(II) and a tartrate salt] at high (>1.2 V vs. Ag/AgCl)
potentials modifies the glassy carbon electrode. This modified anode oxidizes dipeptides, yielding signals expected for a
one-electron transfer, even at low (down to 0.7 V vs. Ag/AgCl) potentials and in the absence of intentionally added copper(II)
ion in the reagent or mobile phase. The same modification demonstrates a selectivity to a-dipeptides over amino acids that is
unprecedented. The product of the anodic reaction is reduced at a downstream cathode at low positive potentials. Sensitivities for
several amino acids and dipeptides are reported under several conditions. Neither the anodic nor the cathodic signals for the
buiret complex of the tripeptide Ala-Ala—Ala are significantly altered because of the modification.

INTRODUCTION

Detection strategies for chromatographically
separated peptides have taken one of two
courses. Either detection has been specific for an
amino acid functional group or the detection has
relied upon the nucleophilicity of the peptide’s
amine group to form a detectable derivative. An
example of the former approach is the electro-
chemical detection of tyrosine-containing opioid
peptides [1], while the fluorescence detection of
the reaction product of o-phthalaldehyde (OPA)
[2] or 2,3-naphthalenedialdehyde and peptides
[3,4] are examples of the latter. The primary
virtues of these methods are their low detection

* Corresponding author. Visiting scientist at Institute of
Neurobiology, Department of Histology, Goteborgs Uni-
versitet, Medicinaregatan 5, Goteborg, Sweden; permanent
address at Pittsburgh.

0021-9673/93/%06.00

limits and their established nature; OPA has
been used successfully and routinely for the
fluorescence determination of amino acids in
particular.

Although the genetically coded amino acids
are only twenty species, the group of natural
non-protein amino and imino acids and deriva-
tives are probably well over 700 [5]. The
theoretical number of dipeptides consisting only
of protein amino acids is 400, and many of these
are chromatographically similar to amino acids
[6]. It is evident that routine chromatography of
today is incapable of separating, for example, all
of the dipeptides from all of the amino acids. A
related problem is that chromatographic analysis
at trace levels inevitably suffers from the pres-
ence of interfering peaks. Methods that are more
molecularly selective are urgently needed to help
solve both of these problems.

We have begun to develop the biuret reaction
in electrochemical detection [7,8]. This reaction

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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(Il) 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(I11)
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(Ill) 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

S.G. Weber et al. | J. Chromatogr. 638 (1993) 1-8

of finding conditions suitable for the determina-
tion of a-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 I.D.
column of Nucleosil 5 SB (Macherey—Nagel,
Diiren, Germany), a 5-um diameter silica-based
anion-exchange material. The detector was a
BAS LC4B with a dual glassy carbon electrode
cell. The spacer thickness was 50 um. All poten-
tials stated are referred to the Ag/AgCl, 3 M
NaCl 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,SO,, 500 mM
Li,SO,, 500 mM LiCl and acetate buffers (sodi-
um acetate, lithium acetate, acetic acid.) The
LiCl 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 wm filters (type HV; Milli-
pore, Bedford, MA, USA). The LiCl 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 LiCl 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 (NaH,PO,-H,O0 and Na,HPO,-
2H,0), 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
CuSO, (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 um 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 wm 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;); 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

3

constant, about 9.65 X 10*. 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,
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 ml/min, was 10 mM K,SO,, 25 mM pH
4.62 sodium acetate buffer. The postcolumn
phases, identified in Table I, were flowing at 0.5
ml/min. 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(Il) on the cathodic
sensitivity, the compounds A, and Asp-Ala
were used with a series of postcolumn phases
shown in Table II. The Cu(Il) seems to play no
role in the generation of signal; even in the
absence of Cu(Il), 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 ml/min, 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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SENSITIVITIES AT THE CATHODE: EFFECT OF pH AND [Cu(II)]

Mobile phase: 1.0 ml/min 10 mM K,SO,, 25 mM pH 4.62 NaOAc. Postcolumn phase: 0.5 ml/min. Potassium sodium tartrate
concentration is three times the stated Cu(II) concentration. Potentials: anode 1.1 V, cathode 0.0 V.

Postcolumn phase

Sensitivity (C/mol)

Ala—-Ala—Ala Asp-Ala Asp-Glu
Hydrogen carbonate—carbonate pH9.85
Cu(II) 0.1mM 180 260 120
1.0mM 160 80 40
HEPES pH 7.50
Cu(1I) 0.1 mM 80 90 110
1.0mM 20 - -
TABLE II

SENSITIVITIES AT THE CATHODE: EFFECT OF
[Cu(IT)]

Mobile phase: 1.0 ml/min 10 mM K,SO,, 25 mM pH 4.62
NaOAc. Postcolumn phase: 0.2 M total (carbonate +
hydrogencarbonate) as sodium salts. Potassium sodium tar-
trate concentration is three times the stated Cu(II) concen-
tration. Potentials: anode 0.90 V, cathode 0.15 V.

pH Cu(II) (mM) Sensitivity (C/mol)
Ala-Ala-Ala Asp-Ala

9.85 0.2 260 200

9.85 0.05 280 220

9.85 0 250 240

8.98 0 320 240

HNO, rinse

8.98 0 10 10
TABLE III

than increase, the signal. The sensitivities for the
dipeptide Asp—Ala and for the amino acid Asp
are more strongly dependent on the Cu(II)
concentration than the tripeptide A,.

A sequence of events is recorded in Table IV .
The cathodic sensitivity at freshly polished elec-
trodes and an anode potential of 1.0 V is the
same in the presence and absence of bicarbonate
in the Cu(II)-containing postcolumn phase (data
not shown). When the anode is taken to 1.2 V,
and then back to 1.0 V, there is much less of a
decrement in cathodic sensitivity accompanying
the potential change from 1.2 to 1.0 V when
there is hydrogencarbonate in the phase. In fact,
as can be seen in the table, the carbonate need
not be present once the anode has been taken up
to 1.2 V in its presence. The sensitivity to the
dipeptides remains significant at modest poten-
tials.

SENSITIVITIES AT THE CATHODE AND SELECTIVITY TO Asp-Ala OVER Asp

Mobile phase, postcolumn phase and potentials as in Table II.

pH Cu(II) (mM) Sensitivity (C/mol)
Ala-Ala-Ala Asp-Ala Asp Asp—Ala/Asp
8.98 0.1 330 180 6 30
1.0 270 80 0.5 160
9.88 0.1 470 110 8 14
1.0 220 17 0.6 26
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TABLE IV

SENSITIVITIES AT THE CATHODE: EFFECT OF HISTORY

Mobile phase: 1.0 ml/min 5 mM pH 4.62 NaOAc, 15 mM LiCl. Postcolumn phase: 0.5 ml/min 0.52 M pH 7.98 phosphate with
added NaHCO, as stated, 0.1 mM CuSO,, 0.6 mM potassium sodium tartrate. Potentials: anode as stated, cathode 0.0 V.

Anode Sensitivity (C/mol)

potential

W) Ala—Ala-Ala Asp-Ala Asp-Asp Glu-Glu
NoHCO; 1.0 270 60 7 7
NoHCO; 1.2 240 140 18 10
NoHCO; 1.0 200 40 7 3
0.1MHCO; 1.2 290 290 13 130
0.1 M HCO; 1.0 220 220 60 190
0.1M HCO, 0.95 260 180 40 60
NoHCO; 0.95 260 200 60 50

Table V shows anodic sensitivities (cathode not
used) determined after the electrode had been
anodized in a Cu(II) and bicarbonate containing
mobile phase. A sampling of acidic, basic and
neutral amino acids, and a selection of neutral

TABLE V
SELECTIVITY AT THE ANODE

Mobile phase: 1.0 ml/min 3 mM pH 3.72 LiOAc, 3 mM pH
5.72 LiOAc, 50 mM Li,SO,. Postcolumn phase: 0.5 ml/min
pH 8.05 phosphate buffer. Electrode preparation: 50 min at
1.2 Vin 1.0 ml/min, 3 mM pH 3.72 LiOAc, 3 mM pH 5.57
LiOAc, 100 mM Li,SO,, plus 0.5 ml/min 0.52 M pH 8.14
phosphate buffer, 0.1 mM CuSO,, 0.6 mM potassium sodium
tartrate, 0.1 M NaHCO,. The pH of the combination is
about 8. Potential: anode 0.85 V.

Solute Sensitivity (C/mol)
Ala 2.5
Arg 220
Asp 12
Glu 7.5
Gly 2.6
Leu 7.8
Lys 34
Ser 4.8
Asp-Glu 140
Asp-Leu 300
Glu-Lys 490
Gly-Leu 900
Arg-Glu 1760
Ala-Ala-Ala 570

and acidic dipeptides were tested. It can be seen
that, in general, the peptides are more sensitive-
ly determined than the amino acids. Thus, the
combined sensitivities of Gly and Leu is about
10, while the sensitivity of the dipeptide Gly-
Leu is about 1000. Similarly, the sensitivity for
the peptides Asp—Gly, Asp-Leu, Glu-Lys and
Arg—Glu are significantly larger than the sum of
the sensitivities of the relevant amino acids. The
most sensitively detected amino acids, of the
limited but representative set chosen for study,
are the basic ones.

In some experiments it was noted that the
cathodic selectivity for peptides over amino acids
increased when the anodic potential was lower
and the pH was lower. The effect of pH has been
demonstrated in Table III. The results from a
study of the anodic sensitivities are shown in
Table VI. Here, a selection of neutral amino
acids and peptides have been determined at two
pH values and two anode potentials. It appears
that the sensitivities for all the species except the
tripeptide follow about the same pattern; the
sensitivity decreases about a factor of three on
changing the potential from 0.90 to 0.85 V at
each - pH, and at each potential, the sensitivity
drops a factor of three in lowering the pH the
stated amount. Thus the anodic sensitivity, but
not the selectivity, are influenced by pH and
potential in the range studied.

The potential dependences of the cathodic
signal as the anodic and cathodic potentials



TABLE VI

SENSITIVITY AND SELECTIVITY AT THE ANODE:
EFFECT OF pH AND POTENTIAL

Mobile phase: 1.0 ml/min 3 mM pH 3.72 LiOAc, 3 mM pH
5.72 LiOAc, 25 mM Li,SO,. Post column phase: 0.5 ml/min
pH 8.05 phosphate buffer. Electrode preparation: 50 min at
1.2 Vin 1.0 ml/min 3 mM pH 3.72 LiOAc, 3mM pH 5.57
LiOAc, 100 mM Li,SO,, plus 0.5 ml/min 0.52 M pH 8.1
phosphate buffer, 0.1 mM CuSO,, 0.6 mM potassium sodium
tartrate, 0.1 M NaHCO,. The pH of the combination is

about 8.

Solute Sensitivity (C/mol)
Anode Anode Anode Anode
potential  potential potential potential
09V, 0.85V, 0.9V, 0.85V,
pHS8.14 pHS8.14 pH757 pHT.57
Ala 8.2 2.4 34 0.7
Gly 6.6 2.6 2.6 0.9
Leu 23 7.8 6.4 32
Lys 100 30 30 8.8
Ser 16 4.8 5.6 1.6
Arg-Glu 3240 1760 1300 510
Gly-Leu 3400 750 800 80
Glu-Lys 1650 540 510 130
Ala-Ala-Ala 650 490 90 20

change are shown in Fig. 1. This is a composite
figure, so relative sensitivities to a standard
condition (anode =1.0 V, cathode =0.0 V) are
used. The right side of the diagram shows the
response as the anodic potential is changed.
There are two waves, one with a half-wave
potential around 0.7-0.8 V and the other with a
half-wave potential around 1.3 V. Our ex-
perience has been that the signal-to-noise ratio is
better on the plateau around 0.9-1.0 V than at
potentials above 1.4 V. On the left side of the
diagram, sensitivities are shown for the cathodic
potential changing with a constant anodic poten-
tial. In separate experiments we have deter-
mined that the signal is negligible when the
cathodic potential is 0.5 V. Thus, although it is
not well characterized in the figure, the half-
wave potential is in the range of 0.4 V.

Fig. 2 shows a chromatogram of dipeptides
containing the acidic amino acids. The separa-
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Fig. 1. Cathode sensitivities for A, (O) and Asp Ala (O).
Data plotted from 0 to 0.2 V are taken with varying cathodic
potentials and an anodic potential of 0.8 V. Conditions as in
Table II. Data plotted from 0.7 to 1.0 V are also taken under
conditions as in Table II, but it is the anodic potential that
varies, the cathodic potential is 0.0 V. A second set of data,
taken under solution conditions in Table V and with cathodic
potential = 0, is plotted as the anodic potential changes from
1.0 to 1.4 V. Sensitivities from the two sets of solution
conditions are normalized with respect to values found at an
anodic potential of 1.0 V and a cathodic potential of 0.0 V.

At

3G

/_j_\J
| S |
10 o)
t,min
Fig. 2. Chromatogram of (1) Glu-Lys (0.49 nmol), (2)
Asp-Gly (0.95), (3) Asp—Asp (0.69), (4) Glu-Glu (0.62).
Mobile phase 1.0 ml/min of 6 mM acetate buffer pH 4.5, 75

mM Li,SO,. Postcolumn solution pH 8.14, 0.5 M phosphate
buffer at 0.5 mi/min.
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tion based largely on charge is expected of an
anion exchange material.

DISCUSSION

It may be a Cu(Il) complex that is detected
when Cu(Il) is present in the system, but if the
primary signal-producing event were the oxida-
tion of Cu(II) bound in a complex, then the law
of mass action dictates that the signal must at
least remain constant, or perhaps increase, as the
Cu(II) concentration increases. The decrease in
sensitivity caused by increasing the Cu(Il) con-
centration in the postcolumn reagent, the pres-
ence of the signal in the absence of intentionally
added Cu(Il), and the disappearance of the
signal when the postcolumn reactor and flow cell
are rinsed with nitric acid, suggest that some
surface reaction makes the electrode more sensi-
tive to the peptides. Inspection of the electrodes
shows that the anode, but not the cathode, has a
film after the potential of the anode has been
held at a positive potential (>1.2 V).

The data in Table III show that not only is the
sensitivity dependent on the Cu(II) concentra-
tion, but the relative sensitivity of the dipeptide
Asp—Ala to the amino acid Asp is influenced by
Cu(II) concentration. At both high and low pH,
the selectivity of the detection for the peptide is
better with higher Cu(II). This is not due to a
relatively greater signal from the dipeptide, but
is due to a larger copper-induced decrease in the
signal from the amino acid. It is well known that
amino acids form complexes with Cu(II) [23].
Certainly tripeptides form the biuret complex
[7,9], and, although dipeptides give a signal at
the electrochemical detector under conditions
which yield the biuret complex from tripeptides
[8], they probably do not form a complex with a
stable Cu(III) form. An investigation of a single
peptide was carried out to explore this.

We have examined the cyclic voltammetry and
visible absorbance spectrum of the dipeptide
Gly-Leu. The cyclic voltammetry at a glassy
carbon electrode in biuret reagent shows a drawn
out anodic wave at around 900-1000 mV, with no
cathodic wave at 200 mV s~'. The, visible spectra
of Gly-Leu solutions in biuret reagent were
recorded with the biuret reagent as a reference.

7

The wavelength of maximum absorbance shifts
slightly when the Cu(Il)-to-peptide ratio is
changed, from 614 nm at 1:5 to 638 nm at 5:1.
Biuret complexes have A_,, at about 550 nm.
The molar absorptivity (based on the limiting
reagent) is about 50 M " cm~'. The wavelength
of maximum absorbance in the excess Cu(Il) is
consistent with the formation of a 1:1 complex
(donor atoms: amine, amido nitrogens, carboxy-
late and hydroxide oxygens: theoretical A, =
632 nm computed according to Billo [24]).

The electrochemistry and the spectroscopy are
consistent in the sense that a stable Cu(III) form
is not seen on the time scale used.

The depressing effect of Cu(II) on the signal
implies that coordination to Cu(II) lowers the
activity of the oxidized species. This effect is
more important for the amino acids and dipep-
tides than for the tripeptide A, (Tables II and
III). It is noteworthy that there is no signal
observed (sensitivity €1) from N-acetyl-Asp
and from N-acetyl-Asp—Glu. These observa-
tions imply that the amine group is important to
the oxidation of the amino acid and dipeptides.

Recently, a catalytic oxidation by an anodized
copper electrode of the amino acids and some
peptides has been discussed by Luo et al. {25].
This approach seems very promising, as the
sensitivity is good, and the electrode is long-
lasting. As is the case in the current study, the
sensitivity to amino acids depends upon the side
chain; amino acid detection limits vary by a
factor of 50 in that work. This is similar to the
sensitivity variation seen in the current work.
Although the data are not explicitly given, it
seems that the sensitivity for small peptides with
the electrode of Luo et al. [25] is about the same
as that for the amino acids. The current work is
different in two respects. First, the sensitivity to
peptides is, in general, higher than for amino
acids; in the few examples cited above the
dipeptide’s sensitivity is always significantly
larger than the sum of the sensitivities of the
constituent amino acids. Second, the pH re-
quired to carry out the reaction is lower. In the
work of Luo et al. [25] the mobile phase was 0.1
M NaOH. In this work, a pH of 8 was shown to
be compatible with detection.



CONCLUSIONS

We do not know yet what the putative elec-
trode modification is, nor do we know why the
surface reacts as it does. Nonetheless, we have
shown that it is possible to detect dipeptides with
some selectivity at a modest potential in weakly
alkaline solutions, the latter compatible with
most reversed-phase materials, for example.
There is, on average, a selectivity for dipeptides
over amino acids, though individual exceptions
exist (Arg vs. Asp—Gly). Future work concern-
ing the application of this detection technique to
extracts of rat brain, and work directed towards
understanding and optimizing the surface of the
anode are underway.
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ABSTRACT

Analysis of peptide mixtures by reversed-phase capillary HPLC with gradient elution using three detectors in series: UV (214
nm), fluorescence (A, =280 nm, A, =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 UV absorption 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.

0021-9673/93/$06.00

of peptides 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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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phase prior to mass spectrometric detection.
(Involatile buffers, or those with electrolyte
content of equivalent conductivity higher than
that of 107> M NaCl result in reduced sensitivity
and spray instability [24].) However, CF-FAB-
MS requires a viscous matrix, usually glycerol, at
1-5% in the mobile phase [10-12]. If a viscous
matrix is added prior to the column, additional
band broadening occurs in the chromatographic
separation. Although not as simple to imple-
ment, post-column addition of the matrix imme-
diately preceding the CF-FAB probe tip or a
coaxial design circumvents this problem [10-12].
However, there stil may be memory effects
which degrade the total ion current (TIC) profile
obtained from the mass spectrometer. The effect
that viscous-matrix addition to the mobile phase
has on chromatographic integrity has been ex-
amined by other investigators [10-12,25,26].
Electrospray ionization mass spectrometry also
offers advantages over CF-FAB-MS in the analy-
sis of large peptides and glycopeptides. Detec-
tion limits with CF-FAB-MS decrease for pep-
tides with M, greater than ca. 3000 [1,27]. For
example, Hemling et al. [1] reported that follow-
ing HPLC separation, glycopeptides with M, ca.
3000-4000 at the 50 pmol level were readily
detected by ES-MS whereas CF-FAB failed to
detect them. However, CF-FAB-MS with a
coaxial interface design apparently overcomes
this limitation in the analysis of high mass
peptides [23]. Because CF-FAB generates singly
and perhaps doubly protonated molecules, the
limiting factor in CF-FAB-MS analysis of large
peptides can be the mass-to-charge (m/z) range
of the instrument. In contrast to CF-FAB, elec-
trospray ionization generates multiply proton-
ated molecules [24,28-32] which enables conven-
tional mass spectrometers (quadrupoles, sectors)
with limited m/z ranges (e.g. 4000 or less) to
measure molecular masses of molecules with
M_>100000 [31,32]. The ability to analyze pep-
tides and proteins at the low pmol level [1-9],
along with the ease with which electrospray
ionization mass spectrometry can be interfaced
to capillary and microbore HPLC make it an
attractive alternative to CF-FAB-MS detection.
Typically in HPLC-MS analyses, on-line UV
detection at 214 nm is incorporated for monitor-

ing absorption by the peptide bond. Background
ion current may obscure minor components in
the TIC profile from mass spectrometric detec-
tion. The UV chromatographic trace gives a
fingerprint of the peptide map when analyzing
complex mixtures. This aids in determining
which regions of the chromatogram to examine
for the mass spectral information. The native
fluorescence emission at A, ;. = 356 nm of tryp-
tophan residues following excitation at A =
280 nm provides a means to further characterize
the peptides in mixtures such as in proteolytic
digests [33,34]. Monitoring fluorescence as well
as UV absorption reveals which peptides in
mixtures contain tryptophan residues while the
mass spectrometer measures the molecular mass-
es.

The performance of a system consisting of this
combination of three detectors: UV, fluorescence
and ES-MS, following gradient separation with a
0.500 mm I.D. reversed-phase capillary C,,
column is evaluated with respect to chromato-
graphic integrity and detection. The utility of this
combination of detectors is demonstrated in the
analysis of proteolytic digests of bovine serum
albumin (BSA) and stromelysin catalytic domain
(SCD) protein expressed in E. coli.

EXPERIMENTAL

Instrumentation

Chromatographic separations were performed
using a Michrom BioResources Ultrafast Mi-
croprotein Analyzer (Michrom BioResources,
Pleasanton, CA, USA) which included a Valco
10-port valve with a 20-ul injection loop. The
solvents are pumped through heated (30°C)
precolumns and combined at a micro mixing tee.
After mixing, the solvent at a flow of 70 wl/min,
passes through a stainless steel fixed precolumn
splitter which directs approximately 14 wl/min
flow to the capillary C,; HPLC column (Reliasil
Cyg, S um, 300 A, 150 mm X 0.5 mm 1.D.) and
the remainder to waste through a 1 mm I.D.
balance column [20,35]. The chromatograph is
interfaced to a modified Linear UVis 200 Detec-
tor (Linear Instruments, Reno, NV, USA)
equipped with a 0.8-ul, 2-mm pathlength flow
cell. Absorbance is monitored at 214 nm. The
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outflow from the UV detector is connected by
fused-silica capillary tubing (75 pm 1.D/150 um
0.D.) to a Gilson 121 Filter Fluorometer (Gil-
son, Middleton, WI, USA) equipped with a 0.6-
ul flow cell. The fluorometer is fitted with a
mercury lamp with A_,. =280 nm. A glass filter
with wavelength maximum transmission at 356
nm is used in monitoring fluorescence emission.
The total dead volume between the UV and
fluorescence detector is 5 wl. The sampling
interval for both the UV and fluorescent detec-
tors is 0.1 s.

A 1:1 split of the eluent following the fluores-
cent detector is accomplished by using a PEEK
tubing tee and fused-silica capillary (50 um 1.D/
150 um O.D. X 1.25 m; dead volume, 2.5 ul).
Flow is delivered at ca. 7 wl/min to a Vestec
(Houston, TX, USA) electrospray interface
fitted to a Finnigan MAT (San Jose, CA, USA)
TSQ 70 triple stage quadrupole mass spectrome-
ter (Fig. 1). The Vestec interface uses a heated
source block, which was held at 225°C, for
desolvation. Prior to performing a gradient
HPLC-ES-MS analysis, the needle voltage was
set to 2.2 kV, and the solvent composition to
60% A. Then, the distance between the ES
needle tip and nozzle aperture of the interface
was adjusted until a spray current of ca. 0.25 pA
was achieved. (A spray current of ca. 0.25 uA
was found to be optimum in terms of sensitivity).
The electrical characteristics of the mobile phase
change over the course of the gradient separa-

70 yl/min  1mm Balance Column

Michrom

Bioresource: Waste
HPLC

14 pl/min Syringe

Mobile Phase

UV Detection
Vestec
ES Interface Fluorescence
Finnigan TSQ 70 | S
Mass Spectrometer ﬁ y \

splitter
Needls, 2.2 kV

Fig. 1. Capillary HPLC-MS interface.

tion due to changes in solvent composition so the
needle voltage was adjusted manually during the
HPLC runs in order to maintain the spray
current. Typically, the needle voltage ranged
from ca. 2.3 kV at 90% A to ca. 1.9 kV at 10%
A. The repeller voltage was held at 15-20 V.
These interface conditions minimized fragment
ion formation. Mass spectra were acquired by
scanning the third quadrupole (Q3) from m/z
500-2000 at a rate of 300 (m/z) s~' unless
otherwise indicated.

Mobile phase

The mobile phase was prepared from HPLC
grade acetonitrile (Mallinckrodt, St. Louis, MO,
USA), distilled, deionized water obtained from a
Milli-Q system (Millipore, Bedford, MA, USA)
and protein sequencing grade trifluoroacetic acid
(TFA) (Applied Biosystems, Foster City, CA,
USA). Mobile phase A was prepared with a
composition of water—acetonitrile (98:2) with
0.1% TFA. Mobile phase B was acetonitrile—
water (90:10) with 0.09% TFA.

Chemicals

Adrenocorticotropic hormone fragment 1-24
(ACTH 1-24) and BSA were purchased from
Sigma (St. Louis, MO, USA). SCD expressed in
E. coli was provided by Dr. Qi-Zhuang Ye of
Parke-Davis (Ann Arbor, MI, USA). Details of
the protein expression and purification is found
elsewhere [36]. Trypsin-TPCK was from Pierce
Chemical (Rockford, IL, USA) and the proteo-
lytic digests (50:1 W, p5rute/ Wenzyme) WETE carried

out in 0.1 M ammonium bicarbonate, pH 8.0, at
37°C for 16 h.

RESULTS AND DISCUSSION

A typical feature of ES-MS of peptides and
proteins is the formation of a series of multiply
protonated molecules which are represented as
peaks in the mass spectrum. The measured m/z
values for the protonated molecules are used to
compute the molecular mass of the compound.
In mixtures of peptides, hydrophobicity differ-
ences can result in pronounced differential ioni-
zation when analyzed by FAB. ES does not
suffer as severely from this limitation [24], thus
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permitting direct mixture analysis with minimal
discrimination, although the spectra may be very
complex. A separation method preceding ES-MS
simplifies data interpretation in mixture analysis
and may offer gains in sensitivity due to reduc-
tion of both charge competition among mixture
components and buffer suppression of ionization
[37]. However, Fig. 2 illustrates that a separation
method preceding ES-MS analysis of mixtures
may be necessary to assure correct interpretation
of the mass spectral data. ES mass spectra are
simulated for three hypothetical peptides in Fig.
2A-C. Although the peptides have different
molecular masses, the simulated ES mass spec-
tral peaks indicate that there are ions with
identical m/z values found in the mass spectrum
of more than one of the hypothetical peptides. It
is a simple task to determine the M, of the ‘pure’
peptides from the spectra in Fig. 2A-C. How-
ever, the same is not true for the spectrum in
Fig. 2D which shows the composite spectrum of

3 A
mz667.7 o
4
m/z 1001 1
m/z 501 miz 2001
| 1
3
4 mz1001 2 B
m/2|751 m/z 1501
2
3 mz751 1 c
m/z 501 m/z 1501
m/z m/z 1001 D
m/z 751
667.7 m/z 1501
m/z 501
| m/z 2001
1

m/iz —»

Fig. 2. Simulated electrospray mass spectra for hypothetical
peptides with molecular masses of (A) 2000, (B) 3000 and
(C) 1500 dalton. Fig. D is the hypothetical composite
spectrum of the mixture of the three components in Fig.
A-C. The numbers above the m/z labeled peaks in A-C
represent the number of protons attached to the molecule
represented by the mass spectral peak.

the three hypothetical peptides. For example,
the peaks at m/z 501, 751 and 1501 could be
assigned as (M +3H)**, (M +2H)*" and (M +
H)", respectively, indicating a species of M,
1500 while the peaks at m/z 667.7, 1001 and
2001 could be assigned to (M +3H)>", (M+
2H)** and (M + H)* for a compound with M,
2000. Thus the peaks in Fig. 2D may be inadver-
tently accounted for by components with M,
values of 1500 and 2000. However, because the
component with M, 3000 does not yield a singly
protonated molecule (or the m/z range of the
mass spectrometer is <3000 so it is not de-
tected), it could easily be overlooked in the
composite spectrum obtained by direct analysis.
With chromatographic separation, the recon-
structed ion chromatograms of individual m/z
values would indicate three components. Cou-
pling chromatographic separation with ES-MS
simplifies data analysis of mixtures and minim-
izes the potential of misassignment of molecular
masses.

Chromatographic profile at each detector

A wide range of capillary columns, from 0.01
mm to 0.5 mm in diameter, have been con-
structed for HPLC analyses [38]. Commercially
available capillary HPLC columns of 0.3 mm
I.D. and 0.5 mm L.D. have been used in this
laboratory. Although lower detection limits can
be achieved with a 0.3 mm I.D. column as the
analyte is more effectively concentrated due to
lower flow-rates, it has been our experience that
the 0.5 mm 1.D. columns are more durable, and
maintain greater baseline stability with gradient
RP-HPLC chromatography. So, for the most
part 0.3 mm LD. columns are reserved for the
analysis of very low quantity samples (<5 pico-
moles). For routine separations, a 0.5 mm I.D.
column is the most practical choice in the analy-
sis of 10—500-pmol samples [38] and was selected
as the column in measuring chromatographic
profiles at each detector.

As a general rule, to ensure minimal ex-
tracolumn broadening by the detector, the detec-
tor cell volume should be less than one-tenth the
volume of the peak of interest [39,40]. In the
system described here, the UV and fluorescent
detectors each satisfy this rule but there is 5 ul
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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 (w,,,) at
each detector.

The w,,, 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)*". A scan rate of 80 (m/z)s™", yielding
an acquisition rate of 10 scan-s”' 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 w,,, 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,,,
versus UV, as shown in Table I. As evident by
the small increase in w,,, for the TIC trace
compared to the fluorescence trace, the data

TABLE I

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

Detector W, (8) % Increase’
uve 12.5+0.2 =
Fluorescence” 15.7+0.6 26
ES-MS’ 17.9£0.2 14

“ Average of 8 analyses.

® Average of 2 analyses.

“ Represents % increase in w,,, 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 cm long columns with efficien-
cies between 1-10* and 2.5-10° 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 (m/z)s”']. However, increasing the acquisi-
tion rate by scanning faster results in a poorer
S/N ratio because the sampling times (sampling
time =scan rate”') 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 m/z 500-2000 at a rate of 150
(m/z)s™", 300 (m/z)s™", 600 (m/z)s™' and 1250
(m/z)s™" is shown in Fig. 3A-D, respectively.
Fig. 3A-D compares the measured w,,, for
these traces. Of the four traces displayed in Fig.
3A-D, the w,,, 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 S/N ratio due to the decrease in
sampling times. An alternative way to increase
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Acquisition rate: 1 scan /10 s
Wi, 270s

Acquisition rate: 1 scan /5 s
Wi, 2255

Acquisition rate: 1 scan /2.5 s
Wi 2125

Acquisition rate: 1 scan /12 s

Wi, 203s

E Acquisition rate: 1 scan /0.1 s
wip 179s

| |
i 1
8 minute trace

Fig. 3. The TIC chromatogram for analysis of 25 pmol of
ACTH (1-24) with the mass spectrometer scanning parame-
ters as follows: (A) m/z 500-2000 at 150 (m/z)s ™', sampling
time 6.67 ms(m/z)”", (B) m/z 500-2000 at 300 (m/z)s”',
sampling time 3.33 ms(m/z)”', (C) m/z 500-2000 at 600
(m/z)s™?, sampling time 1.67 ms(m/z)~", (D) m/z 500-2000
at 1250 (m/z)s™", sampling time 0.8 ms(m/z)”' and (E) m/z
730-738 at 80 (m/z)s~", sampling time 12.5 ms(m/z)™'. The
HPLC conditions were 90% A to 50% A in 25 min followed
by re-equilibration at initial conditions.

the acquisition rate is to scan over a narrower
mass range. The chromatographic trace dis-
played in Fig. 3E represents the data obtained at
the highest acquisition rate, but the scan rate, 80
(m/z)s™', is the slowest because the mass spec-
trometer was only scanned from m/z 730-738.
Of all the traces displayed in Fig. 3, the profile
shown in Fig. 3E reflects the true chromato-
graphic peak shape of the analyte most accurate-

ly. However, due to the small scan range, less
information is available in the mass spectrum.

