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THE DIRECT ELECTROCHEMICAL DETECTION OF
AMINO ACIDS AT A PLATINUM ELECTRODE IN
AN ALKALINE CHROMATOGRAPHIC EFFLUENT

J.A. Polta and D.C. Johnson*
Department of Chemistry
Iowa State University
Ames, ITowa 50011 U.S.A.

ABSTRACT

It is the general experience that most organic compounds
including amino acids do not produce reversible or even quasi-
reversible anodic waves at a Pt electrode under conditions of
conventional cyclic voltammetry. Furthermore, amperometric
detection of these compounds at a constant electrode potential
is not successful because of the accumu™ation of adsorbed
reaction products and/or an oxide film .. the electrode
curface, However, it is observed that a Pt electrode surface is
cleaned quite effectively of adsorbed organi. molecles and
radicals simultanaeously with the anodic formation of the oxide
layer. This oxidation of adsorbed organic species is concluded
., be electrocatalyzed by PtOH formed as the first step in the
production of the oxide layer (Pt0). A pulsed-potential
waveform applied at a frequency of ca., } Hz is demonstrated to
provide direct amperometric detection of adsorbed amino acids at
a Pt electrode. Satisfactory analytical precision (i.e., < 3%
rel. std. dev.) results because the waveform reproducibly
generates the catalytically active surface state at the Pt
electrode. Both primary and secondary amino acids are
determined with satisfactory detection Timits: e.g., ca. 13 ng
for glycine, 7 ny for phenylamine and 23 ng for hydroxyproline
in 50-ul samples. Analytical response is concluded to depend on
the adsorption isotherm of the amino acid bein§ detected,

Hence, the ralibration plot of l/Ipea vs. 1/CY is linear for
Tow surface covera :5, Results are shown for amperometric
detection of a synchetic mixture of amino acids by anion-
exchange ch: omatography using MaOH as the eluent and supporting
electrolyte.

1727
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ANTRODUCTION

An extensive literature (1-5) has accumulated during the
last three decades as a result of studies of the electrochemical
oxidations of organic compounds at noble-metal electrodes, in
general, and Pt electrodes, in particular. Nevertheless,
comparatively few electroanalytical procedures have received
wide acceptance for the anodic detection of organic compounds at
noble-metal electrodes in aqueous solvents. The reasons are
easily understood by observing that the anodic reactions
generally yield voltammetric responses (e.g., I-E curves)
characterized as being "surface-controiled". Surface-controlled
reactions are those in which the total faradaic charge passed is
controlled by the surface area of the electrode. Strong
chemical interaction of the surface with the reactants and/or
reaction products usually is concluded to exist for surface-
controlled reactions. 1In the case of the anodic detection of
simple alcohols at a Pt electrode, for example, a -surface-
catalyzed dehydrogenation occurs for the adsorbet molecules witHh’
the concomitant oxidation of the adsorbed hydrogen atoms, i.e.
(Mads H + e (6,7)." The remaining carbonaceous products of
the dehydrogenation reattion are strongly adsorbed at the
electrode, thereby blocking effectively those adsorption sites
from further participation in the anodic dehydrogenation of
unreacted molecules from the solution phase. - Hence, the
electrode current decays quickly to zero for the case of a
constant applied potential, Surface-controlled anodic reactions
of organic analyte previously have not found significant
applications for detectionin liquid chromatography.

It has long been the general experince in conventional
voltammetric studies of inorganic systems that the presence of
even trace levels of organic compounds can alter significantly
the I-E response of electroactive species. As a results#’it has
become standard practice to prescribe certain rites of surface
pretreatment for noble-metal electrodes to insure the
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reproducibility of voltammetric data (8). Pretreatment
inevitably includes the alternate anodic and cathodic
polarizations of the electrode at potential values near the
limits for decomposition of the aqueous solvent to bring about
the rapid, repeated formation and dissolution, respectively, of
an oxide layer at the electrode surface. It is our premise that
surface-controlled anodic reactions of organic compounds at Pt
and other noble-metal electrodes can be applied for amperometric
detection with satisfactory sensitivity and precision if the
active surface-state of the electrode can be reproduced exactly
prior to each measurement of the faradaic signal. We conclude
further that the oxide-catalyzed oxygenation reactions
responsible for the anodic cleaning of Pt electrodes can be used
as the basis for amperometric detection of those compounds in
aqueaus chromatographic effluents.