Limits of detection in the analysis of ACTH
(1-24)

The detection limits for each of the three
detectors were determined using dilutions of
ACTH (1-24). The chromatographic profiles for
UV, fluorescence and ES-MS detection following
the injection of 1.2 pmol of ACTH (1-24) onto
the 0.5-mm C,; column are shown in Fig. 4. With
a 1:1 split of the eluent following fluorescence
detection, approximately 600 fmol is introduced
into the electrospray interface. The profiles
shown in Fig. 4B and C were obtained when the
mass spectrometer was scanned from m/z 500-
800 at a rate of 120 (m/z)s™" (1 scan/2.5 s).
Although background ion current obscures the

Fluorescence 1400 pVv

/

6500 pV ‘1 A

uv, 214 nm
asuesseIonid

B Summed ion
current for,

(MeaH) *2, (Ma5H)*°

WMW it
TIC

Relative Intensity

16 18 20 22 24
Time (minutes)
Fig. 4. Chromatographic profiles observed for (A) fluores-
cence and UV detection, (B) ion current detected at m/z 734
and m/z 588 and (C) TIC with ES-MS following injection of
1.2 pmol of ACTH (1-24) into the chromatograph. For mass
spectrometric detection, Q3 was scanned from m/z 500-800
at a rate of 120 (m/z)s~' (acquisition rate, 1 scan/2.5 s).
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analyte signal in the TIC trace as seen in Fig. 4C,
the analyte signal is observed in the sum of the
(M +4H)** and (M+5H)’" ion current dis-
played as a function of time as shown in Fig. 4B.
The detection limit for analysis of a targeted
peptide or protein by HPLC-MS could be fur-
ther lowered by using selected ion monitoring
(SIM) rather than a scanning analysis as in this
example. Furthermore, multiple charging with
electrospray usually provides more than one m/z
value per analyte so that specificity could be
enhanced by using a multiple ion monitoring
approach.

Utility of on-line UV, fluorescence and ES-MS
detection

a) Analysis of BSA tryptic digest. The utility
of this combination of detectors is illustrated in
the analysis of the tryptic digest of bovine serum
albumin (BSA, M, 66500). BSA was digested
with trypsin, and a 50 pmol aliquot was injected
for analysis. Fig. 5 shows the chromatographic
profiles obtained with UV and fluorescence de-

UV, 214 nm

37.2 min

Relative Intensity

Fluorescence
. Mo

0:00 10:00 2000 3000 4000 50:00 60:00
Time (minutes)
Fig. 5. UV and fluorescent chromatographic profiles follow-
ing injection of 50 pmol aliquot of BSA tryptic digest. HPLC
conditions were 90% A for 4 min, ramped to 40% A at 49
min and to 25% A at 66 min. Inset is a 3-min window
centered around the peaks detected with UV at 37.2 min.

15

tection. Based on the recently corrected primary
sequence of BSA [14], the protein consists of 583
amino acid residues, two of which are trypto-
phan. The fluorescence detector trace indicates
immediately that the peptides eluting at 13.1 min
and 14.4 min contain tryptophan. The third
highly fluorescent peak (ca. 58 min) is undigested
BSA. The TIC profile and the m/z values for ion
current detected at times corresponding to the
fluorescent peptides is displayed in Fig. 6. The
reconstructed ion chromatograms shown in Fig.
6B and D indicates the peak at 13.1 min consists
of two peptides. The measured M, values de-
termined for these two peptides are consistent
with two anticipated tryptophan-containing tryp-
tic fragments AWSVAR (M, 688.4) and FWGK
(M, 536.3). The fluorescent peptide eluting at

2

5 (B (K)FWGK MH*, m/z 537
g - miz
p —

=]

S

® |C

(KKFWGK MH*, m/z 666

(K'AWSVAR MH*, m/z 689

0:00 1000

20:00 3000 40:00
Time, minutes

50:00 60:00

Fig. 6. Chromatographic profile observed for (A) TIC with
ES-MS detection, (B) ion current at m/z 537 representing
the tryptic peptide FWGK (M, 536.3), (C) ion current at m/z
666 representing tryptic peptide KFWGK (M, 664.8) and (D)
ion current at m/z 689 representing tryptic peptidle AWSVAR
(M, 688.4) for analysis of 50 pmol of BSA tryptic digest. This
data was obtained from the same run as the data shown in
Fig. 5.
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A
MH*, m/z 1003
B
+3 +4 +5
MH", MH, MH ¢
C
MH32, miz 747
D
MH*, mvz 1275

I T 1
37 385 40
time. (min)

Relative Intensity

Fig. 7. Reconstructed mass chromatograms for time corre-
sponding to the inset shown in Fig. 5 (37.2 min) for ions
detected representing (A) tryptic peptide T 209-217, M,
1001.6, (B) tryptic peptide with M, 5262 (sequence uncer-
tain), (C) tryptic peptide T 205-217, M, 1490.8 and (D)
tryptic peptide T 185-196, M, 1274.4 in the analysis of a
tryptic digest of BSA.

TABLE 1I

14.4 min (Fig. 6C) has a measured M, of 665
which is consistent with the peptide KFWGK
(M, 664.8) resuiting from incomplete digestion.

This analysis also demonstrates how well the
resolution provided by the capillary separation is
maintained by the three detectors. As evident
from the magnification shown in Fig. 5, the peak
at 37.2 min in the UV trace consists of multiple
components which are not completely resolved.
Reconstructed mass chromatograms corre-
sponding to this time frame are shown in Fig. 7
A-D. The computer programs ProComp ([43]
and MacProMass [44] were used to aid sequence
assignments for the peptides detected. Three of
the four tryptic peptides detected within this
3-min window were tentatively identified as
indicated in Fig. 7. These identifications sug-
gest incomplete digestion. Two of the tryptic

fragments represented in Fig. 7, T 205-

SEQUENCE AND MOLECULAR MASSES OF PEPTIDES OBSERVED IN THE HPLC-ES-MS ANALYSIS OF THE

TRYPTIC DIGEST OF EXPRESSED SCD

Peak tp (min) Residues Sequence M, (heon M, 0
1 7.1 10-11 (K)WR(K) 360.2 360.5
2 7.1 10-12 (K)WRK(T) 488.3 488.4
3 15.6 12-18 (R)KTHLTYR(]) 917.5 918.0
4 23.1 3-9 (R)TFPGIPK(W) 758.4 759.0
5 23.1 19-28 (RIVNYTPDLPK(D) 1158.6 1159.2
6 26.1 10-28 (K)WRKTHLTYRI 2401.8 2401.2

VNYTPDLPK(D)
7 26.1 19-37 (R)IVNYTPDLPKD 2073.0 2073.4
AVDSAVEK(A)
8 217 152-174 (R)LSQDDINGIQSL 2439.1 2439.8
YGPPPDSPETP
9 31.0 41-52 (K)VWEEVTPLTFS 1462.7 1463.0
R(L)
10 31.0 150-174 (R)FRLSQDDINGIQSL 2742.3 2743.4
YGPPPDSPETP
1 34.3 38-52 (K)ALKVWEEVTPL 1775.0 1775.8
TFSR(L)
12 35.2 68-106 (R)EHGDFYPFDGP 4255.8 4255.3
GNVLAHAYAPGP
GINGDAHFDDDEQ
WTK(D)
13 36.5 53-67 (R)LYEGEADIMISF 1712.8 1713.4
AVR(E)
14 47.5 107-149 (K)DTTGTNLFLVA 4726.4 4726.9
AHEIGHSLGLFHS
ANTEALMYPLYHS

LTDLTR(F)




T.G. Heath and A.B. Giordani | J. Chromatogr. 638 (1993) 9-19 17

217 (FGERALKAWSVAR) and T 209-217
(ALKAWSVAR), both contain a tryptophan
residue, so the identifications are supported by
the fluorescence emission (Fig. 5). The chro-
matographic traces for m/z values representing
singly or multiply protonated tryptic peptides of
BSA show how these components may be re-
solved by mass even though they are not com-
pletely resolved by time. This data indicates that
the chromatographic resolution, although not
perfectly preserved throughout the ES interface,
is sufficient to discern incompletely resolved
chromatographic peaks.

A problem with the use of multiple detectors
is correlation of the data from the different
detector traces. Throughout these experiments,
the time delay in transfer of the eluent from the
UV to the fluorescence to the ES-MS detector
was considered in determining which peaks from
the different traces represented the same com-
ponent. To assist in assigning peaks from differ-
ent traces, a simple mixture containing com-
ponents detectable by all three detectors but
with various retention characteristics can be
prepared. Analysis of such a mixture under
gradient elution conditions benchmarks the delay
times and therefore aids correlation of peaks
observed in the analysis of unknown mixtures.

b) Characterization of expressed SCD. The
metalloproteinase stromelysin is thought to be
involved in cartilage degradation in arthritis [36].
SCD was expressed in E. coli [36] and intro-
duced into the mass spectrometer by capillary
RP-HPLC to remove the urea buffer and to
assess sample purity. The M, of the expressed
protein measured by HPLC-ES-MS was
19494.1 £ 0.05%, in good agreement with the
theoretical M, of 19492.7.

The protein was further characterized by di-
gesting some of the material with trypsin. The
tryptic map of the expressed material is shown in
Fig. 8. As shown in Table II, the M, values
measured for the tryptic fragments are consistent
with those anticipated for SCD, and all of the
major fluorescent peaks are assigned to tryptic
fragments containing a tryptophan residue. The
italicized numbers above the chromatographic
peaks in the fluorescent and UV traces shown in
Fig. 8 correspond to the tryptic peptides listed in
Table II. Determining ratios of UV absorbance

=
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£

3

B B 9

[}

& | Fluorescence 12

1,2

0:00 . . 60:00
Time, min

Fig. 8. The (A) UV and (B) fluorescent chromatographic
profiles of analysis of tryptic digest of expressed SCD. The
sequence for the labeled peaks (italicized numbers) is listed
in Table II. The HPLC conditions were 95% A for 4 min
followed by 95% A to 35% A from 4 to 40 min and from
35% A to 30% A from 40-45 min. The mobile phase was
maintained at 30% A for 5 min before re-equilibration. The
mass spectrometer was scanned from m/z 300-2000 at 340
(m/z)s™" which yields an acquisition rate of 1 scan/5 s.

and fluorescence signals may be useful in indicat-
ing the number of tryptophan residues, an ap-
proach used by other investigators [33], but not
examined in this work.

This tryptic map also serves to demonstrate
the compatibility of electrospray ionization with
gradient elution HPLC. The mass spectra for
two tryptic fragments which eluted at 78% H,O
and 36% H,O are shown in Fig. 9A and B.
Electrospray ionization mass spectrometry is
able to tolerate a wide range of CH,CN-H,0
compositions, providing good quality mass spec-
tra.

CONCLUSIONS

On-line combinations of detectors following
chromatographic separation by HPLC provides
complementary information which is useful in
the characterization of proteins/peptides. A
novel aspect of this study is the use of fluores-
cence detection on-line with UV and ES-MS to
monitor RP capillary HPLC separations. UV
detection at 214 nm provides a complete map or
fingerprint of the peptides present in a mixture.
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Fig. 9. Electrospray mass spectra obtained in the HPLC-ES-
MS analysis of a tryptic digest of expressed SCD for (A) peak
3, which represents the tryptic peptide T 12-18 and has a M,
917.5 eluting at 78% water and (B) peak 14, which repre-
sents the tryptic peptide T 107-149, M_ 4726.4 and elutes
when the mobile phase composition is 36% water.

Fluorescence detection affords selective identifi-
cation of tryptophan containing peptides, and
ES-MS provides molecular mass measurements
for each peptide. This combination of detectors
may prove particularly useful in the analysis of
proteins digested with enzymes which lack
specificity, such as thermolysin. Knowledge of
the presence or absence of tryptophan in a
peptide along with the M_ is helpful in assigning
a primary sequence. In addition, fluorescence
monitoring at the appropriate conditions could
provide enhanced detectability and selectivity in
the analysis of peptides derivatized with a
fluorescent tag [45,46]. As a result of band
broadening, some components which were re-
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solved as indicated by the UV trace, may have
overlapping profiles in the mass spectrometric
trace. However, the mass spectrometric detec-
tion allows these components to be resolved by
mass. Other detectors in combination with ES-
MS, such as electrochemical detection [47] which
provides identification of disulfide containing
peptides, may be useful in the future for charac-
terization of peptide mixtures.
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ABSTRACT

The specific interaction between biotin and avidin was explored as the basis of an affinity purification procedure for peptides
synthesized by the solid-phase technique. In this affinity purification procedure, a reversible biotinylating reagent, 2-[(N-biotinyl)-
aminoethylsulphonyljethyl p-nitropheny! carbonate (BASEC), was synthesized. Using this reagent, the procedure involves the
following sequence of four reactions: (i} attachment of the biotin to the N-terminus of the peptide—resin through a base-labile
sulphonylethoxycarbonyl linkage at the final step of solid-phase peptide synthesis; (ii) acid treatment to remove side-chain
protecting groups and cleave the biotin-modified peptide from the resin; (iii) affinity purification of the biotinyl-peptide on an
avidin—agarose column; and (iv) base (5% ammonia solution) treatment to remove the biotin moiety from the peptide. To
facilitate this purification procedure, unreacted amino groups were acetylated in each step during solid-phase synthesis. The
usefulness of this method was demonstrated by the purification of several peptides synthesized by the 9-fluorenylmethoxycarbonyl

{Fmoc)-based solid-phase technique.

INTRODUCTION

Improvements in protecting groups, coupling
reagents and resin supports have led to signifi-
cant advances in the field of solid-phase peptide
syntheses. In spite of these advances, a con-
densation reaction yield of over 99% cannot be
always obtained, as it depends on the sequence

* Corresponding author.

0021-9673/93/$06.00

of the target peptide. As a result, peptides with
deletions accumulate as impurities. Gel filtra-
tion, affinity chromatography, high-performance
liquid chromatography and combinations of
these methods have been used for the final
purification of the desired product [1-8]. How-
ever, this step is still a major barrier to obtaining
synthetic products in satisfactory yield. Recently,
we introduced a novel reversible SH-introducing
reagent, 2-{N-[( p-methoxybenzylthio)acetylJam-
inoethylsulphonyl}ethyl p-nitrophenyl carbon-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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ate, and reported a one-step purification meth-
od for the solid-phase synthetic products based
on the specific reaction between SH and the
iodoacetamide group [9]. Using this method,
the target peptide alone can be isolated in high
purity and high yield in a short time from a
mixture with very similar deleted peptides. The
long peptides and proteins, however, could not
be isolated effectively because of the too abun-
dant impurities. The chemical affinity of SH-
iodoacetamide seemed to be weaker than the
biological affinity at such a low concentration. In
this event, biotin—avidin affinity chromatography
can be a more efficient purification method
[10,11]. Lobl et al. [12] reported that biotinyla-
tion of chemically synthesized protein on resin
could be a rapid and efficient purification tech-
nique for lower yield products. Their method,
however, provided biotinylated protein at the
N-terminus as a fully reversible biotinylating
reagent was not available.

In this paper, we describe the synthesis of a
new reversible biotinylating reagent and intro-
duce a novel biotin—avidin affinity purification
technique, using it for peptides synthesized by
the solid-phase technique, especially for lower
yield synthetic products.

EXPERIMENTAL

Analytical methods

Thin-layer silica gel (Kieselgel G, Merck)
chromatography was conducted with solvent
system 1 [chloroform—methanol-water (8:3:1,
v/v)]. For 'H NMR spectrometry a Bruker AC-
300 instrument was used with tetramethylsilane
as the internal standard. Fast atom bombard-
ment mass spectrometry (FAB-MS) was carried
out with a ZAB SE spectrometer (VG Analyti-
cal) and ionspray MS with an API III spectrom-
eter (Perkin-Elmer Sciex). High-performance
liquid chromatography (HPLC) was performed
with a Model 600E system (Millipore) equipped
with a uBondasphere 5C,, (100 A) column
(150 X 3.5 mm I.D.) (Millipore) using the follow-
ing two solvent systems: 0.1% trifluoroacetic
acid (TFA) in water (solvent A) and 0.1% TFA
in acetonitrile (solvent B). Peptide sequence
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analysis was performed with a Model 6600 pro-
tein sequencer (Millipore).

Synthesis of the reversible biotinylating reagent
Synthesis of 2-[(N-biotinyl)aminoethylsulphon-
yllethanol. 2-(Aminoethylsulphonyl)ethanol hy-
drochloride (3.79 g, 20 mmol) was dissolved in
dimethylformamide (DMF) (50 ml) together
with Et;N (5.6 ml, 40 mmol) and biotinyl
1-hydroxysuccinimide ester (6.83 g, 20 mmol).
After being stirred for 4 h, the solution was
filtered and the filtrate was concentrated in
vacuo. The resulting residue was triturated with
ethanol to afford a powder. The crude product
was recrystallized from methanol (yield, 5.24 g,
69%), m.p. 126-127°C. Analysis: calculated for
C,,H,sN,O,S,-3H,0, C 4327, H 6.75, N
10.81; found, C 43.59, H 6.63, N 10.96%. R, in
system 1=0.32. FAB-MS: m/z 380.3 ([M+
H]™); calculated for C,,H,sN,0,S,, 379.5.
Synthesis of reversible biotinylating reagent
(BASEC). 2-[(N-Biotinyl)aminoethylsulphonyl]-
ethanol (3.79 g, 10 mmol) was dissolved in abso-
lute pyridine (30 ml). The solution was cooled at
0°C and p-nitrophenyl chloroformate (2.02 g, 10
mmol) was added and stirred. The mixture was
then allowed to stand for 5 h at 0°C and sub-
sequently concentrated in vacuo. The residue
was treated with 1 M HCI and diethyl ether,
then the product, which immediately crys-
tallized, was collected by filtration and washed
with water. The crude product was recrystallized
from DMF-ethyl acetate (yield, 3.77 g, 69%),
m.p. 104-105°C. Analysis: calculated for
C,;H,,N,O,S,-1H,0, C 45.65, H 537, N
10.22; found, C 45.75, H 5.22, N 10.08%. R in
system 1=0.37. '"H NMR (300 MHz, DMSO-
d¢): & 1.36-1.23 (m, 2H), 1.47-1.37 (m, 1H),
1.58-1.46 (m, 2H), 1.67-1.55 (m, 1H), 2.05 (t,
J=17.3 Hz, 2H) 2.57 (d, J=12.4 Hz, 1H), 2.81
(dd, J=12.4 and 5.0 Hz, 1H), 3.08 (ddd, J =
8.2, 6.5 and 4.5 Hz, 1H), 3.32 (t, J=6.9 Hz,
2H), 3.48 (q, J=6.7 Hz, 2H), 3.68 (t, J=5.7
Hz, 2H), 4.11 (ddd, J=7.8, 4.5 and 2.0 Hz,
1H), 4.29 (dd, J =7.8 and 5.2 Hz, 1H), 4.62 (t,
J=5.7 Hz, 2H), 6.33 (br, s, 1H), 6.38 (br, s,
1H), 7.58, 8.33 (AA’BB' pattern, J,,,,, =9.2 Hz,
aromatic H), 8.07 (br, t, J =5.9 Hz, 1H). FAB-
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MS: m/z 545.3 (IM+H]"); calculated for
C,,H,sN,0,S,, 544.6.

Syntheses of model peptides (general method)

Synthesis of model peptides. The model pep-
tides used in this experiment were synthesized by
9-fluorenylmethoxycarbonyl (Fmoc)-based solid-
phase synthesis according to the principle of
Cameron et al. [13], using a Model 9050 au-
tomatic peptide synthesizer (Millipore). The
following side-chain-protected Fmoc-amino acids
were used: Arg(Mtr), Lys(Boc), His(Boc),
Glu(OBu'), Asp(OBu'), Ser(Bu‘), Thr(Bu‘) and
Tyr(Bu'), where Mtr 4-methoxy-2,3,6-trimethyl-
benzenesulphonyl, = Boc = tert.-butoxycarbonyl
and Bu' = fert.-butyl. To make the final purifica-
tion step easier, the peptide-resin was treated
with acetic anhydride after each condensation
-reaction to ensure the complete termination of
the unreacted amino groups. Thus only the
mature peptide could be modified at the end of
synthesis.

Introduction of the reversible biotinylating re-
agent. The peptide—resin (200 mg) was treated
twice with 20% piperidine in DMF (5 ml, for 5
and 15 min) to remove the Fmoc group. Then
BASEC (5 equiv.) was condensed to the
N-terminal residue of the protected peptide—
resin in the presence of 1-hydroxybenzotriazole
(5 equiv.) in DMF. The container was shaken
until the resin showed a negative Kaiser test [14]
(usually for 2 h). The resin was washed with
DMF and CH,Cl, and dried under reduced
pressure.

Deprotection and purification (general method)
Deprotection and cleavage of peptides from the
solid-phase support. The peptide—resin (50 mg)
was treated with 1 M trimethylsilyl bromide
(Me,SiBr)—thioanisole in TFA [15] (10 ml) in
the presence of m-cresol (200 wl) and
ethanedithiol (200 ul) at 0°C for 2 h, after which
Me,SiBr and TFA were removed by evaporation
and dry diethyl ether was added. The resulting
powder was collected by centrifugation.
Purification. The crude deprotected peptide
was dissolved in PBS(—) buffer (pH 7.5) con-
taining. 500 mM NaCl and then the solution was
filtered. The filtrate was applied to the avidin-
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agarose column (10X 1 cm I.D.) (Pierce) at a
flow-rate of 1 ml/min and then the column was
washed with 20 column volumes of PBS(-)
buffer at the same flow-rate. The biotinylated
peptide was eluted with 6 M guanidine hydro-
chloride solution (pH 1.5). The eluent was
directly treated with 5% ammonia solution (addi-
tion of 25% ammonia solution in one quarter the
volume of the eluent) at room temperature for
10 min to release the biotin moiety from the
peptide. The reaction mixture was then desalted
by RP-HPLC or gel filtration.

Characterization. The purity of the synthetic
peptides was ascertained and/or calculated using
HPLC. The peptides obtained were character-
ized by amino acid sequencing by automated
Edman degradation and by FAB-MS or ionspray
MS.

RESULTS AND DISCUSSION

We have developed a new affinity purification
method based on the avidin-biotin interaction
for isolating a target peptide from a mixture
containing many kinds of immature (terminated)
peptides. This objective was achieved by the
development of not only an acid-stable but also a
base-labile biotinylating reagent based on the
methylsulphonylethoxycarbonyl (Msc) group [16].

Synthesis of a reversible biotinylating reagent
was carried out according to the scheme shown
in Fig. 1. The amino group of the 2-aminoethyl-
sulphonylethanol [9] can be attached to biotin by
the 1-hydroxysuccinimide active ester method.

0
"
S

HCI' HoN ’\/cu)\/\OH

‘ Biotinyl 1-hydroxysuccinimide ester
(o] [0}
H n 0
O*NH NSO S~ 0n
HN-{__$S H o
H l p-Nitrophenyl chloroformate

(o] o] o]
0

Reversible Biotinylating Reagent (BASEC)

Fig. 1. Scheme for the synthesis of the reversible biotinylat-
ing reagent (BASEC).
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Then the OH group is converted into active an
alkoxy carbonate by treatment with p-nitrophen-
yl chloroformate. This compound (BASEC) is
easily introduced to a-amino groups of the
peptide—resin within 2 h in the presence of 1-hy-
droxybenzotriazole at room temperature, and it
acts as a urethane-type amino protecting re-
agent. It is stable to acids, such as trifluoracetic
acid, Me,SiBr, hydrofluoric acid, trifluorome-
thanesulphonic acid and trimethylsilyl trifluoro-
methanesulphonate, but is easily removed by the
B-elimination reaction with a basic reagent (with
0.2 M NaOH in 50% MeOH in 5 s or 5%
ammonia solution in 50% MeOH in 5 min) (Fig.
2). This indicates that after isolation of the
desired product from the deletion peptides, the
N-terminal biotin moiety can be removed from
the target peptide or protein by mild base
treatment.

This reversible biotinylating reagent was al-
lowed to react with the N-terminus of the com-
pletely mature peptide at the end of synthesis as
shown in Fig. 3. After final deprotection, the
biotin-modified target peptide was bound to the
avidin—agarose support under neutral conditions.
Thus, only the mature peptide could be immobil-
ized on the agarose support with affinity inter-
action, while terminated peptides and scavengers
could be easily washed out from the avidin-
agarose column. The biotin-modified target pep-
tide was eluted with 6 M guanidine—hydrochlo-
ride (pH 1.5). Finally, the eluted peptide was
treated with 5% ammonia solution to remove the
biotin moiety from the peptide (Fig. 4). The final

o]
HN)kNH
H H
- 9
§$7% - - \  NH-] :
(CHy)¢-C-NH-CH; - CH, - S — CH, CH, J%NH Peptide
o] 0O H [o]
s
B
[o}
A Base treatment
HN” "NH
H H
o]

-, i .
S”% (CHy)y-C-NH-CHy-CH,~§ ~CH=CH, + H,N-Peptide-OH
(o] (o]

Fig. 2. Schematic representation of the debiotinylation re-
action.
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Rl
1
Fmoc-NH-CH-COOCH, OO'CHT®

Solid-Phase Peptide Synthesis
Step 1: Fmoc group deprotection cycle
Step 2: Fmoc-amino acid condensation cycle
Step 3: Capping cycle

Repeat cycle : step 1 to step 3

H,N-(Protected Peptide)-resin

1 reversible biotinylating reagent (BASEC)

/\JOL

HN” “NH
Ac-term-peptide-resin H H
S7% (CHYCNH 3~ 0-¢-NH-Protected Peptide-resin

St Ofr

[0}
Final Deprotection

Affinity Purification
NH,OH Treatment

Desired Peptide

Fig. 3. General scheme for Fmoc-based solid-phase peptide
synthesis and affinity purification technique. Step 1, de-
protection of Fmoc group treated with 20% piperidine-DMF
for 7 min; step 2, coupling of Fmoc-amino acid (5 equiv.)
activated with several reagents for 30 min; step 3, capping of
unreacted a-amino groups treated with 0.5 M acetic an-
hydride-DMF for 10 min.

purification was performed using RP-HPLC or
gel filtration.

To demonstrate the usefulness of this method,
magainin 2 [17], a 23-residue peptide, and
human growth hormone releasing factor (1GRF)
[18,19], a 44-residue peptide amide, were
synthesized as model peptides. Syntheses were
performed by the Fmoc-based solid-phase meth-
od shown in Fig. 3.

As shown in Fig. 5A, the HPLC trace for the
crude synthetic magainin 2 showed many failed
peptides (content of the desired peptide = 39%),
but almost all failed peptides were removed
(purity = 87%) by this affinity method. The re-
sult of FAB-MS analysis of the obtained pep-
tide was identical with the theoretical value of
mlz 2466.6 (M+H]") (calculated for
C,1aH,50N3,0,,S, 2465.3), and the full amino
acid sequence analysis was correct.

With hGRF, the target peptide showed a
sharp single peak on HPLC with several small
peaks derived from capped terminated peptides
(content of the desired peptide =~ 28%, Fig. 5B).



S. Funakoshi et al. | J. Chromatogr. 638 (1993) 21-27

A-B-C-D®

A-BC-@
A-B-C-D-E-F-G-8B Biotin
A-B-C-D-E-@
A-B-C-D-E-F@

Scavenger

@ :-00CH,

(]
A

HN""NH
H H

PBS() buffer GH7.5) T Do

(sm Guanidine HCI (pH1.5)

= ]
5% NH,OH

—_
Avidin

Biotin —lEEER-G-F-E-D-C-B-A

A-BCD® [
ABC® H
ABCDE® 0
ABCDEF-@

Scavenger

L]
0
0
0

Biotin ~SlEER-G-F-E-D-C-B-A

Biotin- s

in buffer

A-B-C-D-E-F-G
+

o

S WCH,), CONH(CH, ) $(CH,,000-
)

A-B-C-D-E-F-G

desired peptide

Desalting

25

Fig. 4. Deprotection and purification of peptides synthesized by the solid-phase technique. Step a, deprotected peptide mixture
dissolved in PBS(—) buffer (pH 7.5); step b, binding to avidin—-agarose column; step c, elution of the desired peptide from
avidin—agarose column; step d, removal of the biotin moiety; step e, desalting.

biotinylaed b-GRF

—

A-a crude B-a crude C-a crude
biotinylated
target peptide
A-b purified B-b purified C-b purified

||

Fig. 5. HPLC elution profile of synthetic peptides. HPLC was performed on a uBondasphere column using two solvent systems
(A and B) with a linear gradient of solvent B; flow-rate, 1 ml/min; absorbance monitored at 220 nm. (A) magainin 2: the column
was eluted with a linear gradient from 10 to 50% solvent B in 40 min; (a) crude product; (b) purified product. (B) hGRF: (a)
crude product, the column was eluted with a linear gradient from 23 to 40% solvent B in 30 min; (b) co-injection of purified
product (before and after treatment with 5% ammonia solution), the column was eluted with a linear gradient from 25 to 55%

solvent B in 30 min. (C) Acm-transducin y-subunit 1-67: the column was eluted with a linear gradient from 10 to 40% solvent B
in 30 min; (a) crude product; (b) purified biotinylated Acm-Ty 1-67.
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After purification, the hGRF produced in this
manner (purity = 85%) showed a retention time
identical with that of the peptide obtained by a
conventional purification procedure. The full
amino acid sequence and FAB-MS result, m/z
5037.8 (M +H]") (calculated for C,H;s
N,,O.S, 5036.7), agreed with the theoretical
values.

We further studied the application of this
method to a small protein in synthesizing trans-
ducin y-subunit 1-67 (Ty 1-67) [20]. For this
synthesis, the SH group of the Cys residue was
protected with acetamidemethyl (Acm). The
procedure was the same as that mentioned
above. For Acm-Ty 1-67, the biotinylated target
peptide showed a small peak on HPLC (content
of the desired peptide <2%, Fig. 5C) with
several large peaks. After purification with the
avidin column, the target peptide was isolated as
a major component (content of the desired
peptide = 65%). The result of ionspray MS
analysis of the obtained peptide was identical
with the theoretical value of 8052.1 (average
mass) (average mass calculated for C,,Hq,Ng;-
0,,5S,, 8050.3), and the amino acid sequence
analysis of the N-terminal portion (15 cycles
from the NH,-terminus) of the peptide obtained
was correct.

These data demonstrated that the proposed
method is very useful for separating desired
products even at low concentrations from the
major part of the non-biotinylated impurities.
However, with increase in peptide length, the
purity of the recovered peptide decreased owing
to a loss of capping efficiency (purity of the final
products = 87-65%, Fig. 5). Unfortunately, this
method is not effective in purifying peptides that
are chemically modified during the synthesis or
the final deprotection.

In solid-phase peptide synthesis, it is very
common to find many undesired products with
random single or multiple point deletions and
with very similar chromatographic and isoelectric
properties. Therefore, the establishment of an
effective technique to purify solid-phase synthet-
ic products is strongly desired. One of the
shortfalls of conventional chromatographic puri-
fication is that it is troublesome to remove
terminated peptides or to isolate the desired
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peptide when the synthetic yield is very low. The
new reversible biotinylating reagent, however,
can offer a new type of biotin-avidin affinity
chromatography to purify (or isolate) solid-phase
synthetic products.

The great advantages of the method are its
simplicity and rapidity. It should enable high-
purity or constant-purity peptides to be pro-
duced, which will be useful in research in the
fields of biochemistry, physiology and medicine
with respect to the physiological activities and
action mechanisms of peptides and proteins.

ACKNOWLEDGEMENTS

We are grateful to Dr. Hirokazu Tanaka
(Fujisawa Pharmaceutical, Tsukuba) for the
FAB-MS and Dr. Tetsuroh Shingu (Kobe-
Gakuin University, Kobe) and Mrs. Setsuko
Funakoshi and Mr. Masami Ono (Kyoto Uni-
versity, Kyoto) for the '"H NMR measurements.
This work was supported by the Research
Foundation for Pharmaceutical Sciences, Japan.

REFERENCES

1 D.S. Kemp and D.G. Robert, Tetrahedron Lett., (1975)
4629.

2 R.B. Merrifield and A.E. Bach, J. Org. Chem., 43 (1975)
4808.

3 K. Suzuki, Y. Sasaki and N. Endo, Chem. Pharm. Bull.,
24 (1976) 1.

4 R.B. Merrifield, S.B.H. Kent, J.P. Tam, F.S. Tjoeng, V.
Sarin, S. Mojsov, N.M. Riemen, T.W. Wong and C. Voss,
in E. Gross and J. Meinhofer (Editors), Peptides, Struc-
ture and Biological Function: Proceedings of the 6th
American Peptide Symposium, Pierce, Rockford, IL,
1979, p. 29.

5 H. Ball, C. Grecian, S.B.H. Kent and P. Mascagni, in
J.E. Rivier and G.R. Marshall (Editors), Peptides,
Chemistry, Structure and Biology: Proceedings of the 11th
American Peptide Symposium, ESCOM Science, Leiden,
1990, p. 435.

6 D.E. Kriger, B.M. Erikson and R.B. Merrifield, Proc.
Natl. Acad. Sci. U.S.A., 73 (1976) 3160.

7 E.A. Bayer and M. Wilchek, J. Chromatogr., 510 (1990)
3.

8 M. Wilchek and T. Miron, in E. Gross and J. Meinhofer
(Editors), Peptides, Structure and Biological Function:
Proceedings of the 6th American Peptide Symposium,
Pierce, Rockford, IL, 1979, p. 49.



S. Funakoshi et al. | J. Chromatogr. 638 (1993) 21-27

9 S. Funakoshi, H. Fukuda and N. Fujii, Proc. Natl. Acad.
Sci. U.S.A., 88 (1991) 6981.

10 J.A. Swack, G.L. Zander and M.F. Utter, Anal. Bio-
chem., 87 (1978) 114.

11 J. Moss and M.D. Lane, Adv. Enzymol., 35 (1971) 321.

12 T.J. Lobl, R.M. Deibel and A.W. Yen, Anal. Biochem.,
170 (1988) 502.

13 L. Cameron, M. Meldal and R.C. Sheppard, J. Chem.
Soc., Chem. Commun., (1987) 270; and references cited
therein.

14 E. Kaiser, R.L. Colescott, C.D. Bossinger and P.I. Cook,
Anal. Biochem., 34 (1970) 595.

15 N. Fujii, A. Otaka, N. Sugiyama, M. Hatano and H.
Yajima, Chem. Pharm. Bull., 35 (1987) 3880.

27

16 G.I. Tesser and 1.C. Balvert-Geers, Int. J. Pept. Protein
Res., 7 (1975) 295.

17 M. Zasloff, Proc. Natl. Acad. Sci. U.S.A., 84 (1987)
5449.

18 R. Guillemin, P. Brazeau, P. Bohlen, F. Esch, N. Ling
and W.B. Wehrenberg, Science, 218 (1982) 585.

19 N. Ling, F. Esch, P. Bohlen, P. Brazeau, W.B. Wehren-
berg and R. Guillemin, Proc. Natl. Acad. Sci. U.S.A., 81
(1984) 4302.

20 Y. Fukada, T. Takao, H. Oguro, T. Yoshizawa, T. Akino
and Y. Shimonishi, Nature, 346 (1990) 658.






Journal of Chromatography, 638 (1993) 29-34
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 894

Separation of sugars by ion-exclusion chromatography

on a cation-exchange resin

Lennart Rodén*, Mats Rodén, Hao Yu, Jin Jin and Juliette Greenshields
P.O. Box 500, University of Alabama at Birmingham, Birmingham, AL 35294 (USA)

(First received November 17th, 1992; revised manuscript received January 13th, 1993)

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 (30X 1 cm) 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].
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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, 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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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 (M, 269 for the sodi-
um salt and 246 for the complex ion) and free
N-acetylglucosamine (M, 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 (M, 180
and 342, respectively) were separated only par-
tially on the column (117 X 1.5 c¢m) 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 S0W-
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-’H]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, NI,
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USA).’H,O (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 al.
[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 HCI, water, 2 M NaOH, and water
again. A column (30 X1 cm; bed volume, 23.5
ml) was packed and equilibrated with 0.27 M
sodium borate, pH 7.8, which had been prepared
from H,BO, 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. V, was determined by
chromatography of a 200-ul sample (4 mg) of
Blue Dextran, and V, was estimated by chroma-
tography of *H,O (50 000 cpm). In some experi-
ments, shorter columns (5.9-6.5 X 1.5 cm) were
employed, which had been packed in used PD-10
columns (Pharmacia LKB Biotechnology).

RESULTS

Calibration of the standard Dowex S0W-X2-
400 column (30 x1 cm; Na® form) with Blue
Dextran and tritiated water as markers for V
and V, gave values of 10 and 23 ml, respectively
(Fig. 1A). 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 V,,
indicating that they had entered the resin beads
(Fig. 1B). In contrast, elution with borate buffer
gave two completely separated peaks, with ef-
fluent volumes of 14 and 18 ml, respectively (Fig.
1C). Since equal weights of the two N-acetylhex-
osamines had been applied to the column and
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Fig. 1. Separation of N-acetylmannosamine and N-acetyl-
glucosamine on Dowex 50W. A column (30x1 cm) of
Dowex 50W-X2 (Na™; 200-400 mesh) was used, which was
eluted at room temperature at a flow-rate of 10-12 ml/h. (A)
After equilibration of the column with 0.27 M borate, pH
7.8, a mixture of Blue Dextran (4 mg) and *H,O (56 000
cpm) in 0.22 ml of buffer was applied, and the column was
eluted with the same buffer. Absorbance at 685 nm (O) and
radioactivity () in the effluent fractions were measured. (B)
After equilibration of the column with water, a mixture of
N-acetylglucosamine (0.1 mg) and N-acetylmannosamine
(0.2 mg) in 0.3 ml of water was applied to the column, and
elution was carried out with water. Fractions were analyzed
by the Morgan-Elson procedure (@). (C) After equilibration
of the column with borate buffer, a mixture of N-ace-
tylglucosamine (1 mg) and N-acetylmannosamine (1 mg) in
0.2 ml of buffer was applied, and the column was eluted with
the same buffer. Fractions were analyzed by the Morgan—
Elson procedure (@).

N-acetylmannosamine gives only about half as
much color as N-acetylglucosamine in the Mor-
gan—Elson procedure [7], it was concluded that
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the smaller, earlier peak was N-acetylman-
nosamine and that the more retarded peak was
N-acetylglucosamine.

To establish the identities of the two peaks
more directly, a sample of radioactive N-
acetylglucosamine was chromatographed in
borate buffer, separately and in mixture with
non-radioactive N-acetylmannosamine (Fig. 2).
As shown in Fig. 2A, a major radioactive peak .
was observed in the same position as that of the
putative N-acetylglucosamine peak in Fig. 1C. In
addition, however, at least three minor im-
purities were present, one emerging with the
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Fig. 2. Analysis of N-acetyl--[1,6-’H]glucosamine by chro-
matography on Dowex 50W. (A) A sample of N-acetyl-
p-{1,6-*H]glucosamine (0.2 ml; ca. 100 000 cpm) was applied
to the column after equilibration with 0.27 M borate, pH 7.8.
Elution was carried out with the borate buffer, and fractions
were analyzed for radioactivity (@). (B) A 1.0-ml sample
containing N-acetylmannosamine (2 mg) and purified.
N-acetyl-p-[1,6-*H]glucosamine (70 000 cpm) was applied to
the column after equilibration with borate buffer. Elution
was carried out with the same buffer, and fractions were
analyzed for N-acetylhexosamine (O) and radioactivity (@).
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void volume, a second in the same position as
the presumed N-acetylmannosamine peak in Fig.
1C, and a third at the tail end of the major
radioactive peak. It is not known whether these
impurities were present in the material supplied
by the manufacturer or had been formed during
storage. After isolation of the major component
by fractionation of a larger batch of the radioac-
tive sugar, addition of non-radioactive N-ace-
tylmannosamine and repeated chromatography
gave the results shown in Fig. 2B. It is seen that
N-acetylmannosamine was eluted first, as indi-
cated by analysis with the Morgan—Elson proce-
dure, and was completely separated from the
radioactive N-acetylglucosamine, which now
gave a symmetrical peak and showed no signs of
the presence of any contaminants. It may be
noted that the effluent volume of the N-acetyl-
glucosamine peak in Fig. 2B was slightly larger
than that of the major radioactive peak in Fig.
2A; this was probably due mainly to the larger
sample volume applied to the column (1.0 vs. 0.2
ml).

Since the results described above were in
accord with our predictions, the influence of a
negative charge on the chromatographic
behavior of some other sugars was also explored.
When a mixture of glucose and glucose
6-phosphate was chromatographed on a column
(30X 1 cm) of Dowex 50W-X2 in Na® form,
which was eluted with water rather than with
borate buffer, complete separation occurred, as
illustrated in Fig. 3A. Glucose 6-phosphate
emerged with the void volume, while glucose
was eluted near V, of the column, as was estab-
lished by chromatographing each sugar individ-
ually. Similar results were observed on elution
with the standard borate buffer or with 0.2 M
NaCl. Complete separation of N-acetylglucos-
amine 6-phosphate and N-acetylglucosamine was
likewise obtained upon chromatography with
water as the eluent (Fig. 3B). It should be noted
that the two sugar phosphates were both eluted
with the void volume, whereas N-acetylman-
nosamine, chromatographed in borate buffer,
emerged in a more retarded position. This differ-
ence was probably an expression of the fact that
a portion of the N-acetylmannosamine molecules
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Fig. 3. Isolation of sugar phosphates by chromatography on
Dowex S0W. A column (30 X 1 cm) of Dowex S0W (Na";
200-400 mesh) was equilibrated with water. (A) A mixture of
glucose (5 mg) and glucose 6-phosphate (2.5 mg) in 0.15 ml
of water was applied to the column, and elution was carried
out with water. Fractions were analyzed by the phenol-
sulfuric acid method (M). (B) A mixture of N-acetyl-
glucosamine (2 mg) and N-acetylglucosamine 6-phosphate (2
mg) in 0.4 ml of water was chromatographed under the same
conditions. Fractions were analyzed by the Morgan—Elson
procedure (®).

are not complexed with borate in the equilibrium
mixture and therefore are not repelled by the
porous resin, leading to an overall slower migra-
tion through the column.

In view of the excellent separation between
the neutral monosaccharides and their phosphate
derivatives, it was of interest to determine
whether the procedure could be simplified by use
of a shorter column. As shown in Fig. 4A,
complete separation of glucose and glucose
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Fig. 4. Chromatography of (A) glucose and glucose
6-phosphate and (B) N-acetylglucosamine and N-acetylman-
nosamine on a short column of Dowex 50W. (A) A column
(6.5 % 1.5 cm) of Dowex SOW-X2 (Na™; 200-400 mesh) was
equilibrated with water. A mixture of glucose (5 mg) and
glucose 6-phosphate (2.5 mg) in 0.15 ml of water was
applied, and the column was eluted with water. Fractions
(0.5 ml) were collected and analyzed by the phenol-sulfuric
acid method (@). (B) A column (5.9 1.5 cm) of Dowex
50W was equilibrated with 0.27 M borate, pH 7.8, and a
sample (0.2 ml) containing N-acetylglucosamine (2 mg) and
N-acetylmannosamine (2 mg) was applied. The column was
eluted with borate buffer, and fractions (0.5 ml) were
analyzed by the Morgan-Elson procedure (®).

6-phosphate was obtained on a 6.5%X 1.5 cm
column of Dowex 50W-X2-400 in the Na* form,
which was eluted with water. The same result
was observed when resin in the H* form was
used. N-Acetylmannosamine and N-acetylglu-
cosamine, however, were separated only partial-
ly when chromatographed on the shorter column
in borate buffer (Fig. 4B).
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DISCUSSION

This study was undertaken to test the hy-
pothesis that ion exclusion might have been a
contributing factor in the previously observed
separation of N-acetylmannosamine and N-ace-
tylglucosamine, which occurs on chromatography
of the two sugars on Sephadex G-15 in borate
buffer [8]. The results presented here support
this notion, inasmuch as the two N-acetylhex-
osamines could also be separated by chromatog-
raphy on the cation-exchange resin, Dowex 50W-
X2, provided that the elution was carried out
with borate buffer. We envisage that under these
conditions the separation occurs by the following
process. Most of the N-acetylmannosamine
molecules form .negatively charged complexes
with borate in the equilibrium mixture, and
these are repelled by the sulfonated polystyrene
matrix, resulting in early elution of the amino
sugar. In contrast, the majority of the
N-acetylglucosamine molecules presumably re-
main largely as the free sugar in the equilibrium
mixture and, being neutral, have free access to
the porous resin and are eluted near V, of the
column. The separation may thus be viewed as
the result of a combination of ion exclusion and
gel permeation. N-Acetylglucosamine emerged
somewhat earlier when the column was eluted
with borate rather than with water (¢f. Fig. 1C
and B), and this difference probably reflects the
extent of complex formation in borate solution.
It seems possible that a quantitative relationship
could be established between the equilibrium
constants of borate complex formation and the
relative elution positions of the sugars, but no
attempt to do so was made in the present study.

The observed separation is not only of
theoretical interest but represents a practical,
new method for the separation of the two
N-acetylhexosamines in both analytical and pre-
parative work. The usefulness of the new meth-
od is not limited to this particular fractionation,
and the complete separation of glucose and
N-acetylglucosamine from their respective
6-phosphate derivatives on a short resin column
illustrates the broader applicability of the ion-
exclusion/gel-permeation principle. In an exten-
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sion of these experiments, the Dowex 50 proce-
dure is being used. in the development of an
alternative assay of hexokinase activity with
radioactive glucose as the substrate, and the
preliminary results suggest that this approach
will be successful.

It is apparent from the results of this study
that the new method is well suited for use as an
analytical tool. Its usefulness in preparative
applications, however, may be limited by the
presence of other compounds in the mixtures to
be fractionated, and, e.g., anion-exchange chro-
matography on a resin in the borate form is
likely to yield better resolution of multi-com-
ponent mixtures, since the N-acetylhexosamines
and other sugars that form borate complexes are
eluted well after the total bed volume of the
resin. It should also be pointed out that the
experimental conditions chosen in the present
study may not be ideal for a particular applica-
tion and that, e.g., the use of a borate solution of
lower concentration may facilitate subsequent
desalting of the pooled fractions (see ref. 7).

In summary, we have developed a new meth-
od for the separation of N-acetylmannosamine
and N-acetylglucosamine, which consists of chro-
matography on a cation-exchange resin in borate
buffer. Cation exchange, however, apparently
does not contribute to the observed separation.
Rather, the fractionation seems to occur as a
result of the combined effects of ion exclusion
and gel permeation. Since the method is based
on general principles and not only on the unique
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properties of the two N-acetylhexosamines, it is
also applicable to the separation of other mix-
tures of neutral and negatively charged small
molecules.
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ABSTRACT

A gradient ion chromatographic method with chemical suppression is described for the simultaneous determination of alkali,
alkaline-carth 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
(IC) [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.

0021-9673/93/$06.00

A few methods have been reported for
simultaneous analysis of alkali and alkaline-earth
metal cations by non-suppressed isocratic elution
with UV absorption spectrometry or conductivity
detection [7-10]. Miyazaki et al. [7] reported a
simultaneous separation of alkali metals, mag-
nesium and calcium ions, and ammonium utiliz-
ing a silica-based cation exchanger with CuSO,
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
Ce,(SO,); as an eluent for the separation of
Na*, K", Rb*, Cs*, Mg®’* and Ca’" with
indirect absorption detection. The isocratic elu-
tion of Na*, NH;, K", Mg®* and Ca®" 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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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eluents, the simultaneous separation of all alkali
and alkaline earth cations is reported [10,11].

Ethylenediamine, hydrochloric acid and Zn*"
eluent was used as an eluent on a Dionex CS2
separator column for the suppressed IC separa-
tion of Na*, Mg?*, Ca®" and Sr** ions [12]. A
column-switching method by using two separator
columns of different dimensions and capacities,
and switching them to change the flow direction
during the elution was also proposed for simulta-
neous determination of alkali and alkaline-earth
metal cations [13-16].

A new high-efficiency moderate-capacity
cation-exchange column was recently introduced
(IonPac CS10 from Dionex). It has been re-
ported that it is possible to carry out an isocratic
elution of both alkali and alkaline-earth metal
cations [17]. However, a simultaneous determi-
nation of Li*, Na*, NH;, K*, Rb*, Cs*, Mg*",
Ca’", Sr** and Ba®* with a good resolution of
alkali metal cations has been a problem.

An effective way of separating ions of diverse
affinities is a gradient elution technique. Gra-
dient IC is still a new field with some problems.
Suitable detection methods are difficult to find.
‘With the advent of new high-capacity membrane
suppressors, gradient elution was achieved in
anion analyses [18]. Gradient elution has gener-
ally not been used in cation IC separations,
mainly because many important ions can be
separated and eluted isocratically. However,
Cheam and Chau [19] used a step gradient
suppressed IC system for segaration of Li,
Na®, NH;, K*, Mg>* and Ca*" ions.

The work presented in this study focuses on
the use of a suppressed gradient IC method that
allows simultaneous separation of Li", Na’,
NH;, K*, Rb*, Cs*, Mg**, Ca®*, Sr** and
Ba’" ions. This paper describes the fully auto-
mated system for the analysis of the above-
mentioned ten cations in aqueous extracts of
ambient air particulates and in other samples.

EXPERIMENTAL

Apparatus
A computerized ion chromatography system
(Dionex 4500i, Sunnyvale, CA, USA) was used.

It consisted of an automated sampler (Dionex), a
gradient pump, a micromembrane suppressor
(CMMS-II), a conductivity detector (CDM-2)
with autoregeneration accessory (Dionex),
columns, advanced computer interface module
(ACI), personal computer (IBM, PS/2 70), and
a dot-module printer (Epson, FX 850).

The separations were carried out on an IonPac
CS10 cation-exchange column (250 mm X 4 mm
I.D.) with an IonPac CG10 guard column (50
mm X 4 mm 1.D.) at a flow-rate of 1.0 ml/min. A
cation trap column (CTC-1) filled with a high-
capacity low-efficiency cation-exchange resin was
placed between the eluent reservoir (40 mM
HCl) and the pump to remove cation impurities
from the eluent.

A cation micromembrane suppressor was used
to minimize background conductivity and en-
hance the analyte conductance. The suppres-
sor was continuously regenerated with a solu-
tion of 0.1 M tetrabutylammonium hydroxide
(TBAOH) at a flow-rate of 10 ml/min. The
TBAOH solution was continuously regenerated
by an autoregeneration accessory. A 50-ul loop
was used for injection of the samples. All sam-
ples were analyzed seven times, unless specified
otherwise.

A chromatography data system (Dionex, Al-
450) was used for instrument control and for
data collection and processing.

Reagents

Hydrochloric acid (J.T. Baker), 2,3-diamino-
propionic acid monohydrochloride (Dionex) and
100 mM aqueous solution of tetrabutylam-
monium hydroxide (Dionex) were of analytical
reagent-grade quality.

Ultrapure water (18 MQ/cm resistivity at
25°C) was obtained by treating the tap water in
reverse osmosis and with ion-exchange columns
(Millipore, RO 20 and SuperQ).

The ammonium standard solution was pre-
pared from ammonium chloride. A stock solu-
tion of the other nine cations was prepared from
National Institute of Standards and Technology
(NIST) standards. Diluted working standard
solutions were prepared daily.

All standards, samples, and reagents were
prepared and stored in polyethylene containers,
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previously cleaned and conditioned following a
procedure for trace element determination [21].

Procedures

Standards and samples were analyzed by sup-
pressed gradient IC under the operating condi-
tions listed in Table I.

Multilevel calibration was used with linear
least-squares best fit regression analysis.
Adequacy of linear calibration of the method
was tested for both peak area and peak height.
Peak areas were found, in general, to have
better linearities and better reproducibilities for
cations.

Detection limits were calculated by analyzing
dilute solutions. They were taken as three times
the standard deviation of fifteen replicate analy-
ses of a sample containing analytes with concen-
tration equal to ten times the expected detection
limit [22].

The precision of the presented analytical
method was verified by replicate analysis of
standard solutions containing cations of interest
at ug/1 and mg/l levels. These replicate analyses
were used for the determination of relative
standard deviation (R.S.D.) and ensured accur-
ate reproducibility.

Sample preparation

Filter extracts. Ambient aerosols collected on
thin PTFE filters in virtual dichotomous samplers
were obtained from the Pollution Measurement
Division, River Road Environmental Technol-
ogy Centre, Environment Canada.

TABLE I
GRADIENT PROFILE

Time Eluent 1° Eluent 2° Comments
(min) (%) (%)

0 100 0 Inject sample

3 100 0 Start gradient ramp
13 40 60 End gradient ramp
39 40 60 End isocratic elution
39.5 100 0 End run
55 100 0 Equilibrate and load
“40 mM HCL

® 40 mM HC1-20 mM 2,3-diaminopropionic acid monohydro-
chloride.

The samplers fractionated the aerosol into two
aerodynamic size ranges yielding “fine” (<2 wm)
and “coarse” (<10 pwm) samples [{20]. The sam-
ples were analyzed first by X-ray fluorescence
spectrometry and then by IC.

Because the PTFE surface of the filters and
some particulates are hydrophobic, it is neces-
sary to wet the filter initially with methanol (1
ml). Particulates deposited on the filter samples
were extracted using water (19 ml) by sonication
for 30 min. The analysis was carried out as soon
as possible after extraction.

Soil sample. A 0.25-g amount of standard
reference soil sample SO-2 (Canada Centre for
Mineral and Energy Technology CANMET) was
acid-digested with nitric acid followed by evapo-
ration to dryness with hydrofiuoric and per-
chloric acids. Fluorides were displaced by heat-
ing of residue with 2.5 ml of a saturated boric
acid solution and this step was repeated. The
residue was then dissolved in 0.5 ml perchloric
acid and 20 ml water and the solution transferred
to a 100-ml volumetric flask with water.

RESULTS AND DISCUSSION

Several potential gradient elution profiles were
tested to simultaneously separate Li*, Na",
NH;, K*, Rb*, Cs*, Mg®*, Ca’*, Sr** and
Ba’". A moderate-capacity cation-exchange
column (IonPac CS10) and eluent solution con-
sisting of hydrochloric acid and diamino-
propionic acid mixed in different concentration
ratios were used. The procedure summarized in
Table I led to the best separation of Li*/Na*
and Na*/NH,". All ten cations were separated
with good resolution (sce Fig. 1).

Analytical characteristics

The analytical characteristics of the developed
procedure were determined from calibration
graphs constructed for a mixed standard based
on peak areas.

The linear least-squares parameters of these
plots are summarized in Table II. The response
is linear for all components at the concentration
levels of interest.

The sensitivity defined as the peak area per
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Fig. 1. Simultaneous ion chromatographic separation of
alkali, alkaline-earth metal cations and ammonium obtained
on the CS10 column by injecting 50 u! of a standard solution.
(For elution conditions see Table I). Peaks: 1=Li* (0.5
mg/1); 2=Na" (2.5 mg/1); 3=NH; (2.0 mg/l); 4=K" (1.0
mg/l); S=Rb* (5.0 mg/l); 6=Cs* (5.0 mg/l); 7=Mg"*
(1.0 mg/1); 8=Ca*" (5.0 mg/1); 9=Sr*" (5.0 mg/l); 10=
Ba®" (10.0 mg/l).

unit concentration can be easily compared for
each cation (Table II). The best response was
found for lithium. The day-to-day reproducibility
of the slope of each calibration curve depends on
the background conductivity. Based on back-
ground conductivity values between 2 and 4 uS/
cm, the relative R.S.D.s of five values of the
slopes was found to be less than 6% for most of

TABLE II

the cations under investigation. Only ammonium
had a greater R.S.D. of slope (7.72%).

Blank and limit of detection

The major problem of this method are the
magnesium and calcium impurities in HCI. These
ions are concentrated at the front of the column
when equilibrating the separator with the weak
eluent (40 mM HCl). When starting the gra-
dient, they are eluted at their expected retention
times. This problem was partly solved by the use
of a cation trap column in the weak eluent line.
The lowest blank levels observed were 5-10 ng
of magnesium and calcium.

Detection limits of analytes (for 50 ul injec-
tion volume) using described method are listed in
Table II. It can be seen that most of the cations
investigated are detectable in the sub-mg/l
range. Lower detection limits should be possible
using larger injection volumes, a concentrator
column or other techniques.

Accuracy and precision

Data on the reproducibility of retention times
and peak areas are listed in Table III. The
R.S.D.s for the retention times of all cations are
less than 0.3% and for peak areas at lower
concentration level less than 4%. Ammonium
was the only cation which had a R.S.D. greater
than 4%. Thus, both peak areas and retention
times indicate the stability and reproducibility of
the system.

PARAMETERS OF CALIBRATION GRAPHS AND DETECTION LIMITS FOR PROPOSED METHOD

Cation Concentration Slope y-Intercept Correlation Detection
range (mg/1) (area unit/mg/1) (area unit) coefficient limit (mg/1)
Lithium 0.05- 1 1.41-10® —4.37-10° 0.9999 0.005
Sodium 0.25- 5 4.87-10° 3.24-10° 0.9999 0.025
Ammonium 0.20- 4 2.54-10° 2.78-10° 0.9993 0.040
Potassium 0.10- 2 2.67-107 -2.57-10° 0.9999 0.010
Rubidium 0.50-10 1.32-107 -7.44-10° 0.9998 0.040
Cesium 0.50-10 7.98-10° —4.04-10° 0.9999 0.050
Magnesium 0.10- 2 7.68-107 2.75-10° 0.9997 0.050
Calcium 0.50-10 4.67-107 6.38-10° 0.9997 0.050
Strontium 0.50-10 2.30-107 -1.50-10° 0.9998 0.040
Barium 1.0-20 1.14-107 -1.24-10 0.9997 0.400
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TABLE III
REPRODUCIBILITY OF RETENTION TIMES (1) AND PEAK AREAS
Reported results are the mean and relative standard deviation of 15 replicates for standard (STD) 1 and 5 replicates for STD 4;

STD 1 (Li* 0.05; Na* 0.25; NH] 0.20; K*, Mg>* 0.10; Rb", Cs*, Ca**, Sr** 0.50 and Ba®" 1.00 in mg/1); STD 4 was twenty
times more concentrated than STD 1.

Cation STD 1 STD 4

te R.S.D. (%) ta R.S.D. (%)

(min) (min)

tx Area e Area

Lithium 2.87 0.01. 2.8 2.87 0.01 21
Sodium 3.67 0.21 32 3.65 0.21 2.1
Ammonium 4.75 0.01 5.6 4.75 0.01 4.5
Potassium 5.88 0.07 3.9 5.88 0.07 2.5
Rubidium 6.99 0.12 2.6 7.00 0.12 24
Cesium 8.63 0.01 32 8.63 0.01 2.5
Magnesium 15.65 0.05 2.9 15.65 0.05 1.5
Calcium 18.42 0.09 1.7 18.42 0.09 1.2
Strontium 21.30 0.09 2.1 21.30 0.09 1.9
Barium 37.25 0.18 3.0 37.23 0.18 2.6

In order to evaluate the quantitative perform-
ance and accuracy of the system, a certified soil
SO-2 sample was analyzed. The result (see Table
IV) is in good agreement with the certified
values. The typical chromatogram is shown in
Fig. 2.

Applications

The proposed method was applied to the
simultaneous determination of alkali, alkaline-
earth metal cations and ammonium in aqueous
extracts of ambient air particulates collected on
the thin PTFE filters and other samples.

TABLE 1V
ANALYSIS OF SOIL SO-2 BY PROPOSED METHOD

Mean and 95% confidence limits for seven determinations

Figs. 3 and 4 show the typical chromatograms
of coarse and fine filter extracts. All samples of
coarse filter extracts contain sodium and calcium
as major cations. Ammonium was the major
cation in fine filter extracts. It is possible to
detect minor peaks attributable to other alkali

10
ps

-

it !

Cation Found Certified value 0

Sodium 2.11 +0.04% 1.90 = 0.05% R BRI L S NS AR Ry
Potassium 2.48 +0.08% 2.45 +0.04% 10 15 2 os 30 35 40
Magnesium 0.51+0.01% 0.54 +0.03%

Calcium 1.90 +0.04% 1.96 +0.10% Fig. 2. Determination of alkali and alkaline-earth metal
Strontium 325+9 wglg 340 50 uglg cations in a certified soil SO-2 sample. Conditions as in Table
Barium 980+ 52 uglg 966+ 67 pglg I. Peaks: 1=Na*; 2=NH}; 3=K*; 4=Mg™*; 5=

unidentified peak; 6 = Ca®*; 7= Sr** and § =Ba®".
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Fig. 3. Ton chromatographic analysis of a coarse air particu-
Jates extract. Conditions as in Table 1. Peaks: 1=Na";
2=NH];3=K"; 4= Mg*"; 5=Ca™".

and alkaline-earth cations. The concentration of
some cations such as Li*, Rb*, Cs*, Sr** and
Ba’" is systematically or frequently under detec-
tion limit. Sometimes unidentified peaks are
present. Lithium ions were found only in a few
coarse filter extracts. The use of the concentrator
column improves the detection limits. Strontium
and barium cations were detected only in a few
extract samples after preconcentration of coarse
filter extracts by a factor of 100. Results of the

TABLE V
ANALYSIS OF TAP WATER

Minutes

Fig. 4. Ton chromatographic analysis of a fine air particulates
extract. Conditions as in Table I. Peaks: 1=Na"; 2=NH;;
3=K*'; 4=Mg®>*; 5=Ca’".

chemical composition (anions and cations) of the
aerosols collected on PTFE filters will be re-
ported later [23].

The proposed method was also tested to
ascertain its applicability to the determination of
alkali, alkaline-earth metal cations and am-
monium in a tap water. The tap water sample
was spiked with known amount of cation stan-
dard solutions. The recovery of all cation spikes
was higher than 90% (see Table V).

Cation Tap water, Spiked tap water

found (n = 10)

(mg/1+S.D.) Added Found Recovery (%)

(mg/1) (mg/1=S.D.)

Lithium 0.016 + 0.0003 0.10 0.107 = 0.003 92.2
Sodium 7.526 £ 0.229 5.00 12.501 + 0.381 99.8
Ammonium 1.00 0.968 = 0.025 96.8
Potassium 1.589 +0.045 1.00 2.641 £ 0.063 102.0
Rubidium 1.00 0.982 £ 0.015 98.2
Cesium 1.00 0.979 +0.017 97.9
Magnesium 18.277 £ 0.276 2.00 20.013 = 0.201 98.7
Calcium 39.896 +0.737 5.00 44.425 = 0.664 99.0
Strontium 0.542 £ 0.014 1.00 1.408 = 0.031 97.0
Barium 2.00 1.921 +£0.096 96.0
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Advantages and disadvantages

The main advantage of the proposed method
is its applicability for multi-cation analysis of
extracts of air particulates in one step. This
advantage is valid for any other water sample or
solution, where the volume of the sample is
limited.

The disadvantage is the analysis time, which is
relatively long in comparison to usually reported
times for ion chromatography. This disadvantage
can be compensated by overnight measurement
of samples using a fully automated system.
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ABSTRACT

The use of gas chromatography to study the thermodynamics of solute-solvent interactions is very well established. Many
successful measurements using non-polar solutes have been reported. However, the investigation of the properties of even
moderately polar solutes, such as acetone, on porous particles in packed beds is fraught with potential chemical problems
including interfacial adsorption at the solid—gas and liquid—solid interfaces. In order to minimize, but likely not eliminate such
effects, we have employed fused-silica open tubular capillary columns. This approach affords, relative to other supports, a very
inert solid surface with low net area for both the solid—gas and liquid-solid interfaces. Due to the very small amount of stationary
phase liquid, it is not possible to measure the absolute value of the partition coefficient. However, it is possible to obtain precise
measurements of relative partition coefficients. Using the absolute value of the partition coefficient for some reference solute,
obtained by alternative methods, absolute values can be computed. In this work, we show that solute retention on n-hexadecane
is independent of solute concentration over a usefully wide range in the amount of solute injected. Where the capacity factors
do vary with the amount injected, they do so in a direction consistent with a partition dominated process. Values for the
partition coefficients for 105 non-polar and polar solutes in n-hexadecane are reported and critically compared to literature
values.