Traditional procedures for voltammetric analysis of large
volumes of solution in conventional cells have required
po =atial wavefora. which were designed to provide resolution of
the separate I-E rcsponses for each componient of a mixture of
electioactive species. Hence, the various waveforms (e.g.,
linear sweep, normal pulse, differential puls., etc.) were
required to produce a plot of the electrode current over a
substantial portion of the available potential range for the
particular electrode material in use. in applications of
amperometric detection to LC, we develop our waveforms on the
premise that the chromatographic system is responsible for
resolution of mixtures. Furthermore, the background signal is
easily determined in LC/EC from the detector response between
elution peaks. Consequently, extensive freedom is allowed in
the design of the waveforms to maximize the beneficial
electrocatalytic properties of the electrode surface,

There hzve been a few observations of greater stability in
the electrochemical response of solid electrodes resulting from
application of pulsed-potential waveforms. Breown [9] expressed
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the observation that for anodic organic electrolysis, the
"coating of the anode with insoluble, insulating, polymeric
films is a common hazard but it can be alleviated by use of
periodic polarity reversal techniques.” Clark, et al., [10]
applied pulsed voltammetry for oxidation of propylene at a Pt
electrode to maintain electrode surface activity. MacDonald and
Duke [11] observed an improvement in stability for the anodic
detection of p-aminophenol at a Pt flow-through electrode when
normal pulse amperometry was used instead of DC amperometry.
Stulik and Hora [12] applied periodic potential pulses during
the cathodic detecton of Fe3* and Cu™ at a Pt electrode and
reported improved stability of the cathodic signal when the
pulse amplitude was sufficiently large to result in formation
and subsequent dissolution of the oxide film on the electrode
surface. In previous work from our laboratory (13-16), a
triple-step potential waveform was applied successfully for the
anodic detection of the C-OH moiety of alcohols and
carbohydrates at a Pt electrode in alkaline solutions.

According to this waveform, see Fig. 1 of (15), the faradaic
current for oxidation c¢f adsorbed molecules is measured using an
analog sample-hold circuit in the last few milliseconcs of the
detection period at potentiaf Ey. The potential then is stepped
toa value E5 near the 1imit for anodic breakdown of the aqueous
solvent which causes the formation of an oxide layer at the
electrode surface with simuiltaneous oxidative removal of the
adsorbed organic radicals which had been produced during the
detection period. Further ancdic detection of molecules from
the solution does not occur at the oxide-covered surface and the
subsequent step of potential to E3 is necessary to bring about
cathodic reduction of the oxide layer. Molecules of unreacted
analyte from the solution phase are adsorbed at £y which, in ‘
turn, are detected following the subsequent potential step to
E1. The electrical current corresponding to the "residual™

surface processes following the step to £y (i.e., double-layer
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FIGURE 1.

Current-potential curves for glycine by cyclic Tinear scan voltammetry
at a Pt RDE.

Conditions: 0.25 M NaOH, @ = 7.2 V min“l, w = 168 rad sec’l.
Concentrations(mM): a - 0.00, b - 0.050, ¢ - 0.15, d - 0.35,
e - 0.70, f - 1.20/

i

charging, anodic dissolution of adsorbud hydrogen atoms produced
at b3, and the formation of a small amount of PtOH) decays more
quickly than the current for oxidation of the adsorbed alcohols
and carbohydrates. Hence, measurement of the desired analytical
signal can be made accurately after a delay of only a few
milliseconds. The use of a pulsed-potential waveform for
detection of alcohols and carbohydrates at Au electrodes has
also been demonstrated recently for detection in LC (17).

The general experience among electroanalytical chemists
that the quantitative determination of aliphatic amines and
amino acids in aqueous solutions cannot readily be achieved by
conventioqd] voltammetry and amperometry is illustrated here by
selected quotations. Adams (18) stated: "...aliphatic amines
are difficult to anodically oxidize in any quantitative
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fashion." Malfoy and Reynaud (19) claimed: "Among the 20 amino
acids present in the proteins only tryptophan and tyrosine are
selectively oxidized at a gold, platinum or carbon electrode.
Histidine is oxidizable only at a carbon electrode." Joseph and
Davies (20) reported: "Most amino acids are not

electroactive... They proceeded to describe the a priori
derivitization of amino acids to enable their electrochemical
detection in LC.

The direct anodic detection of amino acids at a constant
electrode potential has been reported recently by Huber et al,
(21,22) at an oxide-covered Ni electrode in alkaline
solutions. The detection reaction has been diagnosed by
Fleischman et al. (23) to occur with direct involvement of the
oxide. The amino acids reduce Ni0(OH)» to Ni(OH), with
subsequent anodic oxidation of Ni(OH), back to NiO(OH),.
Disadvantages of using the Ni electrode result from 1) a long
start-up time, during which the thickness of the oxide layer is
stabilized and the background current decays to a steady value;
and 2) the finite solubility of the oxides in the alkaline
electrolyte solutions.

Here we report on the successful testing of triple-step
potential waveforms for the direct anodic detection of primary
and secondary amino acids at a Pt electrode in 0.25 M NaOH.

MATERIALS

Current-potential curves (I-E) were obtained by cyclic,
lTinear scan voltammetry at a Pt rotated disk electrode {RDE,
0.460 cmz; Pine Instrument Co., Grove City, PA) using a model
PIR rotator and a model RDE3 potentiostat (Pine Instrument
Co.). The I-E curves were recorded by an X-Y recorder (model
REQ074, EG&G Princeton Applied Research). The chromatographic
system consisted of a CMA-1 chromatographic module and a PMA-1
pumping module (Dionex Corp., Sunnyvale, CA). Separations were
achieved with an anion-exchange column (model 48F, Dionex Corp.;



ELECTROCHEMICAL DETECTION OF AMINO ACIDS 1733

10-um, 1 cm i.do % 25 cm) at 40°C using 0.25 M NaOH as the
eluent at a flow rate of 0.6 mL min~’t. Sample volumes were 50
ub., Flow-injection detections were performed with the
chromatographic instrumentation after removal of the anion-
exchange column from the fluid stream.

The amperometric detector was constructed from 22-ga. Pt
wire which was heat-sealed into a 100-uL disposable glass
pipet. The flow-through detector cell was constructed in the
lowa State University Chemistry Shop according to a previous
design (16). Glass-filled Teflion (Crown Plastic, Inc., St.
Paul, MN) was used for the major portion of the detector body
with PTX plastic (Mitusi Petrochemical Ind., Ltd., Tokyo, Japan)
for the inlet system. Back pressure was applied to the solution
in the detector cell by a needle-valve connected into the outlet
tubing to eliminate eluent degasing and accumulation of bubbles
at the detector electrode. The triple-step waveform was
generated automatically by a microprocessor- controlled
potentiostat (model UEM, Dionex Corp.).. All electrode
potentials are reporied in volts (V) vs. the saturated calomel

electrode (SCE) as a reference.

CHEMICALS

A11 chemicals were reagent grade. Water was distilled,
demineralized, and passed through an activated carbon column
prior to use., Al1l eluent solutions of NaOH were prepared from a
saturated stock solution (18.0 M) using freshly boiled water to
minimize carbonate contamination. All eluents were passed

through a 0.45-um filter prior to use.

RESULTS AND DISCUSSION

The voltammetric responses of amino acids at Pt electrodes
in 0.25 M NaOH are illustrated adequately by the I-E curves for
glycine obtained for a cyclic, linear scan of potential as ~hown
in Fig. 1 for the Pt RDE. The residual response of the
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eleclrode (curve a) obtained in the absence of the amino acid is
characterized by an anodic wave during the positive scan for £ >
~0,3 V which corresponds to the formation of the oxide Tayer
(PtOH and Pt0). Rapid evolution of 0,(g) occurs for E > 0.6

V., The oxide layer is cathodically reduced on the negative
potential scan to produce the peak at -0.3 V. The cathodic and
anodic peaks in the region -0.6 to ~-0.9 V correspond to the
electrochemical production and dissolution, respectively, of
adsorbed atomic hydrogen, Rapid evolution of Hy(g) occurs for E
< -0.9 V. Additions of the amino acid result in a decrease in
the quantity of adsorbed atomic hydrogen which can be produced
during the negative potential scan. This is explained if the
amino acid is adsorbed at the electrode surface thereby
depleting the number of available Pt sites., Oxidation of the
adsorbed amino acid produces an anodic wave on the positive
potential scan in the region E = 0.3 - 0.6 V, with the current
increasing as a nonlinear function of the bulk concentration of
the amino acid (Cb). There is virtually no evidence for
oxidation of the amino acid on the subsequent negative potential
scan in the region £ = 0,6 - 0.3 V.