INTRODUCTION k'=K¢ (1)
Gag—liquid chroma.tography (GLC) is “fen where k', K, and ¢ refer to the solute capacity
estal')l.lshed as a rapid method for. measuring factor, partition coefficient and the phase ratio,
partition coefficients and other physicochemical respectively.
parameters [1,2]. The fundamentals governing One assumption in using eqn. 1 is that only
the measurement of partition coefficients are partitioning of solutes between the gas and
stralghtforward. The s‘olute gapgcity factor mea- stationary phases contributes to the measured
sured n a GLC experiment is directly related to capacity factor. This assumption has been shown
the partition coefficient by the following equation: to be correct for non-polar solutes with non-

polar stationary phases [3—-7]. However, adsorp-
tion at gas-liquid, gas—solid and liquid-solid
interfaces can and do make significant contribu-

. Corresponding author. ) , tions to the measured k’ values with polar
Present address: Department of Chemistry, Baylor Uni- .
versity, TX, USA. S(_)lutes on non-polar stationary phase and
“* Present address: Donaldson Co., Inc., 9250 W. Blooming- vice versa [3,7-15]. In such cases eqn. 1 must
ton Freeway, Bloomington, MN 55431, USA. be modified to account for contributions from

0021-9673/93/$06.00  © 1993 Elsevier Science Publishers B.V. All rights reserved
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adsorption processes. One such modification,
proposed by Jonsson and Mathiasson [16]
is:

W=K V. +KA+ KA +K, A, 2)

where K|V, K;Aq, K/A, and K, A, represent
the contributions to the net retention volume Vy,
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 (V) 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 (Ag), liquid-solid (4,),
and gas-liquid (A,) 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 1/V,. 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, 1/V,
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 1/V] . 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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ship between the measured net retention volume
and the reciprocal of the logarithm of the peak
maximum.

Clearly, accurate measurements of thermody-
namic partition coefficient demand that adsorp-
tion effects be minimized. Theoretically, this can
be done by deactivating the support or mini-
mizing the adsorption surface area. Unfortunate-
ly, the methods typically used for the deactiva-
tion of support materials produce surfaces that
are not completely inert under all conditions.
This is primarily attributed to difficulties in
covering all adsorption sites on the support
surface. In addition, active metal impurities
present in the support material can contribute to
adsorption. These impurities are very difficult to
remove. Even PTFE, which is commonly
believed to be inert, is active [24-27]. While
glass bead supports have much lower surface
areas than do diatomaceous supports their ability
to hold the stationary phase is limited. There-
fore, they are no better than deactivated white
diatomite supports [20,22].

In this study we attempted to measure the
gas—hexadecane partition coefficient of 105 sol-
utes, spanning a wide range of functional groups,
dipolarity and hydrogen bonding ability.
Abraham et al. [28] collected literature data for
most of the solutes given here as well as a great
many others. Our incentive for remeasuring the
gas—hexadecane partition coefficients is twofold.
First, this molecular property is a very valuable
explanatory variable in many linear solvation
energy relationships and in a series of related
studies we felt that a number of the data re-
ported previously had to be in error [29]. Sec-
ond, the data set reported by Abraham et al. was
obtained from a variety of sources, by a variety
of methods including gas chromatography on
packed columns, head space analysis, and by
extrapolations from measured values for lower
members of a homolog series. We felt that it
would be advisable to use data obtained by a
single method on a single type of column in
order to minimize differential contributions from
determinate errors or at least make these errors
internally consistent. Given the strong tendency
for interfacial adsorption both at the gas—liquid
and the solid interface when a non-polar station-
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ary phase such as n-hexadecane is used we felt
that the polar solutes would be particularly
prone to systematic error.

In preliminary work using porous supports,
despite the fact that different supports and
deactivation methods were tested, interfacial
adsorption was always very evident. We were
unable to find a support and/or deactivation
method that significantly reduced adsorption for
polar and hydrogen bonding solutes. Therefore,
we pursued a method that minimized the surface
area available for adsorption. Here, we report
on the use of deactivated fused-silica capillary
columns coated with n-hexadecane. To our
knowledge, this is the first report using a rela-
tively volatile liquid as a stationary phase for
capillary gas chromatography. Fused-silica capil-
laries were chosen for their high purity (low level
of metallic impurities) and nearly inert surface
[24,30-34]. It has been shown that the tubing
wall can contribute to the retention of solutes
when measurements are made at low tempera-
tures (<100°C). Fused silica was the least sorp-
tive of five commercially available tubing materi-
als that we tested in a previous study [24]. An
important advantage of a capillary column is the
larger ratio of liquid phase volume-to-surface
area relative to that of a bed packed with porous
particles. Depending on the film thickness the
volume-to-area ratio for a capillary column can
be more than two orders of magnitude greater
than for a packed column [35]. In addition, it
should be possible to obtain a more homoge-
neous surface and a more uniform coating of a
non-polar liquid on a capillary column compared
to a porous particulate support.

EXPERIMENTAL

Instrument and materials

A modified Hewlett-Packard 5750 gas chro-
matograph was used for all measurements. As
prescribed by Laub and Pecsok [1] and Conder
and Young [2], great efforts were taken to
modify the instrument so that high precision
measurements could be made. The oven tem-
perature controller was replaced with a YSI
(Yellow Springs Instruments, Yellow Springs,
OH, USA) Model 72 proportional temperature
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controller. A high-resistance heater was substi-
tuted for the original low-resistance, high-power
heater. This allowed for much tighter control of
the oven temperature. The oven was cooled by
an air cooling vortex cooler (Model 3210; Exx-
air, Cincinatti, OH, USA). This device is able to
cool the oven well below room temperature [36].
Auxiliary air was forced into the oven to provide
additional convection in order to minimize tem-
perature gradients across the oven. The tempera-
ture was controlled to better than +0.05°C (as
measured with a National Bureau of Standards-
calibrated thermometer which is readable to the
nearest 0.001°C) with a gradient of *0.2°C
across the oven (as measured by a calibrated
thermistor). The largest change in the tempera-
ture across the oven occurred at the heated
injection port and the detector. Essentially, we
attempted to isolate these portions of the instru-
ment from the column oven. In addition, the
effects of temperature gradients can be minim-
ized by decreasing the diameter of each column
coil, thereby increasing the number of coils [37].
The helium carrier gas flow was controlled by
two precision pressure regulators (Model 8286;
Porter Instruments, Hatfield, PA, USA) attached
in series with a flow controller (Model 8744,
Brooks) all of which were thermostatted to 35°C
(£0.5°C) in a forced air oven using a YSI Model
71A temperature controller [1,2]. During use,
the capillary was operated at an inlet pressure of
approximately 2.0 p.s.i. (1 p.s.i. =6894.76 Pa);
however, the overall backpressure on the flow
controller was 15-20 p.s.i. due to the use of a
packed pre-column placed upstream of the injec-
tor. The purpose of this packed pre-column was
twofold, one of these is described below and the
other was to increase the backpressure on the
flow controller so as to stabilize its output flow.
Typical column dead times during use were 1.06
min, as determined by methane. Problems with
using methane as a marker of the dead volume
for n-hexadecane at 25°C are discussed below.
Connection of the capillary to the oven was
made with a commercial on-column injection
conversion kit from Restek. The deactivated
fused-silica capillary column had an I.D. of 0.530
mm (Alltech Assoc.). Chromatograms were re-
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corded with a Hewlett-Packard 3390 integrator
and the peak maximum was used as the measure
of retention time. A capillary column rinse kit
(J&W Scientific) was used to coat the capillary
column.

n-Hexadecane (99 + %, H,0 <0.005%) was
obtained from Aldrich and kept over P,O;. All
other chemicals were obtained from commercial
sources and used as received. All support materi-
als used in the packed column studies were
obtained from Supelco.

Coating of the capillary column

A dynamic coating method was determined to
give the most uniform coating and was used
throughout [38-40]. The column was first
washed with about 20 ml of the following sol-
vents: methanol, acetone, chloroform and »-pen-
tane. After purging the column with dry nitro-
gen, the column was installed in the oven and
the temperature raised to 150°C. The columns
was held at this temperature with the helium
flow on for at least 8 h. It was then cooled to
room temperature and removed. One end of the
column was connected to a 10 ft. X 0.320 mm
I.D. fused-silica capillary (1 ft. = 30.48 cm). The
other end was connected to the washing kit
which was pressurized by dry nitrogen. The
pressure during the coating process was con-
trolled by a precision pressure regulator in order
to deliver a constant flow of n-hexadecane to the
capillary. About 10 ml of n-hexadecane solution
in n-pentane was forced through both columns.
The second column served as a restrictor and
ensured a smooth flow of the coating solution
through the capillary and prevented an increase
in the stationary phase thickness towards the end
of the analytical capillary [40-42]. Tight control
of the flow of coating solution is necessary in
order to control the film thickness and prevent
“puddling” of the stationary phase [40,43]. The
amount of n-hexadecane in the coating solution
was varied from 8, 22, 50 to 100% (w/w) to
determine conditions that would provide the
thickest possible stable film. The best overall
performance was obtained with 22% n-hex-
adecane when it was coated at a pressure of 12
p.-s.i. and a velocity of about 1.1 cm/s. After the
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coating solution passed through the column,
pentane was removed by purging the column
with helium for approximately 40 min. The
column was then installed in the oven at 25°C
under a flow of helium until a steady baseline
was obtained. To reduce stationary phase loss, a
‘“pre-saturation” tube was installed before the
injection port [44,45]. This saturated the carrier
" gas with n-hexadecane. Loss of n-hexadecane
throughout the experiment was monitored via
measurement of the retention of n-hexane. Its
retention was measured repeatedly each day and
minimally after each third solute was examined.
All data were corrected for the loss of stationary
phase.

Loading of n-hexadecane onto porous sup-
ports was accomplished by immersing the sup-
port in a mixture of n-hexadecane and n-pen-
tane. n-Pentane was slowly removed by applying
a vacuum via a rotary-evaporator. All support
mesh sizes were 60-80. Chromosorb P AW
DMCS (acid-washed, dimethyldichlorosilane
deactivated Chromosorb P) and Chromosorb W
HP were washed with acetone and dried at 150°C
overnight before use. Chromosorb T was washed
with acetone and isopropanol and then dried in a
vacuum oven at 80°C overnight before use.
Coating of Chromosorb T followed the proce-
dure by Kirkland [27] to avoid “clump” forma-
tion. These materials were packed into both
stainless-steel and glass columns. The glass
columns were taken through an extensive on-
column silanization procedure at 150°C. Repeti-
tive injections of a commercially available silyla-
tion reagent, Silyl 8 (Pierce), was performed
until no change in the retention time or peak
symmetry was observed [46,47]. This was taken
as the point of minimal surface activity.

Determination of the partition coefficients

It is difficult to measure directly the amount of
stationary phase in a capillary column especially
when a volatile stationary phase is used and the
evaporation rate is significant. In order to avoid
making this measurement, n-hexane was used as
a standard solute and we assumed that the
partition coefficient reported by Abraham et al.
[28] was correct. The partition coefficient for any
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solute can then be computed as:

- 3

.._tm

Ryt

Kx = Kn-hexane ' t
R,n-hexane

where f; and ¢, denote the retention time of any
species and the dead time of the column under
the same conditions, respectively. Clearly an
estimate of the dead time is needed. The dead
time was obtained by the method of Peterson
and Hirsch [48]. This method is based on the
assumption that within an homolog series there
is a linear relationship between the logarithm of
the corrected retention time and the solute’s
carbon number. About 1 ul of gas phase above a
mixture of n-pentane, n-hexane and rn-heptane
was injected into the column and the dead time
was calculated using the following equation:

leo — (tcstc7)
= 4
" 2tC6 - (tcs + tc7) ( )

where ¢, ¢, and ¢, refer to retention times of
pentane, hexane and heptane, respectively. The
dead time calculated in this manner is preferred
to the retention volume of methane because
methane is retained by n-hexadecane, its gas—
liquid partition coefficient is 0.48 at 25°C [28]. In
addition, it has been pointed out that the reten-
tion time of methane cannot be used when the
column temperature is below 100°C {[1]. The
linearity between logarithm of the corrected
retention times and carbon number of a
homologue series is the basis for a more complex
method using many members of a homologue
series [49]. We decided to use the three alkanes
mentioned above because they are all well re-
tained and eluted in a reasonable time frame.
Typical dead-times using the three-alkane ap-
proach were approximately 1.03 min. This is
significantly ‘less than the observed retention
time for methane (1.06 min).

It is possible that our choice of Abraham et
al.’s value for the gas—liquid partition coefficient
of n-hexane in n-hexadecane as a normalizing
factor could introduce an error in the partition
coefficients reported here. In order to ensure
that we are normalizing against the most accur-
ate data available, we have compared this value
against several literature values which are

4
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believed to be extremely reliable. McGlashan
and Williamson [50] studied the infinite dilution
activity coefficient of n-hexane in n-hexadecane
as a function of temperature and composition by
the static vapor pressure method. They covered
the temperature range 20-60°C in 10°C incre-
ments and the mol fraction of n-hexane was
varied from 0.012 to 0.90. We have interpolated
their data to 25°C using their lowest concen-
tration results and have converted the activity
coefficient to the gas—liquid partition coefficient
using the vapor pressure of n-hexane. Cruick-
shank ef al. [51] and Chien ef al. [52] have also
determined the infinite dilution activity coeffi-
cient at several temperatures using high-preci-
sion packed-column GC. In addition, we have
made two separate measurements of the parti-
tion coefficient of n-hexane in n-hexadecane by
headspace GC [53,54]. The average partition
coefficient for n-hexane from all of these mea-
surements is 466.1 and the standard error is 1.99
(relative standard deviation 0.42%). Abraham et
al.’s reported value is 465.6. It is as accurate as
any data that are available for this solute. Based
on these data, we feel the use of n-hexane as a
normalization factor should not compromise the
accuracy of the partition coefficients reported in
this work.

Measurement precision

All the partition coefficients reported here
were based on at least two measurements for
highly retained solutes and three measurements
for the rest of the data set. In order to study
interfacial adsorption, a series of different sam-
ple sizes were used for all polar solutes. When a
sample size dependence was observed, four to
eight measurements were made using different
amounts of solute and the average of the values
within the sample size independent region was
used to determine the partition coefficient. Re-
peated measurements of solutes that gave
asymmetric peaks were run several times on
different days; a deviation of less than +1% was
observed. Despite the fact that we repeatedly
measured the retention time of methanol no data
are given here since its capacity factor was so low
that we deemed the result unreliable. Acetal-
dehyde, 1,1,1,3,3,3-hexafluoroisopropanol and

Y. Zhang et al. | J. Chromatogr. 638 (1993) 43-56

2,2,2-trifluoroethanol, the three least retained
species reported here, all had capacity factors of
less than 0.05.

RESULTS AND DISCUSSION

Preliminary experiments using packed columns

Initial studies were undertaken using deacti-
vated Chromosorb P AW DMCS loaded with
25% n-hexadecane as the packing material which
was packed into 1/4 in. I.D. (1 in. =2.54 cm)
stainless-steel tubes. Polar solutes such as
ketones, alcohols and nitromethane all exhibited
severely asymmetric peaks whose retention times
depended strongly on sample size. Small
amounts of polar solutes could not be detected
due to the severity of adsorption. The smallest
detectable acetone peak had a retention time
approximately four times that observed with a
much larger sample. This clearly indicates that
when Chromosorb P is used as the support, even
after steps have been taken to deactivate the
surface, retention of polar solutes is mainly due
to adsorption and not partitioning.

In an attempt to decrease the effect of adsorp-
tion we switched to Chromosorb W HP which
has a lower active metal content and lower
surface area than does Chromosorb P AW
DMCS. As expected, a significant decrease in
peak asymmetry and a reduced dependence of
retention on sample size was realized, however,
adsorption effects were still very significant. For
example, on a 15% (w/w) loaded support the
retention time of the smallest detectable acetone
peak was 37% higher than that obtained with a
much larger sample.

Based on previous studies on the adsorptive
strengths of different tubing surfaces [24] we
switched from stainless-steel tubing to deacti-
vated glass tubes. Deactivation using Silyl 8 was
performed in order to further deactivate an
already coated column [46]. A significant im-
provement was observed for polar solutes inject-
ed immediately after the Silyl 8 treatment. How-
ever, the decrease in activity towards polar
solutes disappeared within a few hours. This
leads us to believe that the silanization agent
acted to block active sites on the various surfaces
by physical adsorption rather than by chemical
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reaction. This type of tubing and support materi-
al were abandoned due to their activity towards
polar solutes.

Chromosorb T, a porous PTFE support, is
commonly held to be inert towards polar solutes.
When it was loaded with 20% (w/w) n-hexa-
decane, no apparent peak asymmetry or tailing
was observed with alcohols and higher ketones.
However, repeated measurements at the lowest
detectable amount of acetone still gave retention
times that were 2% higher than those obtained
with a larger amount of solute. Polychloroal-
kanes showed significant tailing and irreproduc-
ible retention on this material. These observa-
tions confirm previous reports of the activity of
this support towards polar solutes [24-27]. Addi-
tionally, nitromethane was irreproducibly re-
tained and double peaks were obtained whereas
the same solute gave a single peak on other
supports. In addition, most stationary phases
have a higher surface tension than PTFE and
therefore do not evenly wet its surface. Based on
these results, we rejected the premise that PTFE
is an inert support and abandoned its further use
in this study.

Partition coefficient measurement using capillary
columns

Effect of coating concentration and speed. To
minimize the adsorption terms in eqn. 2 relative
to the partition terms it is necessary that a thick
uniform coating of n-hexadecane be present on
the column wall. This minimizes the amount of
available fused-silica surface and decreases the
surface-to-volume ratio, which favors solute
partitioning. A column coated with an 8% n-hex-
adecane solution coated under 10 p.s.i. pressure
gave a very even coating (as observed through
the tubing wall with a microscope). The coating
was assumed to be even, if beads were not
observed and the intensity of light when directed
through the tubing wall did not vary. The calcu-
lated film thickness, based on the retention of
benzene, was only approximately 0.11 um. We
found that a thicker film, approximately 0.23
pm, which was still uniform could be achieved
by increasing the concentration of the coating
solution to 22% n-hexadecane and using a coat-
ing pressure of 12 p.s.i. However, increasing the
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solution concentration to both 50 and 100%
n-hexadecane solutions gave non-uniform films
which were only about 0.29 wm thick. Soon after
the coating was completed the films made.from
the more concentrated solutions exhibited “pool-
ing” and “beading” of the n-hexadecane. It is
known that the ability of a phase to wet the
tubing wall [55] and the viscosity [56] of the
coating solution are critical in coating stable,
uniform films on fused-silica surfaces. It is also
possible that the solvent, n-pentane, acts as a
transient wetting agent by reducing the surface
energy of the capillary surface which then al-
lowed n-hexadecane to coat as a thin uniform
film on the tubing wall. A very uniform film with
a maximum thickness of 0.29 um was obtained
using 22.5% (w/w) n-hexadecane solutions and
coating at a pressure of 12 p.s.i. These were
considered to be the optimum coating condi-
tions. It appears that the film thickness is con-
trolled by the coating conditions at lower con-
centrations of n-hexadecane, and by the wet-
tability and viscosity of n-hexadecane at higher
concentrations [55,56]. Columns prepared under
optimum conditions were reasonably stable over
a relatively long period of time. However, upon
injecting high-boiling polar liquids, a few small
“puddles” were observed near the head of the
column. This problem was minimized by inject-
ing the head-space vapor above a warm solution
of the polar solutes.

The lifetime of a column was limited by the
loss of stationary phase. Since the phase ratio is
constantly decreasing, it was measured every few
hours using a standard mixture of n-pentane,
n-hexane and n-heptane as described above. A
long term study over eight consecutive days
indicated a constant loss rate of approximately
2% per day under the use conditions described
here.

Adsorption of polar solutes on a deactivated
fused-silica capillary column. Preliminary tests
of the hexadecane-coated fused-silica capillary
column were performed in order to study interfa-
cial adsorption, the sample size dependence and
the reproducibility of the retention times for
polar solutes. The retention time of acetone was
independent of the amount of sample injected.
Additionally, more highly retained polar solutes
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were studied. Retention times for all solutes,
except for the amines (see below), were indepen-
dent of the amount of sample injected. This
sample size independence typically persisted
until the sample size was greater than about 10
wnl of the headspace above a warmed solution.
When an excessive amount of solute was injected
the retention times on the capillary columns
increased in contrast to the decreases observed
with packed beds. A representative set of results
are given in Fig. 1 for a series of alcohols.
Retention times are very reproducible and do
not vary with sample size until a very large
amount is injected. Additionally, we intentional-
ly overloaded the column with 1-pentanol in Fig.
2 in order to emphasize this effect. This result is
consistent with the above discussion and results
based on studies using headspace gas chromatog-
raphy and pressure measurements of the parti-
tion coefficients [57-61]. This increase in reten-
tion times of polar solutes in n-hexadecane with
the amount of solute injected is due to solute—
solute association which increases the solute’s
gas—liquid partition coefficient which in turn
results in an increase in the retention time. This
effect is most significant for the alcohols and
carboxylic acids. Acetic acid, which is known to
be very highly self-associated, gave constant
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Fig. 1. Effect of injected sample size, as represented by the
peak area counts, on the retention time of a series of
alcohols. © = Ethanol; @ = 1-propanol; V = 1-butanol; ¥ =
1-pentanol.
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Fig. 2. Effect of injected sample size, as represented by the
peak area counts, on the retention time of 1-pentanol.

retention times for small injection volumes on
the capillary column whereas asymmetric peaks
with varying retention times were obtained with
packed columns. In summary, all of the above
semi-quantitative observations lead us to believe
that our measurements are made under par-
tition-dominated conditions. Based on the
above, we believe that the partition coefficients
measured in this study are more reliable than
those obtained with packed columns regardless
of whether mixed retention processes were ac-
counted for in the data analysis.

Although we obtained excellent peak shapes
and constant retention times for most solutes,
the column is definitely not completely inert.
Adsorption, producing tailing peaks and sample
size dependent retention, was observed for di-
methylformamide, dimethylacetamide, dimethyl
sulfoxide and all aliphatic amines. Aniline,
pyridine and tertiary amines gave relatively bet-
ter peaks, but these species were not free from
adsorption contributions to retention. This is
evident in the poor peak shapes and the increase
in retention upon decreasing the amount inject-
ed. These observations show that the column still
has some activity toward very basic solutes. We
expect that the problem with amines can be
significantly reduced if special attention is paid to
deactivating the fused silica surface before coat-
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TABLE 1

n-HEXADECANE GAS-LIQUID PARTITION COEFFICIENTS
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Solute Log LG’ Log L¥,.° Solute Log L&,° Log LS,
n-Pentane 2.163 2.162 Acetophenone 4.458 4.483
n-Hexane 2.668 (2.670)" 2.668 Acetonitrile 1.537 1.560
n-Heptane 3.173 3.173 Propionitrile 1.978 1.940
n-Octane 3.677 3.677 Benzonitrile 3.913 -
n-Nonane 4.176 4.182 Benzyl cyanide 4.570 =
n-Decane 4.685 4.686 Acetaldehyde 1.240 1.230
Cyclopentane 2.426 2.447 Propionaldehyde 1.770 1.815
Cyclohexane 2.906 2.913 Benzylaldehyde 3.935 =
2,4-Dimethylpentane 2.812 2.841 Tetrahydrofuran 2.521 2.534
2,5-Dimethylhexane 3.309 = p-Dioxane 2.788 2.797
Cycloheptane 3.543 3.526 Diisopropyl ether 2.561 2.559
2-Methylpentane 2.507 2.549 Diethyl ether 2.066 2.061
Ethylcyclohexane 3.767 = Dipropyl ether 297 2.989
2,3,4-Trimethylpentane 3.401 - Dibutyl ether 3.954 4.001
Hexene 2.571 2.547 Anisole 3.916 3.926
Benzene 2.792 2.803 Methylene chloride 1.997 2.019
Toluene 3.343 3.344 Chloroform 2.478 2.480
Ethylbenzene 3.785 3.765 Carbon tetrachloride 2.822 2.823
Propylbenzene 4.239 4.221 1,2-Dichloroethane 2.572 2.573
Butylbenzene 4.714 4.686 Chlorobutane 2.716 2.722
p-Xylene 3.867 3.858 Chloropentane 3.232 3.223
m-Xylene 3.868 3.864 Fluorobenzene 2.785 =
o-Xylene 3.947 3.937 Chlorobenzene 3.630 3.640
Methanol (0.975)° 0.922 Bromobenzene 4.022 4.035
Ethanol 1.556 (1.425)° 1.485 Iodobenzene 4.505 =€
n-Propanol 1.975 2.097 o-Dichlorobenzene 4.453 4.405
n-Butanol 2.539 2.601 p-Dichlorobenzene 4.405 =
n-Pentanol 3.057 3.106 Dimethylformamide 2.922 3.173
n-Hexanol 3.550 3.610 Dimethylacetamide 3.357 3.717
n-Heptanol 4.067 4.115 Dimethylsulfoxide 3.110 3.437
n-Octanol 4.569 4.619 Ethylamine 1.646 1.677
2-Propanol 1.750 1.821 Propylamine 2.083 2.141
Benzyl alcohol 4.162 4.443 Butylamine 2.575 2.618
2,2,2-Trifluoroethanol 1.315 (1.116)* 1.224 Hexylamine 3.612 3.557
tert.-Butanol 1.994 2.018 Triethylamine 3.008 3.077
2-Methyl-1-propanol 2.381 2.399 Diethylamine 2.386 2.395
sec.-Butanol 2.322 2.338 Pyridine 2.969 3.003
Isopentanol 2.885 - Aniline 3.934 3.993
Cyclopentanol 3.107 - N-Methylaniline 4.492 -
Cyclohexanol 3.594 3.671 N,N-Dimethylaniline 4.753 4.754
1,1,1,3,3,3-Hexafluoro- Methyl formate 1.454 1.459
isopropanol 1.370 1.392 Methyl acetate 1.946 1.960
2-Phenylethanol 4.552 = Ethyl acetate 2.359 2.376
3-Phenylpropanol 4.663 = Propyl acetate 2.861 2.878
4-Phenylbutanol 5.049 = Acetic acid 2.331 3.290
Phenol 3.641 3.865 Propionic acid 2.978 -
m-Cresol 4.187 4.329 Butyric acid 3.427 -
p-Cresol 4.254 4.307 Ethyl propionate 2.860 2.881
o0-Cresol 4.183 4.242 Nitromethane 1.839 1.892
Acetone 1.766 1.760 Nitroethane 2.313 2.367
2-Butanone 2.269 2.287 Nitropropane 2.773 2.710
2-Pentanone 2.726 2.755 Nitrobenzene 4.433 4.460
Cyclopentanone 3.093 3.120
Cyclohexanone 3.580 3.616

“ Measured by capillary gas chromatography in this work.

® Reported in ref. 28.
¢ Not reported.

¢ Measured by headspace gas chromatography (see ref. 53).
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ing. Methods similar to that reported by Bier-
nacki [62] for treating the column support with
sodium metanilate which is insoluble in the
stationary phase, might be necessary to obtain
good peak shapes with very basic compounds.
However, such treatment may not produce a
support which is inert to the acidic (hydrogen
bond donor) solutes and was therefore not used
here.

The partition coefficients for different sol-
utes. All partition coefficients measured in this
work are given in Table I along with the values
reported by Abraham et al. [28]. Regression of
these data against one another gave the follow-
ing correlation:

log L ¢S, = 0.060(=0.046)
+0.967(20.015) log L}, (5)
n=85 S.E.=0.129 r=0.9903

Log L¢, refers to the data measured in this
work and log L, refers to the values reported
by Abraham et al. The quality of this regressions

suggests that there is generally excellent agree-

TABLE 1I
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ment between the two data sets. However, there
are a number of very significant outliers, all of
which are either good hydrogen bond acceptors
or donors. Removal of acetic acid, the single
most deviant point, from the regression improves
the goodness of fit:

log L ¢, =0.060(+0.029)
+0.971(%0.009) log L, (6)
n=84 S.E.=0.082 r=0.9961

We believe this excellent correlation confirms the
soundness of our measurement conditions. In
addition, the points that do not agree are those
that are known to be problematic solutes on
packed columns. A series of classwise regres-
sions of the two data sets are presented in Table
II. It is evident that within the statistics of the fit
the data for the alkanes, the “select” solutes
(excluding dimethylacetamide, dimethylformam-
ide and dimethylsulfoxide), the non-hydrogen
bond donor solutes, the solutes with low hydro-
gen bond acceptor strength, and the halogenated
solutes are in essentially perfect agreement. The

REGRESSION ANALYSIS OF n-HEXADECANE GAS-LIQUID K VALUES

Regression of log L vs. log L' . r=Correlation coefficient; S.E. = standard error of the fit; n = number of data points

Cap
included in the regression.

Solute class Intercept” Slope” S.E. n

Alkanes —0.020 (0.023) 1.005 (0.007) 0.9997 0.019 12
Aromatic’ —0.070 (0.008) 1.020 (0.002) 0.99999 0.003 8
Halogenated® —0.014 (0.020) 1.003 (0.007) 0.9999 0.011 7
Low B° —-0.012 (0.018) 1.004 (0.006) 0.9995 0.062 32
Select” -0.019 (0.016) 1.002 (0.006) 0.9993 0.028 42
N-HBD# —0.023 (0.013) 1.004 (0.004) 0.9995 0.027 55
HBD" 0.070 (0.033) 0.957 (0.011) 0.9984 0.062 26
Oxygenated’ 0.054 (0.055) 0.967 (0.020) 0.9961 0.068 20
Amines —-0.024 (0.144) 0.982 (0.045) 0.9907 0.125 11

“ Intercept and in parentheses the standard error of the intercept.

’ Slope and in parentheses the standard error of the slope.
“ Non-polar aromatic solutes only.
¢ Halogenated solutes only.

° Compounds having B8} (solute hydrogen bond acceptor basicity) values less than 0.30. .
/ Monopolar aliphatic (non-polyhalogenated) non-hydrogen bond donor solutes, excluding dimethylacetamide, dimethylform-

amide and dimethyl sulfoxide.
¢ All non-hydrogen bond donor solutes.
* Hydrogen bond donor solutes, excluding methanol.

! Oxygen containing solutes (carbonyl and ether functionalities), excluding alcohols.
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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'® 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 al.’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 al.’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 er 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'® 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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acetic acid. All of these solutes are strong
hydrogen bond donors. Our measurement of the
partition coefficient for benzyl alcohol differs
from that of Abraham et al. by 48%. To check,
we injected a mixture of benzyl alcohol and
p-xylene, which is known to agree well with
Abraham et al.’s data. The partition coefficient
for p-xylene in this particular run differed from
our previously measured value and that of
Abraham by less than 0.01 log units. This leads
us to believe the value measured here is a better
estimate of benzyl alcohol’s partition coefficient
than that reported by Abraham et al. The pres-
ence of interfacial adsorption in Abraham et al.’s
value is probably the cause of this difference.

Phenol gave a symmetric peak and a much
lower partition coefficient than that reported by
Abraham et al. We believe this difference is due
to the presence of significant interfacial adsorp-
tion in Abraham et al.’s value. Based on the
solute’s dipolarity (7% °=0.77) and strong hy-
drogen bond donating ability (aj;=0.69) this
deviation is expected. Similar solutes such as the
cresols, also gave significantly lower partition
coefficients than reported by Abraham et al.
Moreover, the order of increasing partition co-
efficients for m- and p-cresol is reversed in our
measurements relative to those of Abraham et
al. Although the boiling point for m-cresol is
slightly higher than that of p-cresol (202.2°C vs.
201.9°C) [65], p-cresol’s vapor pressure at 25°C
is higher than that of m-cresol (0.143 mmHg and
0.130 mmHg, respectively; 1 mmHg = 133.322
Pa). These observations lead us to believe the
higher values in Abraham et al.’s compilation for
these types of solutes are due to adsorption at
the solid and liquid interfaces.

All three aliphatic nitro compounds studied
gave very symmetric peaks. The values for
nitromethane and nitroethane are lower than
Abraham et al.’s by 0.05 log units; however, our
value for nitropropane is 0.06 log units higher
than Abraham ef al.’s. Based on linearity of the
partition coefficients within this homologous
series we predict, from the first two members of
the series, a value of 2.787 for nitropropane,
which is in good agreement with the measured
value of 2.773 reported here. The same estima-
tion process was applied to Abraham et al.’s data
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from which a value of 2.842 was calculated for
nitropropane, which is much larger than the
experimental value of 2.710 reported by
Abraham et al. Although we do not expect a
perfect linear relationship within the series, this
approach should at least give a reasonable esti-
mate of the true value. A weak dependence of
retention time on sample size was observed with
nitrobenzene indicating relatively little interfacial
effect. Although peak shapes were good with
smaller samples, significant fronting was ob-
served with larger sample sizes.