The anodic wave for the amino acid obtained on the positive
potential scan was determined to vary in height as a linear
function of the rate of potential scan and to be virtually
independent of the rotational velocity of the RDE. Such
behavior is consistent with the conclusion that the oxidation is
a surface-controlled reaction. Furthermore, the oxide film
produced on the positive potential scan to 0.65 V prevents
further detection of the amino acid on the negative potential
scan.

Various triple-step potential waveforms were developed on
the basis of the I-E curves in Fig. 1. Three such waveforms are
described in Table 1. Anodic detection of the amino acids
occurs at potential Ej. The anodic signal is measured using an

analog sample~hold circuit after the delay period tys ca. 50
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TABLE 1. Description of three triple~step potential waveforms
for detection of amino acids at Pt electrodes in
0.25 M NaOH.

Waveform Step Potential Period Function
(V) (msec)
A, 1 £y = 0.50 ty = 580 anodic detection
(tq = 530) (delay before sampling)
2 Ep = -0.89 tp =750 reduction/adsorption
3 E3 = 0.78 ty = 50 anodic activation
B. 1 Ey = 0,50 ty - 250 -as above-
tg = 200)
2 E, = -0.89  ty, = 650
3 Ey = 0.78 ty = 50
C. 1 Eq = 0.50 ty = 510 -as above-
tq = 460)
2 Er, = -0.89 tp = 360
3 Es = 0.70 ty = 50
. C
40 |
Zg 30
a 20
10 b
a
A | 1 1
20 40 60
t {sec)
FIGURE 2.

Current-time curves for glycine at a Pt RDE.

Conditions: 0.25 M NaOH; w = 41.9 rad sec™l.

Curves: a - 0.00 mM glycine, E = 0.50 V; b - 0.50 mM
glycine, E = 0.50 V; C - 0.50 mM glycine,
waveform A.



1736 POLVA AND JOHNSON

msec was allowed for the sampling operation., The potential
required to oxidize the amino acids is significantly more
positive than required for alcohols and carbohydrates in the
same alkaline medium. Hence, the coverage of the electrode
surface by oxide at the respective detection potentials (Ey) is
substantially greater for amino acids than for carbohydrates,
and the corresponding residual current is slow to decay to a
negligible value. The expected need for a long delay period
(td) before the analytical signal sampled is obviated in the
case of the amino acids by use of the large value for Ej with
the step back to the detection potential E;. For E3 > Ey, the
oxide coverage produced during the short period tg3 is greater
than the equilibrium coverage for potential Ej. Hence, the step
from E5 to £y results in the immediate cessation of oxide
growth., Electrochemical reduction of PtOH and Pt0 does not
occur at Ey and, therefore, the residual current is negligible
after several milliseconds. The potential step from £y to E,
does result in the rapid reduction of the oxide layer followed
by the adsorption of unreactad amino acids from the bulk
solution. Clearly, the surface-controlled oxidation of amino
acids commences immediately upon the potential step from £, to
Eq. The analytical success obtained for these waveforms results
because the period for decay of the faradaic current for the
amino acids is slow relative to the combined time periods tg +
tq. The waveforms are applied at a frequency of ca. 1 Hz which
is sufficient for the "continuous” monitoring of a
chromatographic effluent stream, Because the values of Ey and
Eq are near the 1imit for anodic breakdown of the alkaline
medium, retention on the electrode surface of free-radical
products generated during the detection period does not persist
substantially beyond the next repetition of the waveform.

The difficulty associated with application of surface
controlled reactions for amperometric detection at a constant
applied potential is illustrated for glycine in Fig. 2. Prior
to recording the current-time (I-t) data, the potential of the
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1.5 A

®

FIGURE 3.

Flow-injection detection peaks for glycine.

Conditions: 50-ulL injections; 0.25 M NaOH flowing at 0.80 mL mm"1
; waveforms as indicated. .

Concentrations(mM): a - 1.00, b - 0.50, ¢ - 0.33, d - 0.25, e - 0.20.

Pt RDE was cycled repeatedly in the manner used for obtaining
Fig. 1. The final scan was terminated at the negative limit,
the potential was stepped to 0.50 V and the I-t curve
recorded. The anodic signal in the presence of the amino acid
(curve b) decreased rapidly. The residual response in the
absence of the amino acid (curve a) is shown for comparison,
The I-t curve for glycine is also shown in Fig. 2 which was
obtained using the triple-step waveform A {curve ¢); no
pretreatment of the electrode was needed in conjunction with
curve c. No decrease of the signal was observed over a 10-min
period.
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Waveforms A and B in Table 1 were applied for the detection
of various amino acids in the flow-through detector under
conditions of flow-injection detection with repeated injections
of 50-ul. samples of the amino acids. The concentration of NaOH
in the samples and the carrier stream was 0.25 M,

Representative results are shown in Fig. 3 for glycine,

Baseline drift is less for waveform A, whereas sensitivity is
greatest for waveform B. For the purpose of comparing the
sensitivity of detection for various amino acids by the
waveforms in Table 1, the average peak currents obtained by flow
injection detection are given to Table 2 for 21 amino acids at a
concentration of 5.0 x 104 M. Precision is satisfactory for
all amino acids by the flow-injection technique with a relative
standard deviation < 3%.

Calibration plots for glycine (Ipeaklﬁb Cb), prepared from
data obtained by the flow-injection technique, approached
linearity at low concentrations (i.e., CPb < 0.6 mM) but deviated
significantly from linearity at higher concentrations. This
behavior is the same as thal observed for detection of alcohols
and carbohydrates (13-16) by the triple-step technique and is
concluded to be the consequence of a reaction mechanism in which
only adsorbed species are detected. Hence, the anodic signal is
proportional to the surface coverage (8) by the adsorbed
analyte. Based on the Langmuir isotherm, which is expected to
be valid for 8 << 1 (i.e., small %), plots of 1/Iyqs vs. 1/CP
are predicted to be linear. This prediction is verified by the
data in Fig. 4 for glycine.

Detection limits (signal:noise = 2) for several amino acids
using waveform B determined by flow-injection detection are
given in Table 3.

The applicability of the triple-step waveform for
amperometric detction of amino acids in the flow-through
detector is further demonstrated in Fig. 5 for the
chromatgraphic separation of a synthetic mixture of amino
acids. The potential waveform was C (Table 1), Response for



TABLE 2. Average peak current (uA) obtained by flow-injection
detection for 21 amino acids.
Electrolyte: 0.26 M NaOH at 0,50 ml. mi n~1
Amino Acids: 50 ul, 5.0 x 107"M in 0.25 M NaOH
Amino Acid Waveform Amino Acid Waveform
A B N B
alanine 6.44 13.9 leucine 4,32 8.13
B-alanine 10.46 17.8 lycine 18.6 22.7
arginine 26.9 32,0 methionine 23.7 26.5
asparagine 11.8 20.6 phenylalanine 23.5 30.3
cysteine 20.6 21.4 proline 2.19 5.19
cystine 13.6 16,7 serine 9.40 18.3
glutamic acid 3.92 7.19 threonine 10,38 18.3
glycine 8.58 16.4 tryptophan 25.9 31.6
Histadine 21.6 29.6 tyrosine 20,3 23.7
hydroxyproline  5.30 9.50 valine 3.56 6.53
isoleucine 3.86 7.68
T T H T L
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FIGURE 4.

Calibration curves (1/Ipeak VS, 1/Cb) for glycine by flow-
injection detection.

Conditions: 50-pl injections; 0.25 M NaOH flowing at

Curves:

0.80 mL min-1.
a - waveform A; b,c - waveform B.



TABLE 3. Detection Timits for several amino acids using
waveform B.

amino acid

ppm ng

(ug mL“l) (50_ul _sample)
phenylalanine 0.12 7
methionine 0.12 7
glycine 0.23 13
hydroxyproline 0.45 23
proline 0.86 43

2 Column: Dionex 48F (10 um, 40°C,
® g Lem id. x 25 cm)
g 2 Eluent: 0.25 M NaOH,
el % 0.60 mL min-1
I Sample: 50 ul, 1.0 mM for each
amino acid
2 o Haveform: C (see Table 1)
I
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FIGURE 5.

Chromatogram of Selected Amino Acids Using Triple-
Step Pulsed-Potential Amperometric Detection.