As mentioned above, the fused-silica surface
has an affinity for basic solutes due to the
presence of residual silanol groups [24]. Of the
amines examined in this study, symmetric peaks
were observed only for pyridine, aniline and
trimethylamine. L'° values for all strong hydro-
gen bond acceptors reported here, except that of
n-hexylamine, are smaller than those of
Abraham et al. The sole exception, n-hexyl-
amine, reported by Abraham et al. was esti-
mated from the linear relationship between log
L'® and carbon number for ethyl, propyl and
butylamine. We must emphasize that, because of
the strong interaction of amines with silanols on
the fused-silica surface, the partition coefficients
reported here for amines probably contain con-
tributions from interfacial adsorption. These
data are given because they are generally lower
than the values reported by Abraham et al. and
are therefore probably closer to the true value.

Some of the other solutes show deviations
even greater than those shown by amines. The
partition coefficients for dimethylformamide, di-
methylacetamide and dimethyl sulfoxide are
about 0.3 log units lower than those of Abraham
et al. Even though we believe these data were
obtained under conditions that are not complete-
ly partition dominated we still feel they are
superior to those obtained using packed
columns.

Recently, Abraham et al. [66] have reported a
new set of log L' values which were obtained by
back-calculation from the GC data of
McReynolds [67] and Patte et al. [68] using an
“inverse” multiple linear regression analysis.
These calculated data are used by Abraham et al.
in an attempt to rationalize fundamental issues
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regarding solute-solvent interactions as they re-
late to the solute parameters =, (solute di-
polarity/polarizability) and @, (solute hydrogen
bond donating acidity). Their calculated log L™
are purported to be superior to those used by Li
et al. [29]. Their use of the cycloalkanones as an
example to support this is confusing since Li ef
al. used Abraham et al.’s data originally reported
in refs. 28 and 69. The data for the two cyclo-
alkanones, cyclopentanone and cyclohexanone,
obtained in this work are in reasonably good
agreement with Abraham et al.’s original data in
ref. 28, as well as for cyclopentanone measured
by headspace GC [53]. The log Lgp values for
cyclopentanone and cyclohexanone are 3.093
and 3.580, respectively, and those reported in
ref. 28 are 3.120 and 3.616, respectively. In
contrast, the calculated values are 3.221 and
3.792, respectively; resulting in a difference in
the gas-liquid partition coefficient in excess of
25% for cyclopentanone and 50% for cyclohex-
anone between the three sets of data. These
differences are by no means minor or systematic
as claimed by Abraham et al. [66]. Since the
experimentally measured data are in good agree-
ment, we believe that the back-calculated esti-
mates are in error. In support of this we choose
to look at n-hexane for which the value of log
L' is well established, as discussed above.
Abraham et al.’s back-calculated value is 2.688
(L'®=487.5) and the average of six accurate
measurements is 2.661 (L'®=466.1); this is a
5% difference in L'® which is large considering
the percent relative standard deviation of the six
measurements is 0.42%. Therefore, we suggest
that use of back-calculated log L'® values should
be used with some caution.

CONCLUSIONS

Gas-liquid partition coefficients on a relatively
volatile liquid, n-hexadecane, have been mea-
sured using capillary gas chromatography.
Columns with a film thickness in excess of 0.2
pm were prepared so as to maximize the ratio of
liquid volume to interfacial area and thereby
reduce the relative contribution of interfacial
adsorption to retention. The problem of measur-
ing the amount of stationary phase was circum-
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vented by making all measurements relative to
the partition coefficient of a species (n-hexane)
whose partition coefficient had been previously
established using packed bed chromatography.
The data were compared with literature values
and deviations are interpreted based on the
effect of interfacial adsorption. It is shown that
in most instances the literature data for strong
hydrogen bond donor and acceptor solutes,
especially amines, are significantly influenced by
interfacial adsorption effects. The data reported
here are shown to be more accurate than the
previously reported results.
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ABSTRACT

The observed chromatographic response for organophosphorus pesticides in extracts from milk and butterfat is shown to be
matrix dependent. The matrix protects the organophosphorus compounds from adsorption and/or decomposition in hot
vaporizing injectors ensuring a more complete transfer from injector to column compared to the results observed when standards
dissolved in matrix-free solvent are used. This results in recoveries in excess of 100% for residue-free extracts spiked with
organophosphorus pesticides when standards prepared in residue-free solvents are used for calibration. The chromatographic
response enhancement is minimized by using hot on-column injection at an optimized injection temperature, but not completely
eliminated. The preferred method of calibration is to use matrix standard solutions prepared by adding known amounts of
organophosphorus pesticides to residue-free sample matrix of the same character and in similar concentration to the samples to be

analyzed.

INTRODUCTION

Organophosphorus pesticides are widely used
in agriculture and are known to accumulate in
the fatty receptacles of plant and animal tissues
that form a substantial portion of the dietary
intake of the world’s human population [1].

Organophosphorus pesticides encompass a vast.

number of chemical species dictating the use of
multiresidue methods for the economical screen-
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ing of foods for contamination. Current methods
employ a wide range of sample isolation proce-
dures, reviewed in refs. 2 and 3, followed by gas
chromatography and phosphorus element-selec-
tive detection, in general, for the separation and
detection of the pesticides of typical trace res-
idue levels.

In spite of wide application only a few reports
have appeared concerning the influence of the
sample matrix on the gas chromatographic prop-
erties of the organophosphorus pesticide res-
idues. Using packed columns Carson [4] re-
ported recovery data from 70 to 180% for

© 1993 Elsevier Science Publishers B.V. All rights reserved
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organophosphorus pesticides in seven non-fatty
foods fortified at the 2-10-ppb (w/w) level.
Gillespie and Walters [5] noted recoveries in the
range of 110-130% for organophosphorus pes-
ticides in fortified samples of vegetable oils and
butterfat after cleanup by solid-phase extraction
and chromatography on a packed column with
flame photometric detection. It was noted that
compounds with P=O bonds, such as acephate,
methamidophos, azodrin, etc., gave particularly
high recoveries. Since degradation of these com-
pounds by gas chromatography has been re-
ported [6], it was speculated that co-injection of
residual sample matrix presumably protects the
analytes from thermal degradation and/or pre-
vents analyte adsorption by covering active sites
in the gas chromatographic system, hence giving
a higher response when compared with standards
prepared in a matrix-free solvent. Preparing
standards in a solution of a residue-free, proces-
sed sample, to create a “matrix standard solu-
tion”” provided a practical means of correcting
recovery values to the normal range (80-103%)
as reported [5].

The use of modern open tubular columns and
injection techniques has not fully resolved the
question concerning the matrix-enhanced chro-
matographic response of the organophosphorus
pesticides. Mallet and Mallet [7] obtained re-
sponse enhancement ratios from 1.09-3.00 rela-
tive to standards prepared in a matrix-free sol-
vent for organophosphorus pesticides isolated by
solid-phase extraction. Stan and Goebel [8,9]
and Stan and Muller [10] have investigated the
influence of different sample introduction tech-
niques on the recovery of organophosphorus
pesticides by open tubular column gas chroma-
tography. Losses of organophosphorus pesticides
in vaporizing injectors was attributed to the
thermal stress imposed on the sample and the
possibility of adsorption by the liner. These
factors vary with the chemical structure of the
pesticide and affect individual pesticides differ-
ently. They also concluded that substance losses
were less using cold on-column injection com-
pared to temperature programmed vaporization,
which in turn were less than when hot-splitless
injection was used. Hernandez et al. [3] studied a
number of sample cleanup procedures for for-

D.R. Erney et al. | J. Chromatogr. 638 (1993) 57-63

tified peach extracts and obtained recoveries of
72-140% for organophosphorus pesticides using
split injection and open tubular column gas
chromatography.

The purpose of the present study was to
determine the influence of matrix-induced
changes in the chromatographic response of
organophosphorus pesticides using open tubular
column gas chromatography and to explore pos-
sible solutions for its irradication or control
under conditions suitable for the determination
of pesticide residues in fatty foods.

EXPERIMENTAL

All solvents were Omnisolv grade from EM
Science (Gibbstown, NJ, USA). The organo-
phosphorus pesticides methamidophos, ace-
phate, omethoate, diazinon, dimethoate and chlor-
pyrifos were obtained from the US Environ-
mental Protection Agency Repository (Research
Triangle Park, NC, USA). Adsorbex RP-18, 400
mg, solid-phase extraction cartridges were ob-
tained from Bodman (Aston, PA, USA) and
used for the milk analysis. Extrelut QE dispos-
able columns, 3 ml capacity, from EM Science
and Sep-Pak C,, 5 g, cartridges from Millipore
(Marlborough, MA, USA) were used for the
butterfat analysis. A Visiprep SPE vacuum man-
ifold (Supelco, Bellefonte, PA, USA) was used
for sample processing.

A Hewlett-Packard 5880A gas chromatograph
with flame photometric detector and Hewlett-
Packard 5880A Level Four data station was used
for gas chromatography. The standard split/split-
less injector was used for splitless injection and
hot on-column injection by changing injection
liners (J & W Scientific, Folsom, CA, USA). For
separations a 2-3 m x 0.53 mm L.D., deactivated
retention gap and a 15 m x0.53 mm LD., 1.0
pm film thickness, DB-17 fused-silica open tubu-
lar column (J & W Scientific) were used. Operat-
ing conditions were varied widely in different
studies and the relevant details are given below
in the text.

The method used to process the milk extracts
[11] and butterfat extracts [5,12,13] are described
in detail elsewhere. Briefly, milk solids were
precipitated with acetone—acetonitrile, the or-
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ganophosphorus pesticides extracted from the
supernatant with dichloromethane, and the res-
idue after removal of the solvent taken up in
acetonitrile and passed through a C,4 solid-phase
extraction cartridge. After solvent removal final
residue containing pesticides was taken up in
acetone (1 ml for an original sample size of 10 g
of milk).

The butterfat dissolved in hexane was passed
through Extrelut QE column which was mounted
in series with a C,4 cartridge. Both columns were
eluted with a mixture of methanol-acetonitrile
(1:1) saturated with hexane. The C,5 column was
eluted with additional methanol, the eluent
evaporated to dryness and reconstituted in ace-
tone to give a final concentration of about 180
mg/ml based on the original mass of butterfat.

RESULTS AND DISCUSSION

The analysis of fats and oils for residues of
pesticides by gas chromatography requires that
the contaminants are effectively isolated from
the bulk of the fats to prevent contamination of
the injector and columns with non-volatile and
late eluting material. Solid-phase extraction
using short columns (cartridges) packed with
octadecylsilanized silica packings have proven
particularly useful for isolating organophos-
phorus pesticides from fats [5,11-15]. The re-
duced solvent consumption, high sample
throughput, low equipment costs, and suitability
for multiresidue determinations have quickly
promoted this approach to the forefront of
pesticide analysis in foods. The milk extracts and
butterfat extracts used in this report typically
contain less than 2 mg/ml and 4 mg/ml, respec-
tively, of matrix residues, and are suitable for
routine analysis, producing little observable con-
tamination of the chromatographic system.

There are features of the general gas chro-
matographic properties of organophosphorus
pesticides which are not well documented in the
literature. It has been our experience that sever-
al injections of matrix standard solution, are
required at the beginning of the day to obtain
reproducible peak area responses for the or-
ganophosphorus pesticides. During the course of
-a series of analyses in which standard solutions
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prepared in an organic solvent are injected
interspersed between sample extracts there is
generally a gradual but significant increase in the
area response for the standards over time. For
residue-free extracts spiked with organophos-
phorus pesticides recoveries between 100-300%
have been observed when standards prepared in
an organic solvent were used as the basis for the
recovery calculation. Both the amount and the
type of the matrix can effect the perceived
observed recovery, and although the general
trends remain true, individual compounds may
show different increases in recovery with the
same experimental conditions.

Fig. 1 shows comparative chromatograms ob-
tained with the same chromatographic system
with the splitless and on-column injection liners
installed for the separation of a mixture of
organophosphorus pesticides spiked into a res-
idue free milk matrix extract. The peak shapes
for on-column injection and the observed detec-
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Fig. 1. Comparison of splitless injection (A) and hot on-
column injection (B) for the separation and recovery of
organophosphorus pesticides spiked into a response free milk
extract. A 3 mx0.53 mm LD. deactivated retention gap
coupled to a 15 mx0.53 mm I.D. DB-17, 1 um film
thickness, open tubular column (connected to the detector by
a 20 cm x0.32 mim L.D. deactivated fused-silica capillary
column threaded through the detector tube and terminated
just below the flame) was used for the separation. Hydrogen
was used as the carrier gas at 4 ml/min and the column
temperature programmed from 80°C (2 min) at 30°C/min to
200°C (10 min). Peaks: 1= methamidophos (0.27 ng); 2=
acephate (0.69 ng); 3= omethoate (1.09 ng); 4= diazinon
(1.16 ng); 5= dimethoate (1.21 ng); 6= chlorpyrifos (1.82

ng).
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Fig. 2. Comparison of the separation and recovery of or-
ganophosphorus pesticides in acetone (A) and spiked into a
residue-free butterfat extract (B). Both samples were intro-
duced by hot on-column injection (230°C). Other conditions
as for Fig. 1. The chromatographic response enhancement
(peak area in chromatogram B/peak area in chromatogram
A) is methamidophos (1.01), acephate (1.09), omethoate
(1.10), diazinon (1.08), dimethoate (1.02) and chlorpyrifos
(1.07). The matrix concentration in (B) was 1.7 mg/ml.

tor response are improved using the hot on-
column injection technique. Fig. 2 illustrates the
increase in detector response observed for the
injection of the same amount of organophos-
phorus compounds dissolved in acetone and
spiked into a residue-free milk matrix extract
using hot on-column injection and the same
chromatographic parameters. The increase in
response observed for the matrix standard solu-
tion is discernable. Table I illustrates the ob-
served recoveries determined with reference to a
matrix-free standard solution for a mixture of
organophosphorus pesticides spiked into milk

TABLE 1
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and butterfat extracts using splitless and hot on-
column injection techniques. Comparing the two
injection techniques, the level of response en-
hancement (observed recovery) in excess of
100% is smaller in the case of hot on-column
injection. Comparing the two extracts, re-
coveries for the butterfat are relatively high
compared to the milk extract for splitless injec-
tion but differences using hot on-column injec-
tion are not significant. The influence of peak
area response for a standard mixture of or-
ganophosphorus pesticides as a function of the
injection temperature using hot on-column injec-
tion is shown in Fig. 3. There is a gradual
increase in the observed response for all com-
pounds as the temperature is increased in the
range of 150 to 230°C. Above 230°C a plateau
region is reached (chlorpyrifos), a further
shallow increase in response is observed
(methamidophos, omethoate, dimethoate), or a
decrease in response is observed (acephate,
diazinon). A compromise temperature of 230°C
and hot on-column injection were selected as the
most favorable conditions for further compara-
tive experiments reported subsequently.

The above initial experiments provide an
adequate framework for a qualitative discussion
of the influence of the chromatographic condi-
tions and sample matrix on the recovery of
organophosphorus pesticides. The sample matrix
has a protective influence on the sample com-
ponents increasing their transfer to the column
by either reducing the thermal stress imposed on
the analytes or by blocking active sites within the

OBSERVED CHROMATOGRAPHIC RESPONSE ENHANCEMENT FOR MILK AND BUTTERFAT EXTRACTS WITH
ORGANOPHOSPHORUS PESTICIDES USING SPLITLESS AND HOT ON-COLUMN INJECTION

Extraction fortifications were between 0.06 and 0.12 ppm.

Compound Milk extract Butterfat extract

Splitless On-column Splitless On-column
Acephate 1.14+4.3% 1.01+4.7% 1.36 +4.7% 1.00+1.1%
Omethoate 1.07+£6.7% 1.04+5.3% 1.33+53% 0.97+4.2%
Diazinon 1.00=4.2% 097+5.1% 1.25+x2.1% 0.84 +5.8%
Dimethoate 1.06 =4.2% 1.03x7.3% 1.31+4.0% 0.92+1.1%
Chlorpyrifos 1.04+2.7% 0.95+5.2% 1.07¥53% 1.04 £0.6%
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Fig. 3. Plot of peak area response (arbitrary units) as a
function of injector temperature (°C) for hot on-column
injection of organophosphorus pesticides. Identification:
1= methamidophos; 2 =acephate; 3 =omethoate; 4=
dimethoate; 5 = diazinon; 6 = chlorpyrifos.

injector that would tend to delay transfer of the
analytes to the column. Given that the or-
ganophosphorus compounds typically used as
pesticide encompass a wide range of physical and
chemical properties both factors are likely to be
important. Increasing area response with increas-
ing injector temperature, at least up to 230°C,
would indicate that adsorption to active sites
within the injector is important. Higher tempera-
tures tend to diminish adsorptive forces. Above
230°C reduced area response was observed for
some compounds indicating either thermal de-
composition and/or enhanced catalytic de-
composition on active sites has to be taken into
consideration. The results for splitless injection
compared to on-column injection show a higher
relative observed chromatographic response en-
hancement since the relatively long residence
time of the sample in the vaporization chamber
and contact of the sample with a larger (and
probably more active surface) result in those
conditions most likely to reduce the transfer of
the analytes to the column. Releasing the
analytes on column results in their vaporization
into the column or retention gap where surface
activity is likely to be lower and the residence
time in the vaporizing chamber much less.
Three potential solutions to the problem sug-
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gest themselves. In the absence of matrix the
protection effect is not operative and it is true
that if samples containing very little matrix are
spiked with the organophosphorus compounds
there is little if any increase in the detector
response. This is perhaps an obvious statement,
but is generally not a practical solution. In
residue analysis, given the nature of the samples
analyzed, matrix contamination cannot be avoid-
ed. The extracts obtained by solid-phase extrac-
tion are comparatively clean compared to those
obtained by other procedures and therefore,
increasing the number of steps to minimize the
matrix burden is not desirable and would only
become feasible if a highly chemically selective
isolation procedure for the organophosphorus
compounds could be devised. Such a procedure
does not exist at present.

A second solution would be to deactivate the
chromatographic system to such an extent that
the adsorption of the organophosphorus com-
pounds became negligible. Having failed to
achieve this chemically by silanization the pos-
sibility of achieving permanent or temporary
deactivation by the sample matrix itself was
evaluated. Injecting milk extract without cleanup
by solid-phase extraction and milk extract to
which small quantities of corn oil and/or soy-
bean oil had been deliberately added was used to
contaminate the chromatographic system in the
hope of saturating active sites responsible for
sorption of the analytes. As seen from Table II,
this was not successful, and the observed re-
covery increased, in general, with the increasing
matrix burden. Also, the changes observed were
temporary and required that each sample be
contaminated with the crude matrix, which over
time resulted in a build up of involatile material
increasing the frequency with which retention
gaps had to be changed.

The most practical solution is the use of a
residue free matrix standard solution prepared to
closely resemble the sample extracts in concen-
tration and character. Data presented in Table
III for the recovery of the organophosphorus
pesticides in butterfat and milk extracts by on-
column injection as a function of temperature
indicate that if reproducible results are to be
obtained both the matrix and injection tempera-
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TABLE 11

OBSERVED CHROMATOGRAPHIC RESPONSE ENHANCEMENT FOR ORGANOPHOSPHORUS PESTICIDES IN
MILK EXTRACTS WITH AN IMPOSED MATRIX BURDEN

Sample Chromatographic response enhancement
preparation”
Methamidophos Acephate Omethoate Diazinon Dimethoate Chlorpyrifos
A 1.24 1.29 1.46 1.34 1.43 1.54
B 1.25 1.55 1.68 1.68 1.54 1.59
C 131 1.72 1.92 1.63 1.72 1.81

“ A =Milk matrix method excluding cleanup step by solid-phase extraction; B = extract A to which one drop of corn oil was
added; C = extract B to which one drop of soybean oil was added.

TABLE III

CHROMATOGRAPHIC RESPONSE ENHANCEMENT (MATRIX STANDARD/MATRIX FREE SOLVENT STAN-
DARD) USING HOT ON-COLUMN INJECTION

Injection Matrix Organophosphorus compounds
temperature extract
(°C) Methamidophos Acephate Omethoate Diazinon Dimethoate Chlorpyrifos
150 Butterfat 0.92 1.50 1.52 1.01 1.24 0.97
Milk 1.72 1.61 1.30 1.31 1.23 1.11
170 Butterfat 1.58 1.50 1.18 1.14 1.14 1.15
Milk 1.92 1.67 1.79 1.26 1.32 1.33
190 Butterfat 1.20 1.41 1.37 0.97 1.15 1.04
Milk 1.62 2.01 2.12 1.35 1.56 1.41
210 Butterfat 1.19 1.42 1.52 1.00 1.31 1.03
Milk 1.77 1.61 1.79 1.30 1.46 1.33
230 Butterfat 1.11 1.28 1.30 1.00 1.10 0.94
Milk 1.82 1.59 1.58 1.20 1.24 1.23
250 Butterfat 0.93 1.20 1.23 1.14 1.16 1.16
Milk 1.65 1.54 1.52 1.35 1.29 1.31
270 Butterfat 1.09 1.29 1.25 1.05 1.12 1.12

ture need to be specified. It is not adequate to
use a butterfat matrix to correct for matrix

is matrix dependent. The matrix protects the
analytes from adsorption or alteration during

enhancement of milk extracts (at least not with-
out correction for the gravimetric differences in
the matrix concentrations). The response en-
hancement seems to be less in all cases around
230°C and this remains the best compromise
temperature for sample vaporization.

CONCLUSIONS

The chromatographic response of organophos-
phorus pesticides using hot vaporizing injectors

transfer from the injector to the column result-
ing in a higher observed detector response for
the same amount of substance injected in a
matrix-modified standard solution compared to a
matrix-free standard solution. The protective
influence of the matrix is not permanent and
probably depends on the nature and concen-
tration of the matrix. To obtain acceptable
results either the matrix must be present in low
concentration when calibration using matrix-free
standards is used or matrix-modified standards



D.R. Erney et al. | J. Chromatogr. 638 (1993) 57-63

prepared from a residue-free matrix of the same
kind and similar concentration to the samples
should be used for calibration. In practice, the
second alternative will generally be selected
when analyzing complex samples such as fatty
foods.
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ABSTRACT

Hexenes and cyclohexenes in vapours of conventional petrol were separated by gas chromatography on an aluminium oxide
column. All hexenes appear in a favourable chromatographic position between ‘hexanes and heptanes. The seventeen isomeric
acyclic hexenes were identified by mass spectra and single-ion monitoring on an ion-trap mass spectrometer. The rapidly
photooxidant-forming isomers with a non-terminal double bond constitute 70% of the total amount of acyclic hexenes. The
proportions of isomers in petrol vapour are similar to those in urban air and in exhaust from petrol-fuelled vehicles.

INTRODUCTION

Alkenes contribute rapidly and efficiently to
the formation of photooxidants in air [1,2]. They
are therefore given the highest priority in efforts
to prevent environmental photooxidant-related
problems by decreasing hydrocarbon emissions.
The reactivity of alkenes in air increases with the
number of carbon atoms. Pentenes and hexenes
are emitted mainly as petrol vapours and as
unburnt petrol components in vehicle exhaust.

Alkenes in air polluted with petrol hydro-
carbons can be favourably assessed by adsorp-
tion sampling and gas chromatographic separa-
tion on aluminium oxide columns [3]. Concen-
trations and proportions of pentenes in petrol
vapours have been reported for refuelling of cars
with and without vapour recovery [4] and for
refuelling with conventional and reformulated
petrol [5]. The purpose of the present study was

* Corresponding author.
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to separate, identify and determine the propor-
tions of the hexenes emitted to air from conven-
tional petrol.

EXPERIMENTAL

The aluminium oxide—5% potassium chloride
gas—solid chromatographic columns (one new
and one used in our laboratory for 10 years)
were obtained from Chrompack. Their dimen-
sions are 50 m X 0.32 mm I.D. and they are of
the porous-layer open tubular (PLOT) type.

The mass spectrometric studies were per-
formed on a Varian Saturn II ion trap GC-MS
instrument. The scan rate was one spectrum per
second over the range m/z 35-200. Recon-
structed ion chromatograms and spectra were
obtained from the data-stored scans. Injected gas
samples of 10-20 ul were taken from a labora-
tory flask, above the surface of commercial
petrol (Statoil, RON 98) conditioned to room
temperature. The carrier gas was helium and the
linear gas velocity through the aluminium oxide

© 1993 Elsevier Science Publishers B.V. All rights reserved
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column approximately 20 cm s~'. The tempera-
ture sequence of the column was 40-105°C (20°C
min~"), 105°C (isothermal, 50 min), 105-200°C
(2°C min~") and 200°C (isothermal).

Samples of ambient air were taken by adsor-
bent sampling and analysed by thermal desorp-
tion and gas chromatography as previously de-
scribed [3]. Hexenes were studied for selected
samples of urban air polluted with petrol vapour
and vehicle exhaust. The temperature sequence
was 30-110°C (10°C min~"), 110°C (isothermal,
14 min), 110-200°C (4°C min~') and 200°C
(isothermal). The hexenes appear in the tem-
perature range 150-200°C.

RESULTS AND DISCUSSION
Gas chromatographic separation

The chromatograms given in Fig. 1 demon-
strate the separation achieved on the GC-MS

TOTAL
1ONS
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system. The structures and chromatographic
positions of all seventeen isomeric hexenes are
given. In addition, the cyclic hexenes 1-methyl-
cyclopentene and cyclohexene are marked in the
total-ion chromatogram. Systematic names,
quantitative proportions and relative retentions
are given in Table I for all the isomeric non-
cyclic hexenes..

On the aluminium oxide—potassium chloride
column, the hexenes characteristically appear
between the C and C, alkanes. The prominent
heptanes in the region MU 6.6-7.0 are di-
methylcyclopentanes, methylcyclohexane, di-
methylpentanes and methylhexanes. Similarly,
the C,—C, alkenes appear between the corre-
sponding alkanes [3]. The aluminium oxide-
potassium chloride column is therefore superior
to most columns with other stationary phases for
the determination of alkenes in the prevalent
applications with higher amounts of alkanes.

SINGLE
ION ]|

|
m/z N | \

84

T T T T T T T T

Fig. 1. Chromatographic separation of hexenes in vapours of conventional petrol. Total-ion (above) and single-ion (m/z 84,
below) reconstructed GC—MS chromatograms. A methylene unit (MU) retention scale between hexane (6.00) and heptane (7.00)
is incorporated.
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TABLE 1
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QUANTITATIVE PROPORTIONS AND PHYSICAL DATA OF THE SEVENTEEN ISOMERIC ACYCLIC HEXENES

IN VAPOURS OF CONVENTIONAL PETROL

Relative retentions are given for the aluminium oxide column as methylene units, obtained by linear interpolation between
hexane (6.00) and heptane (7.00). The boiling points are physical reference data, and the reaction rate ratios are adapted from

literature data [1].

Quantitative Relative Boiling Ions from allylic Relative rate

proportions retention point MS cleavage for reaction

(%) (MU) (°C) (m/z) with ozone in air
3,3-Dimethyl-1-butene 1 6.06 41.2 69 1
E-4-Methyl-2-pentene 6 6.07 58.6 69 20
3-Methyl-1-pentene 3 6.23 54.2 55 and 69 1
Z-4-Methyl-2-pentene 2 6.25 56.4 69 10
2,3-Dimethyl-2-butene 3 6.28 73.2 - 100
2,3-Dimethyl-1-butene 3 6.29 55.6 69 1
E-3-Hexene 4 6.29 67.1 69 20
2-Methyl-2-pentene 15 6.31 67.3 69 50
Z-3-Methyl-2-pentene 9 6.33 67.7 69 50
E-3-Methyl-2-pentene 11 6.34 70.4 69 50
4-Methyl-1-pentene 3 6.35 53.9 41 1
E-2-Hexene 13 6.36 67.9 55 20
2-Ethyl-1-butene 2 6.43 64.7 69 1
2-Methyl-1-pentene 10 6.47 62.1 S5 1
Z-3-Hexene 2 6.49 66.4 69 10
1-Hexene 6 6.50 63.5 41 1
Z-2-Hexene 7 6.56 68.9 55 10

The hexenes elute after the hexanes because
of the induced polar interactions between the
double bond and the aluminium oxide stationary
phase. The MU increment is 0.5 for 1-hexene as
compared with hexane. Two alkyl groups in the
Z (cis) or E (trans) positions at the double bond
sterically increase (Z) and decrease (E) the
availability of the # electrons for interactions.
An MU difference of 0.2 is observed. Alkyl
branching at the double bond results in coun-
teracting steric and inductive effects, whereas the
unbalanced steric effect of 8-branching evidently
decreases retention (3-methyl-1-pentene, 4-
methyl-2-pentenes). There is also a general re-
tention-decreasing effect of alkyl branching
because of the decreased non-polar interactions
of compact molecules.

The relative retentions of the hexenes normal-
ly deviated less than 0.01 MU from the tabulated
values with the particular temperature pro-
gramme applied. With different temperature
programmes, the MU values still accurately give
the retention order of the hexenes, although

absolute MU scale shifts of up to 0.05 MU were
observed. The MU values for a new aluminium
oxide column and one routinely used for about
10 years were very similar. Comparisons with
MU values given in a study of alkenes in syn-
thetic mixtures [6] agree well for 1-hexene and
the unbranched 2-hexenes. Comparisons also
reveal that several other hexenes were incorrect-
ly identified in that study.

On non-polar columns, the hexenes elute
essentially in the order of increasing boiling
points (Table I), i.e. very differently from the
aluminium oxide column. Retention data on
non-polar stationary phases have been given for
most of the hexenes [7,8]. Because of the ab-
sence of polar interactions, many hexenes elute
unfavourably in the same region as the hexanes
on these commonly used phases. On the other
hand, complementary separation on a non-polar
methylsilicone column was useful for ascertain-
ing the proportions of the hexenes that were not
completely resolved on the aluminium oxide
column.
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Mass spectrometric identification

As illustrated in Fig. 1, an abundant molecular
ion (m/z 84) permits specific single-ion monitor-
ing of the acyclic hexenes. The heptanes are
traced because they give rise to fragment ions of
m/z 84 in low abundance. The relative abun-
dance of the m/z 84 molecular ions varies to
some extent between the isomeric hexenes. It is
low for 1-hexene as illustrated by the relatively
larger peak in the total ion chromatogram. The
cyclohexenes are not present in the m/z 84
record but were specifically monitored from their
abundant m/z 82 molecular ions. The only other
hydrocarbons observed in the hexene region
were small amounts of pentadienes. These were
traced from their mass-specific and very abun-
dant molecular ions of m/z 68. Isoprene elutes
near to hexane and the 1,3-pentadienes in the
MU 6.20-6.35 region.

Mass spectra were recorded and interpreted
for all chromatographic peaks observed in the
hexene region. Comparisons with library spectra
were made automatically on the MS system. The
spectra permit an unambiguous identification of
hexenes as a group, whereas the spectral differ-
ences between most of the isomers are small.
The spectra of cis (Z) and trans (E) isomers are
almost identical.

A favoured fragmentation of the molecular ion
of alkenes is allylic cleavage with loss of an alkyl
radical. In Table I, the masses of the primary
fragment ions to be expected are given. At the
conventional high electron impact energy of 70
eV, the structural specificity of these fragment
ions is partly lost by non-specific hydrogen re-
arrangements and secondary fragmentations.
The largest (base) peak in the spectra of most
hexene isomers is due to m/z 41 ions. Excep-
tions are cis- and trans-2-hexene, for which m/z
55 ions from primary allylic cleavage give rise to
the base peak.

The final structural assignments as given in
Fig. 1 were made from a combination of mass
spectra, structure—retention relationships and
comparisons with authentic commercial hexenes.

Atmospheric chemistry
In daylight, hydrocarbons are decomposed in
air, mainly by reactions with the hydroxyl radical
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or with ozone. The tropospheric reactions of
hydrocarbons were recently reviewed [1].

As seen from Table I, the 1-alkenes react
slowly with ozone. The reaction rate of other
alkenes increases sharply with the number of
alkyl groups adjacent to the double bond. For
reaction with the hydroxyl radical, the rate
constants of the hexene isomers differ by less
than a factor of 5. As a result, the 1-alkenes
normally decompose by reaction with the hy-
droxyl radical, whereas the 2- and 3-methyl-
2-pentenes react mainly with ozone if the am-
bient ozone levels are not too low. The reaction
paths and products for the reaction with ozone
should be similar to those recently reported for
2-methyl-2-butene [9].