Peaks, in order of appearance: void, arginine, lysine,
alanine, glycine, methionine, phenylalanine, histadine.
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waveform C is similar to that for waveform A (i.e., low baseline
drift); however, the frequency is somewhat larger (i.e., 1.1 Mz
vs., 0.6 Hz for waveform A). The improvement in frequency came
by a substantial decrease of period to. Further decrease of o
resulted in a serious sacrifice of sensitivity, presumably
because adsorption of the amino acids did not reach the
equilibrium value of surface coverage. We hasten to emphasize
with regard to Fig. 5 that we are stressing the feasibility of
the amperometric detection system and not the quality of the
separation. The Dionex 48F anion-exchange column was used for
separations of carbohydrate mixtures under elution with dilute
solution of NaOH and conditions were not optimized for
separations of amino acids. The freedom to use alkaline
solutions for elution is certainly advantageous, although use of
post~column addition of the electrolyte can be successful
(15,16).

We predict, on the basis of work with amino acids and
carbonydrates, that triple-step potential waveforms will make
available many additional surface-controlied anodic reactions of
organic functional groups at noble-metal electrodes for
amperometric detection in liquid chromatography.
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TENSAMMETRIC DETECTION IN HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY,
APPLICATION TO LYNESTRENOL AND SOME CARDIAC GLYCOSIDES
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Department of Analytical Chemistry, Free University,
De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

ABSTRACT

The application potential of tensammetric flow-through detec-
tion in high-performance liquid chromatography is studied.
Batch experiments are performed to obtain optimal detection poten-~
tials. Lynestrenol, a steroid hormone used for birth control and
the cardiac glycoside digoxin are used as model compounds. Detec-
tion limits have been found in the order of 20 ng per injection
and permit the analysis of low dosage of pharmaceutical formula-
tions. The operation of the flow-through tensammetric detection
system 1s tested by detecting six cardiac—-glycosides after rever-
sed-phase chromatographic separation. For these analytes direct
tensammetric detection has been shown to be a feasible technique.
The use of such adsorption properties at a mercury electrode has
potential as a complementary electrochemical detection technique
for certain groups of compounds with no conventional electroche-
mical activity.

INTRODUCT ION

The application of electrochemical flow-through detectors in

HPLC based on the dropping mercury electrode (DME) has been demon-
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strated by several workers [l-4]. These DME delecltors were mostly
used in the reductive mode. Some studies reported [5,6] on the
application of tensammetry as detection technique in chromatogra-
phic systems, Tensammetry allows the detection of electro-in-
active compounds that adsorb at the mercury electrode surface.

In batch experiments a wide range of compounds have been studied
[7-9] . Several theoretical aspects of tensammetry in non-flowing
systems were subject to extensive treatment by various authors
[7-12].

A classical tensammogram [7,8] is presented in Fig. 1, it shows
two adsorption-desorption waves and baseline depression with res-—
pect to the blank electrolyte between these waves. Not only the
heights but also the position of the adsorption-desorption waves
in the tensammogram depends on the analyte concentration [7]. This
makes the use of the adsorption-desorption process troublesome
for detection in continuous flow systems when using commercially
available AC polarographic eguipment. By introducing computer ope-
rated devices or scan techniques as used in batch experiments on
both capacitive and faradalc processes, this problem can be over-
come {[13,14]. However, the most straight foreward approach to the
application of tensammetry to continuous flow systems is the: use
of the properties in the adsorbed state. Adsorption of the analyte
causes a depression in the electrochemical double layer capacity.
This change can be measured by monitoring the double layer capa-
city on a display device [5,15] or by monitoring the capacity cur—
rent [6]. When using the latter method calibration of the measu-
ring device is not necessary. The double layer capacity depression
can be observed over a wide polential range. The strongest de-—
pression is found in the neighbourhood of the electro-capillary
maximum. This position is not specific for the analyte studied. Be-
cause of this property of the adsorption process, Kemula claimed
tensammetry to be the most universal electrochemical detection
technique [5].

Besides the usual limitations in eluent choice introduced by the

demands of electrochemical detection, one is, when operating a ten-
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Fig. 1. Schematic representation of a tensammogram. Ep 1 peak
e 1
potential of the positive tensammetric wave.
E : peak potential of the negative tensammetric wave.
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tensammetric curve

————— blank curve

sammetric detector in reversed-phase high-performance liquid chroma-
tography (RP-HPLC), faced with adsorption of the polarity modifier
at the electrode surface. Methanol and acetonitrile seem to be the
most suitable modifiers in this context, Kthanol and higher alcohols
adsorb so strongly that only a few percent in a RP-eluent can be to-
lerated. In general, addition of a polarity modifier gives rise to a
lossg in signal. A compromise is therefore often necessary between
optimal separation and optimal detection conditions,