The lifetime of all hexenes in air is normally
less than 1 day, and that of the most reactive
isomers less than 1 h in the photooxidant season.
As a result, the hexenes contribute more effi-
ciently than lower alkenes to locally elevated
photooxidant levels. The most reactive isomers
do not necessarily produce ozone very efficiently
[2], but they give rise to a wide range of other
photooxidants [1] such as peroxides, which may
be even more harmful.

Emissions to air

The results reported refer to vapours from
commercial petrol with a conventional content of
alkenes from catalytic cracking. The composition
and chromatographic separation of the whole
range of vapour hydrocarbons, emitted from a
similar commercial petrol (RON 95) during
refuelling, were recently reported [5]. The por-
tion of the acyclic hexenes was 1.7% of the
amount of total hydrocarbons. Although these
vapour samples were taken on adsorbent car-
tridges, and although the temperature pro-
gramme was more rapid, the proportions of the
isomeric hexenes are distinctly similar to those
reported here. Similar proportions of the hexene
isomers are also seen in a published chromato-
gram of C,—C; hydrocarbons from exhaust-pol-
luted urban air [10]. Approximately the same
proportions were actually observed in a large
number of unpublished chromatograms from
samples of petrol vapour, petrol exhaust and
vehicle-polluted urban air.
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The observed uniform composition of hexene
isomers in petrol vapours is obviously explained
by the output from the catalytic cracking pro-
cesses, which deliver most of the alkene-rich
fractions mixed into petrol. From Table I, it is
seen that 1-alkenes account for almost 30% of
the total acyclic hexenes. The reactive 2- and
3-methyl-2-hexenes constitute more than one-
third of the total. The somewhat more variable
content of cyclohexenes was found to be approx-
imately 10% and 2% for methylcyclopentenes
and cyclohexene, respectively, as compared with
the total amount of acyclic hexenes. The uniform
quantitative proportions of the hexenes permit
estimates of all isomers even under conditions
when only one or a few of them can be de-
termined reliably.

Hexenes in exhaust from petrol-fuelled vehi-
cles are emitted as unburnt petrol hydrocarbons.
This explains the observed similar proportions of
hexene isomers in petrol vapours and in urban
air that is normally polluted mainly with exhaust
hydrocarbons. Obviously, however, exhaust dif-
fers from equilibrated vapours by having higher
proportions of the less volatile isomers. Not only
the C, but also the C, alkenes in vehicle exhaust
are predominantly unburnt petrol components,
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whereas ethene, propene and a prominent por-
tion of the butenes are combustion products.
The total proportion of hexenes, including the
cyclic C, alkenes, was found to be about the
same as that of the pentenes in vehicle-polluted
urban air in Sweden. This means approximately
1% of the total amount of C,—C; hydrocarbons
[10].
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ABSTRACT

The determination of 3-chloropropane-1,2-diol in hydrolyzed vegetable protein using capillary gas chromatography is improved
through the specificity of an electrolytic conductivity detector operated in the halogen mode. The hydrolysate is absorbed onto a
Extrelut QE column of kieselguhr, 3-chloropropane-1,2-diol is partitioned into ethyl acetate and is quantitatively measured by gas
chromatography using 1-chlorotetradecane as the internal standard. A concentration of 1 mg/kg dry substance is easily

determined.

INTRODUCTION

Hydrolyzed vegetable protein (HVP) is com-
monly manufactured by the hydrolysis of vege-
table protein with hydrochloric acid. The protein
sources typically contain residual lipids. Without
proper control the potential exists for a reaction
between triglycerides and hydrochloric acid to
produce 3-chloropropane-1,2-diol (3-MCPD)
and 2-chloropropane-1,3-diol (2-MCPD).

Pesselman and Feit [1] used gas chromatog-
raphy with electron-capture detection to quan-
titatively measure 3-MCPD in a standard aque-
ous solution after derivatization with n-butyl-
boronic acid and extraction into hexane. Rod-
man and Ross [2] utilized phenylboronic acid to
derivatize 3-MCPD in a non-aqueous media for
subsequent determination by gas chromatog-
raphy.

A method to determine 3-MCPD in HVP by
gas chromatography using phenylboronic acid
derivatization and solvent extraction was re-
ported by Planting et al. [3]. Van Bergen et al. [4]
recently reported a procedure to determine chlo-
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ropropanols in protein hydrolysates based on gas
chromatography of heptafluorobutyrate deriva-
tives. Limitations of derivatization/extraction
procedures for measuring 3-MCPD include a
potential for incomplete derivatization, ineffici-
ent partitioning of the derivative from the aque-
ous phase into the organic phase, and short term
stability of the derivatives.

This paper reports a method to quantitatively
determine 3-MCPD in HVP. The liquid hydro-
lysate is absorbed on a kieselguhr column,
3-MCPD is partitioned from the column into
ethyl acetate and selectively measured by gas
chromatography using electrolytic conductivity
detection.

EXPERIMENTAL

Apparatus

Chromatographic measurements were per-
formed with a Tracor Model 560 gas chromato-
graph equipped with a packed-column injector
and a Hall 700A electrolytic conductivity detec-
tor. The packed-column inlet was fitted with a

© 1993 Elsevier Science Publishers B.V. All rights reserved
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SGE on-column adapter to allow direct injection
onto a 60 mx0.75 mm L.D. borosilicate glass
Supelcowax 10 column with 1-um film. The
column was fitted with a 50-cm retention gap of
0.53 mm I.D. deactivated fused silica. Helium
was used as the carrier gas at a flow-rate of 8
ml/min. The column temperature was 170°C for
5 min, then raised at 5°/min to 250°C and held
for 10 min. The injector temperature was 225°C.
The electrolytic conductivity detector was oper-
ated in the halogen mode.

Hydrogen was used as the reactant gas at a
flow-rate of 30 ml/min and 1-propanol was the
solvent at a flow through the cell of 0.5 ml/min.
Reactor temperature was 900°C with a base
temperature of 275°C. Contamination of the
reaction tube was minimized by venting flow
from the column at all times except for the time
during which compounds of interest elute.

Confirmation of peaks observed for 3-MCPD
and 2-MCPD was obtained with a Hewlett-Pac-
kard Model 5890 II gas chromatograph and a
Model 5970B mass-selective detector.

Reagents

3-MCPD was obtained from Eastman Kodak
(Rochester, NY, USA), 1-chlorotetradecane was
obtained from Aldrich (Milwaukee, WI, USA)
and ethyl acetate was Burdick & Jackson capil-
lary grade from Baxter Scientific products
(McGraw Park, IL, USA).

Solutions

A stock solution of 3-MCPD was prepared by
weighing 100.0 mg into a 100-ml volumetric flask
and diluting to volume with ethyl acetate. This
solution was diluted 5 ml/100 ml with ethyl
acetate to yield a solution containing 50 pg/ml.
The stock solution of 1-chlorotetradecane was
prepared by weighing 250 mg into a 50-ml
volumetric flask and diluting to volume with
ethyl acetate. This solution was diluted 5 ml/100
ml with ethyl acetate to provide a solution
containing 250 wg/ml.

Procedure

The protein hydrolysate was adjusted as
needed with 20% aqueous sodium chloride to
obtain a solids content of 36%. A 20-g aliquot

G. Spyres | J. Chromatogr. 638 (1993) 71-74

was weighed directly into a 20-ml Extrelut
column (EM Science, Gibbstown, NJ, USA) and
allowed to equilibrate for 15 min. The column
was eluted with 150 ml ethyl acetate collecting
the eluent in a 250-ml short-neck round-bottom
flask with a 24/40 joint. The eluent was concen-
trated to a volume of approximately 3 ml using a
rotary evaporator at 50°C. After the addition of
0.5 ml internal standard solution (250 wg/ml)
the eluent was transferred to a 4-dram (1 dram =
3.697 ml) screw cap vial, diluted to a volume of
approximately 5 ml, and 1 ul was injected into
the gas chromatograph.

Preparation of standards

A standard containing 3-MCPD at 4 pg/ml
and internal standard at 30 ug/ml was prepared
by pipetting 2.0 ml dilute 3-MCPD solution and
3.0 ml dilute internal standard solution into a
25-ml volumetric flask and diluting to volume
with ethyl acetate. A second standard containing

-

f N N . N PR
] 2 4 6 8 10 12 14
Time (min)

L e e e e

Fig. 1. Chromatogram of standard containing 4 pg/ml of
3-MCPD and 30 wg/ml internal standard. Peaks: A=
1-chlorotetradecane; B = 3-MCPD.
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3-MCPD at 20 wg/ml and internal standard at 30
wg/ml was prepared by pipetting 10.0 ml dilute
3-MCPD solution and 3.0 ml dilute internal
standard solution into a 25-ml volumetric flask
and diluting to volume with ethyl acetate.
Calibration was achieved by injecting 1 ul of
each standard.

Response factors in reference to the internal
standard were calculated for each standard. The
amount of 3-MCPD in concentrated sample
extracts was calculated using the response factor
from a standard exhibiting similar peak areas as
the sample.

RESULTS AND DISCUSSION

A spiked protein hydrolysate was used to
measure the efficiency for partitioning 3-MCPD
from the Extrelut column into diethyl ether,
pentane—diethyl ether (80:20) and ethyl acetate.

0 2 4 6 8 10 iz 14
Time (min)

Fig. 2. Chromatogram of standard containing 20 pg/ml of
3-MCPD and 30 ug/ml internal standard. Peaks: A=
1-chlorotetradecane; B = 3-MCPD.
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Fig. 3. Chromatogram of concentrated ethyl acetate extract
from a sample of HVP. Peaks: A = 1-chlorotetradecane; B =
3-MCPD; C=2-MCPD.

Highest efficiency was observed with ethyl ace-
tate.

Chromatograms shown in Figs. 1 and 2 are
standards containing 3-MCPD at 4 pg/ml and 20
wg/ml with internal standard at 30 wg/ml. The
sample chromatogram shown in Fig. 3 exhibits
peaks for 3-MCPD and the isomer 2-MCPD.

Standards with 3-MCPD levels between 4 and
2400 pg/ml were chromatographed to determine

po MCPD/ug ISTD

0 1 2 3 4 5
Area MCPD/Area ISTD

Fig. 4. Plot of the ratio of micrograms 3-MCPD/1-tetra-
chlorodecane against the ratio of peak area for 3-MCPD/
1-tetrachlorodecane.
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TABLE I

RECOVERY OF 3-MCPD FROM A SPIKED PROTEIN
HYDROLYSATE

Spike level (g/g) Found (x +S.D.) Recovery (%)

0 0.82+0.096 -
1 1.80 = 0.082 98
5 5.65+0.208 96.6

linearity. A plot was made for the ratio of
3-MCPD peak area/internal standard peak area
and the ratio for micrograms 3-MCPD/micro-
grams internal standard. Linearity was observed
for the 3-MCPD concentration range of 0 to 100
pg/ml as shown in Fig. 4. This concentration
range was satisfactory for the analysis of samples
containing 3-MCPD between 0 and 30 mg/kg.
When analyzing samples in excess of 30 mg/kg
the extracts were diluted to attain 3-MCPD
concentrations within the linear range. An ap-
propriate aliquot of internal standard was added
to obtain a concentration of 20-30 pg/mil.

G. Spyres | J. Chromatogr. 638 (1993) 71-74

Table I shows that recoveries obtained with
this method for a protein hydrolysate fortified
with 3-MCPD at levels of 1 and 5 mg/kg were
greater than 95% when corrected for concen-
trations in the unspiked sample. The detection
limit for the method was 0.25 mg/kg sample.

In conclusion, this method is sensitive and
precise for routine determination of 3-MCPD in
HVP. The halogen-specific detector provides
sample chromatograms free of interfering peaks
and allows trace level determinations.
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ABSTRACT

An investigation into the use of ammonia as a mobile phase for high-resolution supercritical fluid chromatography was
conducted. A highly cross-linked ethylvinylbenzene-divinylbenzene polymeric packing material (5-um diameter) in microbore

stainless-steel and nickel capillary tubing demonstrated reasonable efficiencies (ca. 10 000-15 000 plates m”

!, after initial exposure

to ammonia) without phase degradation as previously observed when using open-tubular capillary columns. However, ammonia
treatment caused an initial rapid loss in efficiency (ca. 42%) for reasons as yet undetermined. The polymeric packing materials
were much more inert than conventional silica-based packing materials. Separations of polar drugs, underivatized amino acids and

defoliant herbicides are shown.

INTRODUCTION

Supercritical fluid chromatography (SFC) is
generally performed with carbon dioxide as the
mobile phase. Despite the well-documented ad-
vantages of carbon dioxide as an SFC mobile
phase, at least two fundamental limitations with
the use of this fluid exist. First, with carbon
dioxide, moderate and highly polar materials
often will not migrate through the chromato-
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graphic column. Second, supercritical carbon
dioxide, like all solvating mobile phases, has
limitations in the molecular weights of com-
pounds which it can solvate. Various approaches
have been taken to address these limitations,
including organic modifiers, reversed micelle-
containing mobile phases, ion-pairing mobile
phases, and alternative fluids.

Perhaps the most polar solvent with properties
conducive to use as an SFC mobile phase is
ammonia. The use of ammonia as a chromato-
graphic mobile phase has been demonstrated
[1-9], however its use in capillary SFC is rather
restricted since ammonia rapidly degrades most
polysiloxane stationary phases [1,2] and more
slowly attacks silica. Consequently, packed mi-
crocolumns which are fabricated from non-silica
materials are preferred for analytical SFC with
ammonia as the mobile phase. A new polymeric
packing material for packed microcolumn SFC

© 1993 Elsevier Science Publishers B.V. All rights reserved
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has been recently reported [10,11] which is
resistant to the corrosive action of ammonia. A
detailed evaluation of this packing material for
SFC is reported in this paper.

Physical properties and high-pressure studies of
ammonia

Ammonia is a polar material with physical
properties compatible with the mobile phase
requirements of SFC. The physical properties of
ammonia are reviewed in Table I. It is consid-
ered to have a hydrogen bonding energy similar
to water and a greater proton affinity than water
[15]. Consequently, ammonia is a strong hydro-
gen bond acceptor with little propensity to do-
nate hydrogen bonds, especially in the gas phase
[3]. Ammonia possesses a high dielectric con-
stant. Not surprisingly, supercritical ammonia
was found [16,17] to have the highest solvato-

chromic polarity when compared with carbon

dioxide, chlorotrifluoromethane, nitrous oxide
and carbon dioxide + methanol. The solvating
ability which results from these properties should
lend itself to unique applications as an SFC
mobile phase. One potential problem with the
use of ammonia as a chromatographic mobile
phase is its reactivity, which may be more
pronounced at elevated pressures and tempera-
tures. In chromatography, depending on the

TABLE 1
PHYSICAL PROPERTIES OF AMMONIA

Data taken from ref. 12.

Molecular mass 17.031
Boiling point =33.4°C
Critical temperature 132.4°C
Critical pressure 111.3 atm
(1 atm = 0.10 MPa)

Critical volume’ 72.5 ml mol ™
Compressibility factor 0.242
Dipole moment (gas) 147D
Dielectric constant: gas at 0°C 1.0072

liquid at —33.4°C 22.4
Acentric factor 0.250

16.3 cal'? cm®?
(1 cal=4.1868 J)

Solubility factor at liquid density”

“Data taken from ref. 13.
® Data taken from ref. 14.
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nature of the reactions, however, this may func-
tion beneficially as a type of on-column derivati-
zation.

Although ammonia is probably the most
studied non-aqueous solvent, only a few studies
concerning high-pressure ammonia, especially
with organic solutes or cosolvents, have been
undertaken. The thermodynamic stability of am-
monia in the critical region has been studied
[18]. Phase equilibria studies of ammonia with
nitrogen, argon, helium, water, carbon dioxide,
methane, ethane, n-butane, ethylene, propylene,
benzene, 2,2 4-trimethylpentane, cyclohexane,
trans-decalin, o-xylene, acetylene and biphenyl
+ dodecane have been reported [19,20]. Potas-
sium and silicon have been found to react with
supercritical ammonia to form potassium im-
idonitridosilicate crystals [21]. The solubility of
anthracene [22], and caffeine and theophylline
[23,24] in ammonia, and near-critical (20°C)
separation of 1-butene and 1,3-butadiene with
2-10% (v/v) ammonia in either ethane or ethyl-
ene [25], have been studied. Supercritical am-
monia was used for the extraction of ginseng
saponins [26] and the extraction of cobalt from
hydrotreating catalysts [27]. In addition to these
studies, the research group of Smith has used
supercritical ammonia for direct fluid injection
mass spectrometry [28] and for the extraction of
diesel fuel marine sediments [29]. Supercritical
fluid injection—time-of-flight mass spectrometry
of underivatized peptides, nucleosides, and ster-
oids was accomplished with supercritical am-
monia [30].

Ammonia as a chromatographic mobile phase
Ammonia was first used as a mobile phase for
SFC in 1968 [4,5] when it was shown that
supercritical ammonia had solvent characteristics
approximately intermediate (except acidity) be-
tween water and low-molecular-mass alcohols. It
was demonstrated that the ability to form hydro-
gen bonds favored the solvation of compounds
with hydroxylic, amino and related groups by
supercritical ammonia. Solutes transported
through a packed chromatographic column with
ammonia included some waxes, nucleosides,
sterols, amino acids, amines, di- and tripeptides,
mono- and disaccharides and high-molecular-
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mass polyethylene glycols, while proteins, higher
polysaccharides and purines did not migrate.
Additionally, material stability problems, which
resulted in leaks, column plugging, and spiking
in the flame ionization detector, were reported.

In capillary SFC, Grolimund et al. [6] used
ammonia with fluorescence detection for the
separation of fluorescent whitening agents con-
taining free sulfonic acid groups. They also
reported a variety of material compatibility prob-
lems. Kuei et al. [1,2] performed a systematic
study to alleviate these problems and separated
polarizable polycyclic aromatic hydrocarbons
(PAHs) greater than ovalene (M,=396) in a
carbon black extract with ammonia as the SFC
mobile phase. Also, this mobile phase was ap-
plied to the analysis of antidepressant drugs and
nucleosides. Ammonia was combined as a
modifier with sulfur hexafluoride for the separa-
tion of nitrogen-containing polycyclic aromatic
compounds and polar drugs [1] and imidazole
derivatives [7]. Trifluoromethane with 20 mol%
ammonia as the mobile phase was able to
produce slightly better resolution of some basic
drugs than pure ammonia [1].

Other uses of ammonia as a chromatographic
mobile phase include liquid ammonia (30-40°C)
for the packed-column separation of alkaloids,
and a test mixture of phthalates, biphenyl and
o-terphenyl [8], and as a carrier gas for capillary
GC of aliphatic and aromatic amines [3] and
chlorophenols [9]. Compared to nitrogen as
carrier gas, ammonia gave improved peak sym-
metry and decreased capacity factors for primary
and secondary amines on both polar (poly-
ethylene glycol) and intermediate polarity
(methylphenylcyanopropylsilicone) stationary
phases [3]. The effect of ammonia was found to
be more pronounced at lower temperatures.
With flame ionization detection (FID), the de-
tection limits for these amines were found to be
seven to ten times lower with ammonia as the
carrier gas than with nitrogen. However, in the
analysis of chlorophenols, the capacity factors
increased with ammonia relative to when nitro-
gen was used as carrier gas [9]. The more acidic
dichlorophenols were more affected by ammonia
than the less acidic monosubstituted ones.

The high pressures and elevated temperatures
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often associated with SFC have presented certain
obstacles in the development of the method.
These obstacles are compounded when ammonia
is used as the mobile phase, since, as discussed
earlier, ammonia is corrosive to many materials.
Previous reports emphasized the need to use
stainless-steel tubing and PTFE O-rings, gaskets
and seals [4,5,8]; however, the work of Kuei et
al. [1,2] has been the only systematic evaluation
of materials for SFC when using ammonia as
mobile phase. They found that aluminum supply
cylinders provided more pure ammonia (due to
fewer particulate contaminants) than when stain-
less-steel cylinders were used, and stainless-steel
tubing should be used for supply lines between
the supply cylinder and the pump, and between
the pump and the SFC injector. In the assembly
of the apparatus, 0.2-um in-line filters were
placed on both the inlet and outlet sides of the
pump. PTFE can be used for pump cylinder
piston seals; however, PTFE tends to soften in
ammonia at pressures around 240 atm. A PTFE-
graphite composite material for the piston seals
proved to be more durable. Ferrules made of
graphite or Kel-F polymer were used. For injec-
tion, Kuei ef al. [1,2] used the timed-split meth-
od with a PTFE spacer in the connection to the
injector body. The injector rotor was made
from the standard Valcon-H material. Pinched
platinum-iridium tubing was used as the restric-
tor. Detection was accomplished with ultraviolet
(UV) absorbance since FID was found to yield
significant background noise due to ionization of
the ammonia mobile phase. The entire apparatus
was placed in a fume hood.

Stationary phases for ammonia SFC

As previously mentioned, most of the com-
monly used polysiloxane stationary phases in
capillary SFC are rapidly degraded by super-
critical ammonia [1,2]. It was found that n-octyl-
and n-nonyl-substituted polysiloxanes and poly-
ethyleneimine were the only stationary phases
studied which could resist the corrosive action of
ammonia. Polymethylsiloxane stationary phases
containing 50% phenyl, 50% cyanopropyl, 30%
biphenyl or 5% phenyl moicties were rapidly
degraded by ammonia. It was postulated that the
presence of long, easily cross-linkable hydro-
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carbon appendages protected the siloxane back-
bone from attack by ammonia.

Highly cross-linked polymers were reported
[8] to be more compatible than silica-based
packing materials for use with supercritical am-
monia. A new packing material was recently
developed [10,11] which is a highly cross-linked
ethylvinylbenzene and divinylbenzene (EVB-
DVB) polymer. This EVB-DVB, like other
polymeric packings, should be more highly resis-
tant to chemical attack than silica-based pack-
ings. Because this polymer is more highly cross-
linked, it should be degraded less easily than
other polymers. The EVB-DVB polymer has an
average particle size of 5 um, a pore size of
about 60 A, a surface area of about 300 m> g7,
and was shown to be chemically and physically
stable at temperatures and pressures up to at
least 200°C and 10000 p.s.i. (1 p.s.i. = 6894.76
Pa) [11]. The retention mechanism of polar and
non-polar compounds on the EVB-DVB poly-
meric stationary phase was found to be governed
by surface adsorption-desorption as a result of
non-polar—non-polar interactions. The retention
mechanism also was significantly influenced by
the -7 surface interaction with #r-electron-rich
solutes because of the high density of 7-electrons
associated with the aromatic components of the
stationary phase. In this paper, this EVB-DVB
polymer was further evaluated for microbore and
packed capillary SFC of polar compounds using
ammonia as the mobile phase.

EXPERIMENTAL

For the packed microcolumn work reported
here, a Hewlett-Packard Model 5790 gas chro-
matographic oven (Hewlett-Packard, Avondale,
PA, USA), Valco Model CW14 injector (Valco
Instruments, Houston, TX, USA), Chiratech
Model 203 UV-Vis detector (now produced by
Linear Instruments, Reno, NV, USA), and a
Varian Model 8500 syringe pump (Varian As-
sociates, Walnut Creek, CA, USA) controlled
through a pressure feedback with an Apple Ile
computer (Apple Computers, Cupertino, CA,
USA) were used with the modifications de-
scribed by Kuei ef al. [1,2]. In this study,
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graphite or graphitized Vespel ferrules were
used. Polyether ether ketone (PEEK, Upchurch
Scientific, Oak Harbor, WA, USA) tubing was
used in connections, although this material is not
useful at temperatures above 150°C. Adequate
tightening of fittings and connections was ex-
tremely important since the polymeric materials
tended to soften at elevated temperatures and
pressures. Leaks were frequently encountered
with fittings involving 1/32 in. O.D. (1 in. = 2.54
cm) tubing when stainless-steel ferrules were
used. The use of gold-plated ferrules alleviated
this problem. The fused-silica transfer lines from
the injector and to the detector were minimized
in length and internal diameter since the silica
was weakened by the ammonia. The problems
previously enumerated [1,2] due to ammonia
degradation of the protective polyimide coating
on exposed sections of fused-silica were not
addressed. With the platinum—iridium restrictor
used here, the end of the restrictor tubing was
inserted into a small vial of water to collect the
ammonia mobile phase and to minimize plugging
of the restrictor. Occasional heating of the re-
strictor tip with a butane cigarette lighter re-
stored flow when the restrictor was partiaily
plugged.

Columns used in this study were microcolumns
packed with OmniPAC pPRN-300 (Dionex,
Sunnyvale, CA, USA). Initial experiments with
the OmniPAC material were with test columns
(15 cm X 750 pwm 1.D.) supplied by the manufac-
turer. Other columns were packed in our labora-
tory by the slurry packing method [31,32].
Column material of stainless steel, glass-lined
stainless steel, fused silica (Polymicro, Phoenix,
AZ, USA), and nickel (Valco) tubing with
dimensions of 15-75 cm X 0.250-1.0 mm I.D.
were used.

RESULTS AND DISCUSSION

Initially, the OmniPAC columns supplied by
the manufacturer were evaluated for efficiency
using carbon dioxide, before and after exposure
to ammonia, following the procedure of Kuei et
al. [1,2] (i.e., ammonia at 100 atm and ambient
temperature for 15 h, then 200 atm and 145°C
for 24 h). The measured efficiency averaged 42%
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less after exposure to ammonia. Several columns
used in this study were evaluated periodically
during their use in the ammonia SFC system.
Each column showed similar trends, i.e., a 15—
50% loss of efficiency after exposure to am-
monia. Efficiency measurements were performed
over the course of use of the columns, including
after venting the column of ammonia followed
by repeated exposure. From this, it appears that
the loss in efficiency occurred during the initial
1-2 h following exposure to the ammonia. Mini-
mal additional efficiency loss was observed over
the period of use, including up to two weeks of
continuous use and ca. six weeks of total use.
Based on experiments involving purging and
venting the columns with ammonia compared to
continuous exposure, it does not seem that
swelling of the packing material is a significant
cause of efficiency loss. Scanning electron micro-
scopy (SEM) of the packing material showed no
gross physical changes to the OmniPAC beads
due to exposure to ammonia. These SEM re-
sults, shown at 9500 X magnification, are dis-
played in Fig. 1. The SEM did show a wide
range of particle sizes and a small degree of
distortion of the particle shape, even in the
material as received from the manufacturer. The
erratic efficiencies obtained in ammonia SFC
were verified to some extent in carbon dioxide
SFC [33]. With columns supplied by the manu-
facturer, losses in efficiency (up to 50%) were
found in most cases. After purging with organic
solvents, such as acetonitrile and methanol,

A B
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some of the efficiency was regained. The highest
observed efficiency in our study and in the
carbon dioxide study [33] was about 20 000 plates
m~'. Since the loss in efficiency with these
columns occurred during initial exposure, was
independent of the mobile phase used (carbon
dioxide or ammonia), could only be partially
regenerated, and the SEM of the OmniPAC
beads showed no gross physical changes due to
ammonia exposure, we postulate that the ef-
ficiency loss with these columns is due to a
redistribution of the packed bed upon pressuriza-
tion. Swelling of the packing material during
exposure to the mobile phase may also be a
minor contribution to the efficiency loss.

The initial efficiencies, in ammonia, of these
columns were typically 17 000—20 000 plates m ™'
and the dimensions of the column has no appar-
ent effect on the efficiency of packing. Fused-
silica column material yielded particularly erratic
efficiency results and became extremely fragile
upon exposure to ammonia. Other column ma-
terials (stainless steel, glass-lined stainless steel
and nickel) gave similar efficiencies. Columns
packed in nickel tubing of capillary dimensions
(<500 pm I.D.) were the most reproducible,
while the stainless-steel columns were the most
durable. Small I.D. columns could be packed to
longer dimensions, yielding greater numbers of
total plates without deleterious chromatographic
effects due to pressure drops. Hence, the nickel
and stainless steel columns were preferred.

Silica-based packing materials are often in-

Fig. 1. Scanning electron photomicrographs of OmniPAC pPRN-300 packing material (A) as received and (B) after exposure to

supercritical ammonia.
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adequate for packed column SFC of polar ma-
terials, especially because of the high content of
surface silanol groups, even after deactivation.
Polymeric packing materials should be much
more inert. Therefore, it was of interest to
evaluate the surface activity of the polymeric
OmniPAC material, especially in ammonia SFC.

Before exposing the OmniPAC material to
ammonia, free fatty acids could be separated
with good peak shapes [11], as displayed in Fig.
2. After the ammonia purge discussed previous-
ly, free fatty acids could not be eluted from the
column in supercritical carbon dioxide, both
before and after the column was additionally
purged with HPLC-grade water for several
hours.

0.5 0.5 0.75
I ]

; DENSITY (g/ml)

1 TIME ( min )
o 5 30

Fig. 2. SFC chromatogram of a mixture of saturated free
fatty acids (C,,H,,0,, C,H;0,, C,H;,0,, C;H;0;)
using carbon dioxide as the mobile phase prior to exposing
the OmniPAC packing to ammonia. Conditions: carbon
dioxide, 100°C, 25 cm X 250 pm [.D. OmniPAC ©PRN-300,
density programmed from 0.50 g ml™' to 0.75 g ml™'
following a S-min isobaric hold, FID. Following exposure to
ammonia, the chromatographic integrity of the packing was
reduced so that these free fatty acids could not again be
eluted with carbon dioxide SFC.
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To compare the OmniPAC activity in both
carbon dioxide and ammonia mobile phases, a
mixture of 15 explosives and related decomposi-
tion products was separated using both mobile
phases. Two separate OmniPAC columns, each
possessing similar efficiencies in the mobile
phase in which they were used, were employed.
The test mixture contained nitro- and amino-
aromatics and other polar materials. The mix-
ture components included 2,6-dinitrotoluene,
2,4-dinitrotoluene, dibenzofuran, n-nitrosodi-
phenylamine, 2,4,6-trinitrotoluene, 2-nitronaph-
thalene,  benz[a]anthracene, 1-nitropyrene,
benzo[a]pyrene, 1,3,5-trinitrobenzene, pyrene,
phenol, 2-nitrodiphenylamine, 1-nitronaphtha-
lene and 9-phenylanthracene. The resulting chro-
matograms, using FID for carbon dioxide SFC
and UV detection for ammonia SFC, are present-
ed in Fig. 3. The selectivity of the OmniPAC
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Fig. 3. SFC chromatograms of a mixture of explosives and
related decomposition products using (A) carbon dioxide and
(B) ammonia as the mobile phase. Conditions: (A) carbon
dioxide, 145°C, 30 cm X 250 pm I.D. OmniPAC uPRN-300,
pressure programmed from 100 atm to 355 atm at 3 atm
min~' following a 5-min isobaric hold, FID; (B) ammonia,
145°C, 25 cm X 500 wm I.D. OmniPAC pPRN-300, pressure
programmed from 100 atm to 158 atm at 1 atm min "'
following a 2-min isobaric hold, UV at 254 nm.
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material in these two mobile phases was not
determined, and although no attempt was made
to identify the individual peaks and the chro-
matograms are not directly comparable, it is
obvious that the use of ammonia as the mobile
phase resulted in dramatically reduced peak
tailing and improved peak shape for these com-
pounds.

The value of ammonia as an SFC mobile phase
is its applicability for samples too polar to be
separated by carbon dioxide SFC. To demon-
strate the application to polar materials, three
samples were used.

The antidepressant drugs zimelidine and nor-
zimelidine present a difficult separation. These
compounds, both hydrochloride salts, cannot be
analyzed by GC, and separation of the com-
pounds is difficult to perform by LC. Although
zimelidine can be eluted in SFC using carbon
dioxide, the formation of the “nor-” derivative
imparts enough basicity to the molecule that it
cannot be analyzed in the same way. A reason-
able separation of these drugs using supercritical
ammonia is shown in Fig. 4 with little peak
tailing.
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Fig. 4. SFC chromatogram of the antidepressant drugs
zimelidine and norzimelidine, using ammonia as the mobile
phase. Conditions: ammonia, 145°C, 15 cm X1 mm IL.D.
OmniPAC pPRN-300, pressure programmed from 100 atm
to 124 atm at 3 atm min~' following a 1-min isobaric hold,
then 1 atm min~" to 141 atm, UV at 254 nm.
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For the chromatographic analysis of amino
acids, they are often derivatized, usually to their
phenylthiohydantoin derivatives. The underivat-
ized amino acids, tyrosine and tryptophan, were
separated by ammonia SFC (Fig. 5). It has been
shown that a wide range of amino acids can be
analyzed by ammonia SFC [4,5]. To achieve a
separation of a wider range of amino acids than
shown in Fig. 35, a selective stationary phase will
be needed, as will a more universal detector. In
the ammonia SFC of amino acids, ammonia
probably reacts with the carboxylic acid moiety
of the amino acid to form the corresponding
amide. This analysis can be considered as ‘“‘on-
column derivatization” since only one peak is
obtained for each compound injected.

The final application is the separation of the
defoliant herbicides, diquat dibromide and
paraquat dichloride. These compounds are

%cﬂ,ﬁmn

N
H

0 15 Time (Min)

100 130 138 Pressure (ATM)

Fig. 5. SFC chromatogram of the amino acids tyrosine and
tryptophan using ammonia as the mobile phase. Conditions:
ammonia, 145°C, 15 cm X 1 mm I.D. OmniPAC pPRN-300,
pressure programmed from 100 atm to 130 atm at 5 atm
min~' following a 1-min isobaric hold, then 1 atm min™" to
138 atm, UV at 280 nm.
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Fig. 6. SFC chromatograms of the defoliant herbicides
diquat dibromide (A) and paraquat dichloride (B), using
ammonia as the mobile phase. Conditions: ammonia, 145°C,
15 em X1 mm LD. OmniPAC pPRN-300, pressure pro-
grammed from 100 atm at 5 atm min~' following a 1-min
isobaric hold, UV at 254.

quaternary pyridinium salts of great environmen-
tal concern. Due to their nonvolatile nature,
these materials cannot be analyzed by GC, and
LC usually involves ion chromatography or an
ion-pairing mobile phase. The potential for the
analysis of these compounds by ammonia SFC is
demonstrated in Fig. 6. Several very polar im-
purities are seen in the chromatogram in Fig. 6B.

These applications have demonstrated the use
of ammonia as mobile phase in SFC. While other
separation methods can be used for these polar
samples, the use of neat mobile phases (such as
ammonia) with high efficiency stationary phases
(such as OmniPAC) has advantages of simplicity
that must be explored further.
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ABSTRACT

The synthesis of a polysiloxane containing chemically bonded chiral metal complex derived from nickel(II) bis[(3-heptafiuoro-
butanoyl)-10-methylene-(1R)-camphorate] (Chirasil-nickel) and its effective immobilization on the inner surface of fused-silica
capillaries by thermal treatment is described. As expected, the immobilization properties were found to be dependent on the
content of residual reactive Si—R groups in the polymer backbone (R = OCHj;, H). The immobilized Chirasil-nickel stationary
phase was employed for the analytical enantiomer separation of coordinating solutes by high-resolution capillary gas and
supercritical fluid chromatography. The increase in the relative retention monitored for racemic test solutes after rinsing the
columns indicates a slight increase in the effective complex concentration which does not affect the chiral separation factor a. The
temperature limit of analysis was raised to 170-180°C for temperature-programmed runs and to 140-150°C under isothermal
conditions, thus extending the scope of complexation gas chromatography considerably, as demonstrated by various enantiomer
separations performed at elevated temperatures. When Chirasil-nickel is immobilized on the inner surface of short, narrow-bore
capillaries (50 pm 1.D.), it can be employed in complexation supercritical fluid chromatography, combining the high solvation
strength of supercritical carbon dioxide with the benefit of low operating temperatures, enhancing enantioselectivity.

INTRODUCTION food additives) [1-3]. It is now well appreciated
that the separation of enantiomers on chiral,
non-racemic stationary phases by capillary chro-

matography represents a powerful tool for quan-

As a consequence of a steadily refined insight
into the relationship between chirality and bio-

logical activity, the exact determination of enan-
tiomeric compositions and absolute configura-
tions is an important task not only in research
concerned with the synthesis, characterization
and use of chiral compounds but also for the
evaluation of chiral biologically active com-
pounds (e.g., analysis of chiral pharmaceuticals,
flavours, fragrants, pheromones, insecticides and

* Corresponding author.

0021-9673/93/$06.00

titative enantiomer analyses because of the high
resolution, speed and sensitivity.

Chiral recognition in chromatography may
arise from various types of enantioselective inter-
actions between the solute (selectand) and the
chiral, non-racemic moiety (selector), e.g., hy-
drogen bonding [4], charge transfer [5], dipole—
dipole [6], inclusion [7,8] and combinations
thereof [9]. Complexation chromatography offers
a valuable complementary method based on
coordination as the formation of the diastereo-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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(p-ter-
peneketoenolates) of manganese(II), cobalt(1I),
nickel(IT), copper(1I) and zinc(II) [12-14]. The
unique molecular architectures displayed by ter-
peneketoenolates such as B-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)-(1R)-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
130°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)-(1R)-10-(dimethoxymethylsilyl )methyl-
camphorate] and diethoxymethylvinylsilane in
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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-(15)-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

(15)-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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zation detector was used. The splitting ratio was
set to about 1:40 and the column flow-rate was
regulated by a laboratory-made integral-type
restrictor (0.5-0.6 cm/s at 10.0 MPa and 80°C,
which is about 5u,, under these conditions).
Synthesis of 3-heptafluorobutanoyl-(1S)-10-
methylenecamphor (1)

Compound 1 was prepared according to the
general procedure of McCreary et al. [29] by
acylation of 12.1 g (74 mmol) of (15)-10-
methylenecamphor [30] with 11 ml (74 mmol) of
heptafluorobutanoyl chloride. The crude product
was purified by flash-chromatography on 62-200-
pm silica [toluene—n-hexane (3:1, v/v)], which
was extracted with 2,4-pentanedione before- use
in order to remove traces of iron. The slightly
red oil obtained was distilled in a Kugelrohr to
yield 10.3 g (38%) of 3-heptafluorobutanoyl-
(15)-10-methylenecamphor, b.p. 50-55°C/0.01
mmHg; o¥ +14.4 (0.1 dm; neéat); 'H NMR
(CDCl,, 400 MHz), & 11.75 and 2.90 (1H,
tautomeric proton), 5.80-5.30 (m, 3H), 2.20-
1.20 (m, 5H), 0.93 (s, 1H), 0.89 (s, 1H); mass
spectrum, m/z 361 (16%), 360 (M™, 100%), 317
(24%), 191 (19%), 163 (26%); 135 (29%), 108
(22%), 53 (24%).

Synthesis of the dimethylpolysiloxane containing
10% hydromethyisiloxane units (2)

In an atmosphere of nitrogen, 5.0 g (2 mmol
polymer, 83 mmol Si-H) of polymethylhydro-
siloxane (PMHS), 55.74 g (187 mmol) of octa-
methylcyclotetrasiloxane (D,) and 3.45 g (21.3
mmol) of hexamethyldisiloxane (HMDSO) were
mixed with 0.7 g of china clay by vigorous
stirring, then 0.5 ml of concentrated sulphuric
acid was added and the mixture was held at
100°C for 5 days. After cooling, the china clay
was removed by suction of the diluted (150 ml of
diethyl ether) reaction mixture through a frit.
The solution was washed with water until neutral
and the organic layer was separated and dried
over anhydrous sodium sulphate, filtered and
evaporated. The resulting polymer was held
under vacuum (10> mmHg) at 120°C, yielding
52 g (81%) of a clear viscous fluid. The '"H NMR
spectrum indicated that the ratio of di-
methylsiloxane to methylhydrosiloxane units was

87

10:1 (9% hydromethylsiloxane units) and titra-
tion [31] showed 1.2 mmol of Si—-H per gram of
prepolymer 2.

Hydrosilylation of 1 with polysiloxane 2

A 3.0-g amount (1 mmol polymer, 3.6 mmol
Si-H) of polysiloxane 2 and 1.3 g (3.6 mmol)
of 3-heptafluorobutanoyl-(15)-10-methylenecam-
phor (1) were dissolved in 75 ml of dry toluene
in an atmosphere of nitrogen. A few droplets of
a ca. 0.1% solution of hexachloroplatinic acid in
dry tetrahydrofuran were added to the refluxing
reaction mixture. After 24 h under reflux, the
solvent was evaporated and the crude reaction
mixture was heated with 25 ml of anhydrous
methanol for about 3 h. The methanolic phase
was decanted from the polymer, which was then
washed several times with portions of anhydrous
methanol. In this way 510 mg of 1 were re-
covered from the combined methanolic phases.
Subsequent removal of low-molecular-mass com-
pounds under vacuum (10~* mmHg; 1 mmHg =
133.322 Pa) at 90°C yielded 3.1 g (72%) of a
clear polysiloxane (3) with a viscosity similar to
that of polymer 2. "H NMR (CDCl,, 400 MHz) &
0.0-0.09 (m), 0.84 (s), 0.94 (s). The ratio of
methyl groups in the polysiloxane to methyl
groups of the ligand was found to be 20:1,
indicating that about half of the Si—-H present
were consumed to bind the chiral ligand. IR
(thin film, cm™"), 2950, 2895, 1725, 1685, 1635,
1405, 1255, 1235, 1100-1010, 855, 790; [a]%
+22.2 (0.1 dm; ¢ =5, CHCl;).

Preparation of Chirasil-nickel

A 2-g amount of the chiral polymer 3 was
dissolved in 30 ml of n-heptane and a solution of
220 mg of nickel(II) acetate tetrahydrate (a ca.
tenfold excess) in 20 ml of methanol was added
under an atmosphere of nitrogen. The two-phase
reaction mixture formed was vigorously stirred
and heated at reflux for 30 min. The solvent was
removed quantitatively under vacuum and 50 ml
of n-pentane were added in order to separate the
polymer from excess of nickel(II) acetate. Sub-
sequent filtration and washing with several por-
tions of water, followed by drying over anhy-
drous sodium sulphate and evaporation of the
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solvent, yielded a dark-green polymer with in-
creased viscosity. For removal of low-molecular-
mass components Chirasil-nickel was dissolved in
a small volume of dichloromethane (5 ml per
gram of polymer) and precipitated with a 10-20-
fold amount of anhydrous methanol. After three
precipitation steps, which were accelerated by
centrifugation, the residual solvent was removed
at 90°C under vacuum (107> mm Hg), yielding
1.3 g (65%) Chirasil-nickel, which was stored
under nitrogen. IR (thin film, cm ™), 2950, 2895,
1725, 1645, 1635, 1525, 1405, 1255, 1235, 1150-
1000, 855, 790; [«]¥ +26.7 (0.1 dm; c=35,
CHCL,); atomic absorption spectrometry (AAS)
10.463 mg of Ni per gram of polymer, corre-
sponding to a complex concentration of 0.205 m.

Open-tubular columns

Fused-silica tubing of 0.05-0.25 mm I.D.
manufactured by Chrompack (Middelburg,
Netherlands) was used. Each column was dehy-
drated at 250°C for 5 h at a very low carrier gas
(helium or hydrogen) flow-rate. A solution of
Chirasil-nickel in n-pentane—dichloromethane
(2:1, v/v) (or pure n-pentane or diethyl-ether)
was prepared and the columns were coated by
the static method with a film thickness of 0.25
pm. The coated columns were installed in a GC
oven and conditioned by temperature program-
ming at a rate of 1°C/min from 50 to 160°C and
held at the latter temperature overnight.

Immobilization

For thermal treatment, the flow-rate of the
carrier gas (nitrogen or helium) was adjusted to
ca. 30 bubbles per minute and the columns were
maintained for 24 h at 180°C. When water
vapour was added to the carrier gas, it was
introduced by passing the carrier gas at room
temperature through a vial with distilled water
mounted upstream of the injection block [32].
After immobilization the columns were tested
and then rinsed with 1 ml of methanol, 15 ml of
methylene chloride (=20 column volumes) and 5
ml of n-pentane. The degree of immobilization
was calculated from the decrease in k' for
n-tridecane (C,;), measured at 90°C before
thermal treatment and after rinsing. The «
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values and relative retentions with respect to
n-decane determined for 2-methyltetrahydro-
furan, 2-methycyclohexanone and 1-phenyletha-
nol at 90°C gave information about changes in
enantioselectivity and in concentration of the
chiral selector.

RESULTS AND DISCUSSION

Synthesis

As depicted in Fig. 1, the synthesis of Chirasil-
metal in a “polymer-analogous rection’ involves
the introduction of unsaturation into the ter-
peneketoenolate ligand of the metal complex
according to Matlin et al. [33]. We selected
3 - heptafluorobutanoyl-(15)- 10 -methylenecam-
phor (note the formal change of the descriptor as
compared with camphor owing to the priority
change in the sequence rule of Cahn, Ingold and
Prelog [34]) as a versatile ligand for the prepara-
tion of Chirasil-metal as it shows a broad range
of enantioselectivity in complexation GC [2].
(15)-10-Methylenecamphor prepared according
to Fischer and Opitz [30] was perfluoroacylated
according to McCreary et al. [29]. Subsequent
hexachloroplatinic acid-catalysed hydrosilylation
[35] of the unsaturated camphor ketoenolate 1

Cofy
A B o
[+] [+] 2]
= =

SOH
1

CiFy
;0
]
5= Niy

CH,y CH, CHy CH,
» A\
o\\?‘ O\\Sl/ P o\\si O\Ti/
CHy CHy CH, CHy
n n
CHIRASIL-NICKEL 3 o=20

0.205 m Nickel-complex

B 4. LDA, G;F;COCl
D 6. Ni(OOCCH;): x 4 H,0

A 1. SOCly, 2. CHgNg, 3. > T
C 5. HyPtClg, prepolymer 2

Fig. 1. Scheme of synthesis of Chirasil-nickel. >T = higher
temperature; LDA = lithium diisopropylamide.
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with dimethylpolysiloxane containing Si-H
groups (2) yielded polysiloxane 3. The polymeric
metal complex was obtained in a vigorously
stirred two-phase reaction using n-heptane as
solvent for the chiral polymer 3 and methanol as
solvent for the metal(1I) acetate. An excess of
the metal(II) acetate was used in order to
mediate the deprotonation of the B-diketone to
afford Chirasil-nickel in nearly quantitative yield
[33].

The nickel content of the polymers was de-
termined by atomic absorption spectrometry to
be 1.05%, which, taking into account that one
metal complex requires two ligands, corresponds
to a molality of 0.205 m nickel complex (in this
calculation the methylene groups of the ligand
directly attached to silicon are assumed to be
part of the polymer in order to obtain values
comparable to Chira-metal stationary phases).
The Chirasil-nickel polymer shows an absorption
at A,,=322 nm in the ultraviolet spectrum
characteristic of the #—=* transition of the
metal—chelate carbonyl groups. In addition to
the dominant absorption of the Si—-O-Si group at
1000-1100 cm™', the infrared spectrum of
Chirasil-nickel shows bands at 1635, 1645 and
1725 cm™' characteristic of the ketoenolate
structure in the metal complex. As it is expected
for the paramagnetic nickel(II) ion, all signals of
the ligand protons are severly broadened in the
"H NMR spectrum, showing only two relatively
sharp signals of methylsilyl (0-0.1 ppm) and
methoxysilyl groups (3.45 ppm) from the poly-
meric backbone.

Immobilization

For employment in complexation GC, the
fused-silica capillaries coated with Chirasil-nickel
have to be conditioned at elevated temperature
(160°C) overnight to remove strongly coordinat-
ing impurities or solvents such as water from the
coordination sites of the metal ion. Immobiliza-
tion and cross-linking of Chirasil-nickel are
achieved by thermal treatment at temperatures
above 170°C and reduced flow-rates of the car-
rier gas (nitrogen or helium; not hydrogen),
which can be seen form Fig. 2, where the degree
of immobilization I:
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Fig. 2. Degree of immobilization I and enantioselectivity
factor E vs. temperature for the thermal treatment (24 h) of
Chirasil-nickel. Conditions: 5 m x 0.25 mm I.D. non-deacti-
vated fused-silica columns (film thickness 0.3 xm); chromato-
graphic measurements were performed at 90°C, 0.3 bar N,.
W = 2-Methyltetrahydrofuran; A = 2-methylcyclohexanone;
4 = 1-phenylethanol; O = n-tridecane.

1=100[kc , (after rinsing)/
kc,, (before immobilization)]

and the changes in separation factor « for chiral
test solutes as expressed by the enantioselectivity
factor E:

E = 100{[a(after rinsing) — 1}/
[« (before immobilization) — 1]}

are shown at different applied temperatures. The
low temperature (ca. 180°C) needed for the
immobilization of Chirasil-nickel is due to the
presence of residual reactive sites (SiH,
SiOCH;) in the polymetric backbone, well
known [36] for the improvement of immobiliza-
tion during the thermal treatment of polysilox-
anes. These reactive sites seem to be mainly
methoxysilyl groups as the absorptions of the
residual Si-H (IR 2125 cm™', NMR 4.7 ppm)
after hydrosilylation change nearly quantitatively
to signals of Si-OCH,; groups (3.45 ppm) when
the polymer 3 is refluxed with anhydrous meth-
anol in order to hydrolyse undesired silylenol
ethers of the B-diketone.

Compared with former batches of Chirasil-
nickel, which were prepared by hydrosilylation
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of 1 with a dimethylpolysiloxane containing only
4% hydromethylsiloxane units and showed no
appreciable immobilization at temperatures
below 200°C, good immobilization properties can
be achieved easily by increasing the Si—-H con-
tent of the prepolymer, thus roughly tripling the
number of residual reactive sites in the resulting
Chirasil-nickel. The low temperature (ca. 180°C)
now accessible for the immobilization step does
not reduce the enantioselectivity of the chiral
stationary phase. The washout procedure even
improves the observed enantioselectivity of
Chirasil-nickel to values of E =100% (cf., Fig.
2), which does not depend on the time (12—48 h)
or the temperature (140-190°C) employed for
conditioning of the columns.

Fig. 3 gives more detailed information about
the changes in «, k} and relative retention [10]:

!

_— ’
r,= tz'tn—decane

(the subscript 2 refers to the second-eluted
enantiomer) when Chirasil-nickel is immobilized
at 180°C. Two methods were employed, differing
in the use of carrier gas saturated with water
vapour (cf., Fig. 3, open squares) for 12 h
instead of only heating the columns for 24 h (cf.,
Fig. 2, closed squares). In both methods the
separation factors @ do not show significant
changes when measured before thermal treat-

ment and after rinsing, but the capacity factors .

k; and relative retentions r, of the enantiomers
tested increase with a simultaneous decrease in
the retention of the n-alkane C,;. The alkane,
whose retention is governed by the loss of
stationary phase after rinsing and by any changes
in the overall polarity during the immobilization
procedure, indicates an increase in polarity dur-
ing the thermal treatment of Chirasil-nickel in
the absence of water. As the retention of the
enantiomers, which is strongly influenced by the
complex concentration due to the high chemical
selectivity found in complexation GC [2], is
found to decrease under the same conditions,
this must be caused by blocking of the metal
complex, e.g., with polar by-products of the
immobilization reaction. Rinsing of the column
extracts the non-immobilized portions of the
chiral stationary phase (15-20%), leading to a
reduced retention of the alkane, whereas the k)
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Fig. 3. Changes of «a (top), k; (middle) and r, (bottom)
during thermal treatment of Chirasil-nickel at 180°C without
water vapour (M, 24 h) and in the presence of water vapour
(0, 24 h); other symbols as in Fig. 2. Conditions: 10 m x 0.25
mm I.D. non-deactivated fused-silica column (film thickness
0.3 wm); chromatographic measurements were performed at
90°C, 0.5 bar N,.

and r, values of the enantiomers tested are found
to be increased to 130-180%. The increased
effective concentration of the metal complex in
immobilized Chirasil-nickel thus monitored is the
result of both rinsing out mainly achiral parts of
the polymeric stationary phase and possibly an
increase in the numbers of non-blocked coordi-
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nation sites caused by simultaneously washing
out of strongly adsorbed molecules with low
vapour pressure which may have been intro-
duced as impurities of the solvents used for
synthesis and purification/precipitation of the
Chirasil-nickel.

It has been found previously that the addition
of water vapour to the carrier gas enhances
immobilization rates [32,37]. For Chirasil-nickel
the same degree of immobilization was already
reached in half the time in the presence of water
vapour during the thermal treatment. There
were no changes in the chiral separation factors
a, but surprisingly the water added leads to an
increase in the relative retention of the enan-
tiomers during the immobilization procedure
(cf., Fig. 3). It is believed that complexed water

TABLE I
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molecules protect the complexation sites against
other polar functionalities in the course of the
immobilization reaction. When compared with
the immobilization without water, the retention
data were found to be always about 10% lower
after rinsing of the columns treated with water
vapour, indicating that part of the metal complex
deteriorates during the contact with water at
180°C.

To summarize, the best conditions for the
immobilization of Chirasil-nickel are thermal
treatment for 24 h at 180°C with a very low
flow-rate of the carrier gas. Although the addi-
tion of water vapour reduces the time needed for
achieving the same immobilization rate of over
80% without a decrease in enantioselectivity, it
leads to slightly lower relative retentions for

ENANTIOMER SEPARATION OF RACEMIC SOLUTES ON CHIRASIL-NICKEL

Solute Temperature Pressure k° a’ R, N
(°C) (bar N,) (plates/m)”

Methyloxirane 70 1.0 15.34 1.04 1.46 430
Ethyloxirane 90 1.0 7.76 1.04 1.38 831
tert.-Butyloxirane 90 1.0 3.29 1.22 6.18 570
(E)-sec.-Butyloxirane 90 1.0 8.43 1.10 3.27 865
(Z)-sec.-Butyloxirane 15.69 1.11 3.59 756
2,2-Dimethyl-3-phenyloxirane 75 1.5 22.15 1.07 1.93 680
2-Methyloxetane 130 1.0 5.02 1.29 10.02 915
2-Methyltetrahydrofuran 90 1.0 3.56 2.02 25.40 766
~y-Pentalactone 120 1.2 10.29 1.03 1.20 1027
8-Hexalactone 140 0.9 10.92 1.02 1.10 1883
Camphor 130 1.0 7.49 1.12 4.59 1120
Fenchone 100 0.7 2.88 1.07 2.50 894
(E)-5-Methylhept-2-en-4-one 90 0.8 13.73 1.03 1.60 1427
(E)-4-Methylheptan-3-ol 110 0.7 2.47 1.04 1.54 1290
(Z)-4-Methylheptan-3-ol 2.64 1.04 1.54 1313
2-Methylhept-2-en-6-0l 120 1.0 6.73 1.10 4.50 1430
6-Methylheptan-2-ol 120 1.0 6.46 1.13 4.54 1099
Octan-2-0l 130 1.0 4.22 1.10 3.75 1190
1-Phenylethanol 130 1.0 3.39 1.21 7.65 1620
1-Phenylpropanol 130 1.0 4.22 1.07 2.92 1083
2-Octyl acetate 130 1.0 2.82 1.07 2.68 1111
1-Phenyl-1-propyl acetate 130 1.0 3.85 1.08 3.28 1123
1-Methyl-1-phenylbutyronitrile 165 0.8 6.56 1.03 1.53 1183
1-Cyanonorbornan-2-ol 160 1.5 14.95 1.07 2.06 763

“ Capacity factor of the first-eluted enantiomer, measured on a 25 m X 0.25 mm I.D. non-deactivated fused-silica column coated

with immobilized Chirasil-nickel (film thickness 0.25 pm).
* Chiral separation factor.
“ Resolution R, = 1.177 (Atx/E wy ).
N =[5.54(t1/wy )IL ™
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the tested enantiomers and was therefore
abandoned. In addition, the immobilized
Chirasil-nickel obtained by thermal treatment
without additional water present exhibits much
better long-term stability of all the chromato-
graphic variables investigated. When conditioned
after rinsing for 7 days at 150°C and a carrier gas
flow-rate usually applied in chromatography (20—
30 cm/s nitrogen), the decrease in the relative
retention r, for the tested racemates was always
smaller than 5%, whereas the enantioselectivity
factor E decreased by 1-10%, depending on the
r, value of the solute employed for testing (cf.,
Fig. 3).

Complexation gas chromatography

Owing to their high chemical selectivity the
use of chiral metal complexes for the separation
of enantiomers is not that universal when com-
pared with cyclodextrin selectors, but if the
separation is successful, the observed enan-
tioselectivity is in most instances higher than

Frgietet
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r T T T T T
0 5 10 15 20 25 min

Fig. 4. GC enantiomer separation of acyclic, cyclic and
bicyclic alcohols on a 25 m X 0.25 mm 1.D. non-deactivated
fused-silica column coated with immobilized Chirasil-nickel
(film thickness 0.25 pwm). Conditions: temperature pro-
grammed from 100°C to 145°C at 2.0°C/min after an isother-
mal period of 3 min at 100°C; 1.3 bar He.
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Fig. 5. GC enantiomer separation of homologous 2-alkanols
on a 25 mx0.25 mm I.D. non-deactivated fused-silica
column coated with immobilized Chirasil-nickel (film thick-
ness 0.25 pm). Conditions: temperature programmed from
125°C to 165°C at 6.0°C/min after an isothermal period of 3
min at 125°C; 1.0 bar He.
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Fig. 6. GC enantiomer separation of cyclic and bicyclic
ketones on a 25 m X 0.25 mm L.D. non-deactivated fused-
silica column coated with immobilized Chirasil-nickel (film
thickness 0.25 wm). Conditions: temperature programmed
from 130°C to 170°C at 2.0°C/min after an isothermal period
of 5 min at 130°C; 1.0 bar N,.
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those found on cyclodextrin columns. Together
with the ease of access to both enantiomeric
forms of the chiral ligand in the metal complex,
which allows the elution order of the separated
enantiomers to be reversed, this is of great
interest for the tandem-determination of the
enantiomeric excess in highly enriched samples
[16].

Representative gas chromatograms demon-
strating the enantiomer separation of racemates
belonging to different classes of compounds
obtained on the immobilized Chirasil-nickel are
shown in Figs. 4-8 (see also the data in Table I).
Although the fused-silica columns were not
deactivated prior to coating, cyclic and acyclic
alcohols (Figs. 4 and 5) show only slight peak
tailing, which is essentially a result of the high
complexation strength of alcohols towards the
nickel complex, revealing a good coating and
separation efficiency. Cyclic and bicyclic ketones
(cf., Fig. 6) are separated quantitatively into the
enantiomers. Even the enantiomer separation of
v-lactones (cf., Fig. 7), which cannot be readily
carried out on Chira-metals [3], is feasible on
the Chirasil-nickel stationary phase. For

5 10 15 20 25 min
Fig. 7. GC enantiomer separation of homologous y-lactones
on a 25 mXx0.25 mm I.D. non-deactivated fused-silica
column coated with immobilized Chirasil-nickel (film thick-
ness 0.25 pm). Conditions: temperature programmed from
115°C to 170°C at 2.0°C/min after an isothermal period of 3
min at 115°C; 2.0 bar He.
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Fig. 8. GC enantiomer separation of 2-methyltetrahydrofuran
on a 25 mx0.25 mm LD. non-deactivated fused-silica
column coated with immobilized Chirasil-nickel (film thick-
ness 0.25 um). Conditions: temperature isothermal at 90°C;
1.0 bar N,,.

2-methyltetrahydrofuran a high separation factor
(@ =2.02 at 90°C; cf., Fig. 8) was found.
The configurationally labile enantiomers of
homofuran show a temperature-dependent
plateau between the resolved antipodes (enantio-
merization) [38,39] during chromatography on
Chirasil-nickel. The computer-simulated peak
profile analysis [40] of chromatograms obtained
between 95 and 130°C showed for the first time
an example in complexation GC where the metal
complex obviously exerted no catalytic effect of
the interconversion of homofuran during chro-
matography as the rate constants found for
mobile and stationary phase are very similar to
the values obtained independently by polarim-
etry.

Complexation supercritical fluid chromatography

When coated on the inner surface of small-
diameter fused-silica columns, Chirasil-nickel
can be employed for complexation SFC using
carbon dioxide as the mobile phase [28]. It is
noteworthy that carbon dioxide, even in the
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Fig. 9. SFC enantiomer separation of 1-(hetero)aryl func-
tionalized ethanols on a 2.5 m X 0.05 mm I.D. non-deacti-
vated fused-silica column coated with immobilized Chirasil-
nickel (film thickness 0.25 pwm). Conditions: CO,, density
programmed from 0.16 g/mi (9.60 MPa) at 0.015 g/ml - min
to 0.46 g/ml (23.0 MPa) after an isothermal period of 5 min
at 0.16 g/ml; temperature 120°C; flame ionization detection.

supercritical state, does not compete with solute
molecules for coordination sites of the nickel
ion. A high degree of immobilization is essential
for these stationary phases in order to resist the
solvation strength of supercritical carbon diox-

5=
Sem
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1 L ] . ! s { . Il

0 5 10 15 20 25 30

min

Fig. 10. SFC enantiomer separation of racemic dimethyl-
1,1'-binaphthyl-2,2'-dicarboxylate on a 4 m X 0.05 mm I.D.
non-deactivated fused-silica column coated with immobilized
Chirasil-nickel (film thickness 0.40 pm). Conditions: CO,
from 0.20 g/ml (9.30 MPa) at 0.02 g/ml-min to 0.6 g/ml
(23.0 MPa) after an isothermal period of 10 min at 0.20 g/ml;
temperature 70°C; flame ionization detection.
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ide. A representative chromatogram is shown in
Fig. 9, where the enantiomer separation of
underivatized alcohols was achieved on a 2.5
m X 0.05 mm L[.D. non-deactivated fused-silica
column, coated with immobilized Chirasil-nickel.

Two features render capillary SFC more
favourable than capillary GC for the separation
of enantiomers. The low volatility of several
compounds is not an obstacle in SFC owing to
the strongly enhanced solvation power of super-
critical mobile phases. As an example, racemic
dimethyl 1,1’-binaphthyl-2,2’-dicarboxylate can-
not be separated into enantiomers at the high
temperature required for elution in complexation
GC but can be quantitatively separated by com-
plexation SFC (cf., Fig. 10). More important,
however, in the usual enthalpy-controlled do-
main of enantioselectivity, separation factors «

Complexation GC Complexation SFC

150°C 40°C

0.1 MPa N2 25.0 MPa COQ

U

—r 1T T

0 4 min ] 4 min

Fig. 11. Comparison of the enantiomer separation of
1-phenylethanol by complexation GC on a 25 m x 0.25 mm
1.D. non-deactivated fused-silica column coated with im-
mobilized Chirasil-nickel (film thickness 0.25 pum; tempera-
ture 150°C; 1 bar N,) and complexation SFC on a 2 m x 0.05
mm I.D. non-deactivated fused-silica column coated with
immobilized Chirasil-nickel [film thickness 0.25 pm; tem-
perature 40°C; 0.883 g/ml (25.0 MPa)].
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increase on decreasing the temperature of sepa-
ration. Consequently, it must be the aim of
chromatographic enantiomer separation to lower
the analysis temperature in order to enhance
enantioselectivity.

Fig. 11 shows the enantiomer separation of
1-phenylethanol in complexation GC and com-
plexation SFC achieved under conditions charac-
teristic for each method. When the resolution

R_\/N<a—1)< Kk} )
s 4 a ki+1

and overall retention times in both methods are
adjusted to comparable values (R, =2.15, being
sufficient for the quantitative enantiomer separa-
tion), the low analysis temperature accessible in
complexation SFC gives a =2.38 (40°C), com-
pared with 1.13 in complexation GC at 150°C.

For rapid elution of the separated enantiomers
in SFC, the density of the supercritical carbon
dioxide can be increased to 0.883 g/ml [250 atm
(1 atm=101325 Pa)]. Although SFC cannot
compete with GC with regard to efficiency, it is
remarkable that here for the first time is an
example where the enantioselectivity observed in
GC can be improved considerably under SFC
conditions by the use of low analysis tempera-
tures, high mobile phase densities and relatively
short, narrow-bore capillaries.

This result, which has also been found for
other solutes, is in contrast to the results found
for Chirasil-Val [41] and Chirasil-Dex [42]. Both
chiral stationary phases show a significant de-
crease in enantioselectivity when the density of
supercritical carbon dioxide is increased, which
was explained by interactions of carbon dioxide
with the selectors. The absence of such interac-
tions reducing enantioselectivity recommends
complexation SFC not only for the chromatog-
raphy of non-volatile chiral molecules but also
for an improvement in the enantioselectivity
observed in complexation GC. However, a limit-
ing factor that has to be considered is the
decrease in the solute diffusion coefficients,
especially at low analysis temperatures and high
densities of the carbon dioxide. The observed
increase in the separation factor a may thus be
adversely compensated for by a decrease in

95

efficiency, notably at higher flow-rates of the
supercritical mobile phase.

CONCLUSIONS

The use of immobilized Chirasil-nickel as
enantioselective stationary phase greatly extends
the scope of complexation GC and allows SFC to
be employed for the analysis of enantiomers.
The synthesis of related Chirasil-metals, e.g.,
with manganese(II) or zinc(II) ions, carried out
in the same manner, will further improve the
applicability of this chiral stationary phase in
complexation chromatography.
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ABSTRACT

Twenty-two protein amino acids were simultaneously derivatized to N(O)-tert.-butyldimethylsilyl derivatives by a single-step
reaction at 75°C for 30 min with the silylating reagent N-methyl-N-(tert.-butyldimethylsilyl)trifluoroacetamide. All of the
derivatives were quantitatively resolved in 41 min by GC on DB-1 capillary column. The relative standard deviations of the
relative molar response with regard to the internal standard (pyrene) were less than 5% for all of the derivatives. Calibration
graphs showed good linearity in the measured range. Correlation coefficients and regression coefficients for all of the calibration
graphs were highly significant (p < 0.001). The mass spectra of the derivatives showed that all of the amino acids were derivatized

to the N(QO)-tert.-butyldimethylsilylamino acids.

INTRODUCTION

The advantages of a gas chromatographic
(GC) analysis of amino acids are obviously the
low cost, the high sensitivity and the much
greater versatility of the instrument compared
with specialized amino acids analysers [1]. More-
over, GC offers a relatively simple means of
combining the analytical system with mass spec-
trometry [2]. A disadvantage, however, is the
necessity to derivatize the amino acids into more

* Corresponding author.

0021-9673/93/$06.00

volatile, less polar compounds that are suitable
for GC separation. Therefore, not only the
development of GC systems but also the con-
comitant development of suitable derivative re-
actions are factors that lead to successful separa-
tions.

In most of the recent work in this field, the
derivatization was carried out by more than
two-step reactions, based on acylation of the
a-amino group and esterification of the carboxyl
group. Even though the GC analysis of acylated
amino acid alkyl esters has become routine,
there are some negative aspects of the derivati-
zation procedures such as two incompatible
reaction media with an intermediate evapora-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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tion step, degradation of the amides, glutamine
and asparagine, due to the HCI catalyst, low
solubilities of some amino acids in the higher
alcohols and high reaction temperatures [3].
Therefore, the quantitative derivatization of all
the functional groups of protein amino acids by
one-step reaction has been studied. A relatively
successful method was the trimethylsilylation
(TMS) procedure with the silylating agent bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) [4].
However, two different reaction times were
required to derivatize quantitatively the protein
amino acids. Fourteen amino acids could be
silylated in 15 min at 135°C, whereas six amino
acids (glutamic acid, arginine, lysine, histidine,
tryptophan and cysteine) required 4 h at the
same temperature. Glutamine and aspargine
were also not detected as TMS derivatives.
Glutamine, asparagine and their acids have
been successfully derivatized to N(O)-tert.-
butyldimethylsilyl (tBDMSi) derivatives by
N-methyl-N-(tert.-butyldimethylsilyl )trifluoroace-
tamide (MTBSTFA) and quantitatively sepa-
rated on an SPB-1 fused-silica capillary column
by GC [5]. Since then, the analysis of tBDMSi
amino acid derivatives by capillary GC have
been successfully accomplished for standard
protein amino acids [6-9], protein hydrolysates
and physiological samples [6,10-13]. Mass spec-
tra of the derivatives were also obtained in
several studies [7,8,10,11]. However, we were
not able to find a successful report of quantita-
tive analysis and a single-step derivatization
method unider mild conditions for all 22 protein
amino acids. Recently, the GC analysis of
N(O,S)-ethoxycarbonyl amino acid ethyl ester
derivatives obtained with ethyl chloroformate
was accomplished for 21 protein amino acids,
but derivatization of arginine was incomplete
and it failed to elute from the column [14,15].

The objective of this investigation was to
study the derivatization of the 22 protein amino
acids simultaneously in one reaction step with
MTBSTFA and the quantitative separation of
the derivatives on a DB-1 capillary column by
GC. To identify the tBDMSi amino acid deriva-
tives mass spectra of the derivatives also were
studied.

EXPERIMENTAL

Materials

N-Methyl-N-(tert.-butyldimethylsilyl)trifluoro-
acetamide (MTBSTFA) was obtained from Al-
drich (Milwaukee, WI, USA). Standard amino
acids were obtained from Sigma (St. Louis,
MO, USA). All other reagents and solvents
were of analytical-reagent grade.

Derivatization

A mixture of standard amino acids (10 ul of
solution containing 2.5 wmol/ml) was placed in
a 1-ml conical vial and the solvent was com-
pletely evaporated at 50°C with dry nitrogen.
Exactly 25 ul of internal standard (I.S.) solution
(2.5 pmol of pyrene/ml of pyridine), 15 ul of
MTBSTFA and 2 pl of triethylamine were
added in that order. After tightly capping the
vial, it was heated at 75°C for 30 min. After
cooling to room temperature, the reaction mix-
ture was injected directly on to the GC column.

Gas chromatography

All chromatography was accomplished with a
Hitachi 163 gas chromatograph equipped with a
capillary injection system with a split injector
and a flame ionization detector. A DB-1 (100%
methylsiloxane) fused-silica capillary column (60
m X 0.35 m I.D., 0.25 um film thickness) (J &
W Scientific) was used. The carrier gas (hydro-
gen) flow-rate was 2 ml/min. The splitting ratio
was 5:1. The make up gas was nitrogen at a
flow-rate of 30 ml/min.

Mass spectrometry

Mass spectra of tBDMSi amino acid deriva-
tives were obtained using an HP 5971 mass-
selective detector operated in the electron im-
pact (EI) ionization mode. The ionization
energy was 70 eV. A DB-1 capillary column (30
m X 0.25 mm I.D., 0.25 uwm film thickness) was
used. The carrier gas (helium) flow-rate was 0.9
ml/min. The other conditions were same as for
GC.
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RESULTS AND DISCUSSION

Chromatography

The chromatographic elution of the derivatives
of a mixture of standard amino acids is shown in
Fig. 1. All of the 22 protein amino acids were

Fig. 1. Gas chromatogram of N(O)-tert.-butyldimethylsilyl-
amino acids obtained on a DB-1 capillary column. Amount
injected, 600 pmol, except cystine (1.2 nmol) and L.S. (750
pmol).

resolved in 41 min. Especially glutamine and
asparagine were completely separated from their
acids. The results for these four derivatives was
similar to those reported previously [6,9-11].
Incompletely resolved derivatives were iso-
leucine and threonine, hydroxyproline-1 and
cysteine and tryptophan and tyrosine. The hy-
droxyproline derivative showed multiple peaks.
The peak of the cystine derivative appeared at
about 300°C; this derivative seems less volatile
than the others.

Relative molar response (RMR) and calibration
graphs

The molar responses relative to pyrene are
given in Table I. Four replicate samples were
analysed. The amount of each amino acid inject-
ed was 600 pmol and that of pyrene (I.S.) was

TABLE 1

RELATIVE MOLAR RESPONSES (RMR) OF N(O)-
tert.-BUTYLDIMETHYLSILYLAMINO ACID DERIV-
ATIVES

Amino acid RMR* S$.D’ R.S.D. (%)"
Ala 2.855 0.113 3.96
Gly 2.620 0.083 3.17
Val 3.190 0.015 3.61
Leu 3.343 0.108 3.23
Tle 3.293 0.155 4.71
Thr 1.178 0.058 4.92
Gin 2.430 0.048 1.98
Met 2.920 0.068 2.33
Ser 1.675 0.075 4.48
Pro 1.895 0.068 3.59
Phe 3.298 0.055 1.67
Asp 3.353 0.053 1.58
Hypl 0.885 0.008 0.90
Cys 0.648 0.030 4.63
Glu 2.665 0.088 3.30
Asn 1.898 0.078 4.11
Lys 1.670 0.075 4.49
Hyp2 0.758 0.037 4.88
Arg 0.670 0.032 4.78
His 0.815 0.008 0.98
Trp 1.928 0.060 3.11
Tyr 3.148 0.140 4.45
Cyt 0.410 0.020 4.88

“ Values are relative to pyrene = 1.
b
n=4.
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750 pmol. The relative standard deviations
(R.S.D.s) were less than 5% (n = 4) for all of the
amino acid derivatives. The reproducibility
showed high precision. The arginine, hydroxy-
proline, histidine, cysteine and cystine peaks
were relatively small; especially the cystine peak
was so small that it could not be detected at
levels below 400 pmol. There are several reports
that arginine is the most difficult amino acid to
derivatize completely [7,8,10], but in our study
cystine also seemed to be difficult to derivatize at
temperatures below 75°C.

Calibration graphs for all of the amino acid
derivatives, obtained by plotting the ratios of
their peak areas to that of internal standard,
showed good linearity in the range 238-833
pmol, except for the cystine derivative, which
showed linearity in the range 476-1900 pmol
(Table II). Cystine, proline, histidine and ar-
ginine showed poor linearity compared with the
other derivatives. The correlation coefficients of
the calibration graphs for these derivatives were
also highly significant (p <0.001). Typically, the
R.S.D.s were lower than 5% (n =15), except for
serine, proline, cysteine, arginine, histidine,
tryptophan and cystine, which showed higher
values but <10%.

Mass spectra

The identities of the derivatives were estab-
lished by EI mass spectrometry. The mass spec-
tra were characterized by the ions M—15
(CH,), M —57 [C(CH,),], M—85 [C(CHj;), +
CO], M — 159 [COOSi(CH,),C(CH,);], M- R,
m/z 189 l(CH3)C(CH3)ZSiO=Si(CH3)2], +147
[(CH,),SiO = Si(CHj;),], 133 [(CH,),HSiO =
Si(CH,),] and 73 [(CH,;),Si]. In sulphur amino
acids, additional fragmentations were observed
for C-S and S-S bond cleavage with charge
retention on either fragment. These fragmenta-
tion patterns were similar to those for TMS
derivatives [16] and tBDMSi derivatives in other
reports [7,8,10,11], where TMS derivatives of
aliphatic a-amino acids were characterized by
molecular ions M —15 (CH;), M —43 (CH; +
CO), M —117 (COOTMS) and M —R [16] and
tBDMSi amino acid derivatives by molecular
ions, M— 15, M —57, M — 85, M — 159, M — 302
and M - R [7,10].
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TABLE 11

LINEAR REGRESSION ANALYSIS OF RELATIVE
MOLAR RESPONSE AGAINST AMOUNT INJECTED
OF AMINO ACID AS THEIR tBDMSi DERIVATIVES

Internal standard, pyrene: amounts injected, 238, 357, 476,
595, 714 and 833 pmol (n =4).

Amino Regression line”
acid
s b r

Alanine 0.0017 0.081 0.979
Glycine 0.0017 0.022 0.989
Valine 0.0017 0.153 0.992
Leucine 0.0019 0.129 0.991
Isoleucine 0.0019 0.116 0.994
Threonine 0.0009 —0.108 0.992
Glutamine 0.0014 0.097 0.983
Methionine 0.0018 0.052 0.991
Serine 0.0014 —0.060 0.969
Proline 0.0011 0.002 0.935
Phenylalanine 0.0021 0.018 0.989
Aspartic acid 0.0022 0.030 0.993
Cysteine 0.0007 -0.073 0.979
Glutamic acid 0.0019 —0.008 0.991
Asparagine 0.0014 -0.072 0.989
Lysine 0.0014 —0.164 0.992
2-Hydroxyproline 0.0005 0.056 0.968
Arginine 0.0005 0.007 0.964
Histidine 0.0011 —0.342 0.975
Tryptophan 0.0018 —0.338 0.982
Tyrosine 0.0024 -0.102 0.992
Cystine 0.0011 —0.060 0.969

“ s = Slope; b = intercept; r = correlation coefficient.

The relative intensity of the major ions in the
EI mass spectra of tBDMSi amino acid deriva-
tives are given in Table III. Molecular ions were
not detected except for methionine, lysine and
histidine. The relative intensity of the lysine
molecular ion was high (7.1%). The fragmented
jons of M — 57, M — 85 and m/z 147 and 73 were
detected with high intensity for all derivatives.
Even though the fragment of m/z 133 was
detected with relatively lower intensity than the
above fragments, it could be observed in all
derivatives.

The m/z 133 fragment was also observed in
the chemical ionization mass spectra of the
tBDMSi derivatives of glutamine and asparagine
in another study [5]. In our study, we considered
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Fig. 2. Possible MS fragmentation pathways of N(O)-tert.-butyldimethylsilylamino acids.

that the m/z 133 fragment would be produced
from pathway VI (Fig. 2), as an intermediate
fragment of m/z 189 [(CH,);C(CH;),SiO =
Si(CH,),] prior to the m/z 133 fragment was
detected for all the derivatives (Table III). If the
m/z 133 fragment were [H,O0Si(CH,),C(CHj;),],
the M — 131 fragment should be detected for all
the derivatives, but it was not observed with
most of them. We therefore consider that path-
ways IX, X and XI (Fig. 2) hardly take place.
The intensity of the M — 57 fragment was far
greater than that of the M —15 fragment. As
neutral radicals have the stability order
tertiary > secondary > primary [17], the cleavage
pathway would favour pathway II rather than I
(Fig. 2).

Mass spectral fragmentations of tBDMSi
amino acids are shown in Figs. 3-7. All the
derivatives were broken down almost according
to the pathways in Fig. 2. The glutamine mass
spectrum was consistent with the conversion of
glutamine to pyroglutamic acid. It could be
concluded, on the basis of the mass spectrum,
that the glutamine derivative was a pyroglutamic

acid derivative that had been quantitatively con-
verted into pyroglutamic acid during the derivati-
zation reaction [5]. However, glutamine is con-
verted to ammonia and pyroglutamic acid on
heating under weakly acidic or alkaline condi-
tions [18,19] and the reaction proceeds slowly
even at ca. 4°C. Further, there is a report that
glutamine can be derivatized with MTBSTFA
without loss of the amino moiety and without
cyclization to produce a chromatographically
stable compound [11]. It appears, therefore, that
the conversion to pyroglutamic acid occurred
during the storage of standard glutamine in 0.1
M hydrochloric acid.

An M — 13 fragment was found for proline and
hydroxyproline. We assume that this fragment
was produced as follows:

o -CH(13) 3

-N-CH-(‘lO—-m—»—--———-—-) -NCH-(I)I-O-
HZ(L, | A HyC
5 HyCe



K.-L. Woo and D.-K. Chang |/ J. Chromatogr. 638 (1993) 97-107

102

00T 60 ¥'LS €€ 001 €76 00I 00T 00T 00T 97L 001 989 866 001 LS8 ¥'6L 001 <TI0 TEE 90F 8EL TPS JSY(*HD)
08 €T 99 vT TL €11 601 L'6 610 S0T €L L0l T6 9% 9%l 601 €8 LOI T9 €S 19 ¢6 18 “*HO)S = O*(*HO)ISH
+
L6 89 66 S'S SPl 8€T 8€ PO 6SE 65T 86 €LT L6 L¥I $TE L9 0ST 6'ST S6I TSI 0€T 001 S'Sp “(*HO)S = OIS*(*HD)
LL 0T 0T TO TL 0L ST vp 9T ST 01 Ly €1 S0 1T ¥T ¥Z 99 LT 01 €I 08 8T “(‘HONS= O (*HI)OY(*HD)
+
- 0§ LtT 001 ¥'8 - - - - - s - - - - - = = - = = I
8Ly 00T 001 L8 8&¥ - P99 9€€ - $88 - T69 00I - €9 Lv -~ STv 6TS 89¢ 8ST - - q4-W
91T T6 99 906 ¥T L0€ 8L €TI €TL $¥8 0TC 0SE L99 §LT §L8 00 11T +'6C 001 00T 00T T'LI 001 ISNAgI000 - N
- Sy TS L1 - 88 - - 96 ¥V LLI SOT 9Sh 10T 819 6€8 €6L v'S 6LE €LE PO €L £9S 02 -(*HD)D -
€€ S6 68 ¥ -~ LS L€ 106 198 0€9 092 TSy S6F LS 9SL I'SL 001 +'€5 67 89 99 €LL €SS (‘HD)D -
- € - 1T - -TL ST TE ST ¥0 0T TE€ ¥0 Lv 0€ SL v1 61 81 TT TE 8T ‘HO-W
- - - %0 - -TL - - - - - - - -9 - - - - - - = W
Mo 1L dig sig B1y gdAg s usy niy sA) 1dAH dsyv eygd o1y Ies N wWD Iyl S N1 [BA LD ey uof

STAILVAIYEA dIDV ONINY (ISWAE}) TATNSTAHLAWIATALNE-#9-(0O)N 40 VI10ddS SSYI I3 FH.L NI SNOI JOIVIN 40 SALLISNTINI JALLVT1Id

I F1dV.L



K.-L. Woo and D.-K. Chang / J. Chromatogr. 638 (1993) 97-107 103

Abundance P.
k ((CH3 )3C(CHy )251-KN-CH-C-0-Si (CH3 )2C(CH3 )3 )
Ala 158 Oy (M) a7
300000
73 (w1%3) a2 ()
400000 -] >, /
Ty
900000 -
] 3
1
100000 4! 59 \ 189 (+15)
A 9 202
5 DY A A R | P
100 200 300
(CHy )JC(O«;hSHN-cu-E-O»Si(m,);c(m,),
700000 { Vel 186 IIC(CHy )2
200000 {¥-159) (M) :(345)
300000
00000 2 (K85)  (%-57)
200000 1 147 % e
200000 / (¥115-15) [3):)—’21] (+15)
100000 m 103 13 J 26
p Lol b / |
. + -
190 200 300
{11e Hog (¥150)
roowo | (CHa)3C{CH }aSi -N-CH-C-0-S1{CH )2 C(CHy )y | 200
g #ea 302
300000 7 (i (#85) 7S (8)
400000 1 CHy (4] :(359) m )]
‘IM: ll" (M-15)
woo{ 41 103 lJJJ 150 us U4
° e, Al , lL e 1 4 e
100 200 300
!
_CH- -CH. Pyroglutasic acid
NH ?{ COOH P'l ?( COOH 'yroglutasic aci (H‘&S] [H-S?)
oo { Gln G — 0COh m
73 | CHaCONz CHa l’"ﬂs"“ { 300
300000 - 0
(cn,),c(o«,),si-y-m-&o-sua«:hcm;):
200000 7 0=C\, 2
CHy 198 (M) :(357) (HS)
100000 1s 13 186 i U2
4 A N l 228 0
oL Lo A A RN Y iy ) L
100 200 300
2
(CM:):C(O!J):SI*NI-CH-!’:-O-Si(CMg)xC(CI()); 268
Ser 73 CHz-0-Si (O3 )2C(CHy )y { (+159) 390
300000 (M) :(447) (85} = (r)
362
] ()
302
147
! (HR-51-15) (15
100000 -} 133 1 230 15)
41 7 218 7 432
Looaa bops dd oy 520 e ra
- t — ey L T
100 200 300 00

MassiCharge

Fig. 3. EI mass spectra of N(O)-tert.-butyldimethylsilyl derivatives of alanine, valine, isoleucine, glutamine and serine.
M —15, CH,; M—57, C(CH,);; M-85, C(Cng)3 +CO, M — 115, Si(CH,),C(CH,),; M — 131, 0Si(CH;),C(CH,),; M — 159,
COOSi(CH,),C(CH,),; 189, (CH,),C(CH,),SiO = Si(CH,),; 147, (CH,);Si-O = Si(CH,),; 133, (CH,),HSiO = Si(CH,),; 73,
(CH,),Si.
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Fig. 4. EI mass spectra of N(O)-tert.-butyldimethylsilyl derivatives of glycine, leucine, threonine, methionine and proline.

of cystine, the M/2 ion produced from cleavage
of the S-S bond was observed with high inten-
sity.

In the spectrum of arginine, ions of m/z 442
M- C,H, - CH,), 340 (M — 172) and 207 were
found with other unusual ions. In the spectrum
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Fig. 5. EI mass spectra of N(O)-tert.-butyldimethylsilyl derivatives of phenylalanine, hydroxyproline-1, glutamic acid, lysine and

arginine.

CONCLUSIONS

butyldimethylsilyl derivatives by a single-step

reaction with N-methyl-N-(zerz.-butyldimethyl-

Amino and carboxyl groups of all protein
amino acids can be silylated to the N(O)-tert.-

silyl) trifluoroacetamide as the silylating reagent.

"All 22 protein amino acid derivatives were
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Fig. 6. EI mass spectra of N(O)-tert.-butyldimethylsilyl derivatives of aspartic acid, cysteine, asparagine, hydroxyproline-2 and

histidine.

successfully separated on a DB-1 capillary
column (60 m X 0.35 mm I.D.). Because the
R.S.D.s of the relative molar responses were
<5% and the calibration graphs showed good

linearity, this method could be useful for both
the qualitative and quantitative analysis of pro-
tein amino acids. The extension of this method
to biological amino acids is in progress.
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ABSTRACT

A rapid isotachophoretic method was used for the simultaneous determination of sodium octanoate and N-acetyl-DL-
tryptophan, which are used for the stabilization of human serum albumin (HSA) solution. The methods of external calibration
and standard addition were used with conductimetric and spectrophotometric detection. The operational system applied is
suitable also for the simultaneous determination of organic acids present in HSA solution without further treatment.

INTRODUCTION

Commercially prepared solutions of 20 or 5%
human serum albumin (HSA) concentration are
thermally treated in the course of their pro-
duction in the presence of stabilizers [1], e.g., a
mixture of 20 or 5 mmol each of sodium oc-
tanoate and N-acetyl-DL-tryptophan. In order to
test the quality of the final products, various
analytical methods have been utilized [2-10], but
all of them require treatment of the samples
prior to the analysis. In this paper, a rapid
isotachophoretic method without treatment such
as extraction or protein precipitation is sug-
gested. The operational system described by

* Corresponding author.

0021-9673/93/$06.00

Everaerts et al. [11] was modified and used for
the simultaneous determination of organic acids
in the HSA solution.

EXPERIMENTAL

Samples of albumin were from Imuna
(Sarisské Michal’any, Slovak Republic). Sodium
octanoate and N-acetyl-DL-tryptophan were sup-
plied by Merck (Darmstadt, Germany), the
reagents for the preparation of the operational
electrolyte system by Serva (Heidelberg, Ger-
many) and acetate and citrate by Lachema
(Brno, Czech Republic).

A CS isotachophoretic analyser (VVZ PJT,
Spisska Nové Ves, Slovak Republic) was used.
The separation unit was assembled in a coupled-
column configuration [12-14] with a 40 x 0.85

© 1993 Elsevier Science Publishers B.V. All rights reserved
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mm [.D. preseparation column coupled to a 150
X 0.30 mm I.D. analytical column with conduc-
timetric and spectrophotometric (254 nm) detec-
tion. The detector signals were automatically
recorded and evaluated with a computer using
ITP software from KasComp (Bratislava, Slovak
Republic). The operational electrolyte system
was as follows: the leading electrolyte consisted
of 10 mmol/l each histidine and histidine mono-
chloride, with 0.1% hydroxylethylcellulose
(HEC) solution added to suppress electroen-
doosmosis, and the terminating electrolyte con-
tained 5 mmol/l 2-(N-morpholino)ethanesul-
phonic acid (MES) and 9.6% ethanol. The pH
was adjusted to 6.0 by adding tris(hydroxymeth-
yl)aminomethane (Tris).

Samples were prepared by diluting the pro-
teins to a concentration of 0.2% with water and
ethanol and analysed without further treatment
such as extraction or protein precipitation. A
30-u] aliquot of the sample was analysed. Exter-
nal calibration and standard addition were used.
The calibration solutions contained 0.2% of
protein (human albumin), 4.8% (v/v) of ethanol,
0.40-0.05 mmol of sodium octanoate and 0.05-
0.40 mmol of N-acetyl-DL-tryptophan. The stan-
dard addition solution contained 0.40 mmol of
sodium octanoate, 0.40 mmol of N-acetyl-DL-
tryptophan, 0.70 mmol of citrate, 0.80 mmol of
acetate and 4.8% (v/v) of ethanol. The sample
solution was injected into the terminating elec-
trolyte near the boundary between the leading
and terminating electrolytes. The driving current
in the detection capillary (I,) was 50 uA.

RESULTS

The signals were evaluated from the conduc-
timetric detector of the detection capillary in the
case of sodium octanoate and from both the
conductimetric and UV detectors of the detec-
tion capillary in the case of N-acetyl-pL-trypto-
phane.

Fig. 1 shows the isotachopherogram of 20%
HSA diluted 100-fold. The zones of the com-
ponents determined are perfectly separated,
which enables not only sodium octanoate (zone
3) and acetyltryptophan (zone 4) to be deter-

UVas, (—
' | TE
=

3
2 X
1
;‘_L_E_:/\_J JL__

dt

Fig. 1. Isotachopherogram of 20% HSA diluted 100-fold.
1 = citrate; 2 = acetate; 3 = sodium octanoate; 4 = N-acetyl-
DL-tryptophan; X = unidentified impurities from electrolyte
system. R =response of the conductimetric detector; dR/
dt = derivative of the conductimetric detector response with
time; A = absorbance of the UV detector at 254 nm; I, =250
pA; I,=50 uA; amount of sample =30 ul.
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Fig. 2. Calibration graphs for (O) sodium octanoate and (@)
N-acetyl-DL-tryptophan, both sets of values from the conduc-
timetric detector, and ((0) N-acetyl-DL-tryptophan from the
UV detector at 254 nm. The horizontal axis represents zone
length in seconds for conductimetric detection and the area
of the peaks calculated electronically for UV detection.
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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:

Crso = 0.0077¢ + 0.034 r = 0.9960
Crac = 0.0058 —0.042 r = 0.9989
Cuvae = 0.000065P — 0.82 r = 0.9964

where ¢y is the sodium octanoate concentra-
tion (mmol/l), cga. and cyya, are those for
N-acetyl-pL-tryptophan obtained from conduc-
timetric and spectrophotometric detection re-
spectively (mmol/1), #(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 1. 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

with sodium octanoate is less than 1 s and with
N-acetyl-pL-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-pL-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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NAct* 20.8 20.3 4.9 4.9




J. $ipos and A. Ninédkovd | J. Chromatogr. 638 (1993) 108—111

8 T. Dengler, S. Kellner and G. Furst, Infusionstherapie, 15
(1988) 273.

9 S. Tohru, M. Naka and T. Tsugikazu, J. Biomater. Sci.,
Polym. Ed., 1, No. 1 (1989) 3.

10 Y. Takashi, K. Tsuneo and H. Nobuo, Eur. Pat. Appl.,
EP 398388 (C) (1990); Jpn. Pat. Appl., 89126286
(1989), C.A., 115 (1991) 45685m.

11 F.M. Everaerts, J.L. Beckers and Th.P.E.M. Verheggen,
Isotachophoresis —Theory, Instrumentation and Applica-
tions (Journal of Chromatography Library, Vol. 6),
Elsevier, Amsterdam, Oxford, New York, 1976, p. 295.

111

12 F.M. Everaerts, Th.P.E.M. Verheggen and F.E.P. Mik-
kers, J. Chromatogr., 169 (1979) 21.

13 D. Kaniansky, Thesis, Komensky University, Bratislava,
1983.

14 D. Kaniansky, I. Zelensky, P. Havasi and M. Cerovsky,
J. Chromatogr., 367 (1986) 274.






Having problems keeping up-to-date with the latest developments in
analytical methods and instrumentation?
The obvious solution

CONSULTING EDITORS:

Y. Gohshi, Tokyo, Japan

J.F.K. Huber, Vienna, Austria

A. Townshend, Hull, UK
CONTRIBUTING EDITORS:

D. Barcel6, Barcelona, Spain

U.A.Th. Brinkman, Amsterdam, The Netherlands
A.E. Bruno, Basel, Switzerland

A.L. Burlingame, San Francisco, CA, USA
P. Van Espen, Wilrijk, Belgium

P.K. Gallagher, Columbus, OH, USA
G. Gauglitz, Tubingen, Germany

G. Gdrdg, Budapest, Hungary

M. Grasserbauer, Vienna, Austria

P.R. Haddad, Hobart, Australia

K. Jinno, Toyohashi, Japan

I.S. Krull, Boston, MA, USA

D.L. Massart, Brussels, Belgium

M. Munowitz, Naperville, IL, USA
R.W.A. Oliver, Salford, UK

Y. Umezawa, Tokyo, Japan

K.K. Unger, Mainz, Germany

M. Valcarcel, Cordoba, Spain

A.P. Wade, Vancouver, Canada

S.G. Weber, Pittsburgh, PA, USA

J.E. Wiktorowicz, Foster City, CA, USA
P.J. Worsfold, Plymouth, UK

trends in analytical chemistry

The articles in TrAC are concise overviews of new
developments in analytical chemistry, aimed at helping both
analytical chemists and users of analytical techniques to
explore and orient themselves in fields outside of their
particular specialization(s). The reviews form an excellent
introduction to topics of interest in numerous fields including
biochemistry, biotechnology, clinical chemistry, environmental
monitoring, instrumentation, forensic science, laboratory
automation, materials science and pharmaceutical chemistry.

Issues contain:
< news
< meeting reports

< a computer corner presenting useful tips for getting the
most out of a lab computer

< short, critical invited review articles aimed at an
interdisciplinary readership

« book and software reviews
< meeting announcements.

SUBSCRIPTION INFORMATION

Personal Edition 1993: Volume 12 (in 10 issues)
Dfl. 199.00 / US $ 110.50 (including postage)
ISSN 0165-9936

for individuals only, not available to libraries or
documentation centers

Library Edition 1993: Volume 12

+ Hardcover reference book

Dfl. 915.00 / US $ 508.25 (including postage)
ISSN 0167-2940

Elsevier Science Publishers

Attn. Brenda Campbell

P.O. Box 330, 1000 AH Amsterdam
The Netherlands

Fax: (+31-20) 5862 845

In the USA & Canada

Attn. Judy Weislogel

P.O. Box 945, Madison Square Station
New York, NY 10160-0757, USA

Fax: (212) 633 3880

O a Free Sample Copy of TrAC
[ Instructions to Authors.

[ to enter a Library subscription for 1993.
Send me a Proforma Invoice.

[ to enter a Personal subscription for 1993.

| would like

Name

Address

The Dutch Guilder price (Dfl.) is definitive. US$ prices are for your convenience only and are
subject to exchange rate fluctuations. Customers in the European Community should add the
appropriate VAT rate applicable in their country to the price(s).



Capillary Electrophoresis

Principles, Practice and Applications
by S.F.Y. Li, National University of Singapore, Singapore

Journal of Chromatography Library Volume 52

Capillary Electrophoresis
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cant impact on the field of
analytical chemistry in re-
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is capable of very high resol-
ution separations, requiring
only small amounts of sam-
ples and reagents. Further-
more, it can be readily
adapted to automatic
sample handling and real
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new methodologies based
on CE have been reported.
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ations of extremely small
amounts of chemicals and
biochemicals, including pep-
tides, proteins, nucleotides,
DNA, enantiomers, carbohy-
drates, vitamins, inorganic
ions, pharmaceuticals and
environmental pollutants
have been demonstrated. A
wide range of applications
have been developed in
greatly diverse fields, such
as chemical, biotechnologi-
cal, environmental and phar-
maceutical analysis.

This book covers all aspects
of CE, from the principles
and technical aspects to the
most important applications.
Itis intended to meet the
growing need for a thorough
and balanced treatment of
CE. The book will serve as a
comprehensive reference
work and can also be used
as a textbook for advanced
undergraduate and graduate
courses. Both the experi-
enced analyst and the new-
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SHINWA CHEMICAL INDUSTRIES, LTD.

50 Kagekatsu-cho, Fushimi-ku, Kyoto 612, JAPAN
Phone:+81-75-621-2360 Fax:+81-75-602-2660

In the United States and Europe, please contact:

Rockland Technologies, Inc.
538 First State Boulevard, Newport, DE 19804, U.S.A.
Phone: 302-633-5880  Fax: 302-633-5893
This product is licenced by Eisai Co., Ltd.
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