In this study the application of a tensammetry based detector is
illustrated by the detection and separation of several cardiac gly-
cosides and by the detection of lynestrenol (19-Nor-l17o-pregn-4-en-—
-20-yn-17-0l), a steroid hormone used in formulations for birth re-
gulation, In literature the chromatographic behaviour of cardiac gly-

cosides was studied in both normal-phase and reversed-phase systems
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[16-19]., Most determinations of lynestrenol were carried out with
TLC and GC methods [20-23]. No HPLC data are available on lynestre-
nol because of detection problems. Using a tensammetric detector we
shall demonstrate in this paper that RP-HPLC can be operated for the
determination of the compounds mentioned in pharmaceutical formula-

tions.

EXPERIMENTAL

For obtaining the most suitable detection potential complete
tensammograms were recorded in batch with a classical polarographic
setup. In continuous flow and chromatographic systems a PAR 310
electrode or a polarographic HPLC detector developed by Hanekamp et
al. [24] was used. Both detectors enable synchronization of drop-
-time and electronics, hence sampled AC measurements can be perfor-

med .,

Apparatus

A pPrinceton Applied Research (PAR) model 174 polaregraph and a
PAR 129A lock-in amplifier (EG & G, Princeton Applied Research Co.,
Princetors, NY, USA) both modified by our workshop for sampled AC
operation were used with the PAR 310 static mercury drop electrode.
These devices were interconnected with a PAR 174/50 AC polarographic
interface. A Peekel O053A sinewave oscillator was used for generating
the alternating voltage. The frequency of the altermnating voltage
was measured with a HP 5300A measuring system (Hewlett-Packard, Co-
lorado, USA). A Fluke 8000A digital multimeter (John Fluke, MFG Co.
Inc., Washington, USA) was used for checking the dc-detection po-
tential. The overall current was monitored on a Tektronix 5103A
oscilloscope {(Tektronix, Beverton, OR, USA)., The current was recor-
ded on Kipp BD8 multirange recorder (Kipp en Zonen, Delft, The
Netherlands) .

In the second setup, the home-made detector [24] was connected

with a Bruker E 310 modular research polarograph (Bruker Spectrospin
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$,A,, Brussels, Belgium). A PAR model 175 programmer was used for
generating a drop dislodge pulse as described elsewhere [24]. The ten-
sammograms were recorded on a HP 7046A XY-recorder (Hewlett-Packard).
The chromatograms were recorded on a Serxrvo 901 RE 571 Y-t recorder
(Goerz Electro GmbH, Vienna, Austria). The overall current was moni-
tored on a Tektronix type 502 oscilloscope., The applied potentials
were always measured vs. a Ag/AgCl/1 M Licl methanol-water 50/50%

v/v reference electrode. In both chromatographic systems a PE 601
pump (Perkin-Elmer, Connecticut, USA), a Rheodyne 7120 injection
valve (Rheodyne, Inc.,, Berkeley, CA, USA) and a stainless-steel co-
lumn (10 cm % 4.6 mm I.D.) were used, The columns were packed with
ODS Hypersil 5 pym (Shandon, Rumcoxn, UK) or LiChrosorb RP-2 10 um
(Merck, Darmstadt, GFR).

Chemicals

The measurements were performed in water-methanol mixtures con-
taining 0.1 M KNOB. The stock solutions were deaerated by purging
with nitrogen (A28). Water was dimineralized and distilled. The car-
diac glycosides were supplied by Sandoz Ltd, Basel, Switzerland
and Lynestrenoul by Organon Ltd., The Netherlands. All other chiemi-
cals were analytical reagent grade (Baker "Analyzed" or Merck p.a.).

The samples were deaerated by purging with nitrogen for abo.t 10

minutes,

RESUT/TS AND DTSCUSSTON

Batch Experiments

Complete tensammograms of digoxin and lynestrenol were recor-
ded as a function of the methanol-walter ratio in the supporting
electrolyte. In Fig. 2 some results obtained for digoxin are pre-
sented. The current depression (analytical signal) by adsorption
of digoxin measured at a constant potential (-400 mV vs. Ag/AgCl)
was observed to decrease considerably in going from 0% methanol

(AT = 3.83 ua) to 80% (AT = 0.54 pA). This potential is chosen from
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the tensammogram displayed in Fig. Za., At this potential the cur-
rent reaches a maximum value which is caused by a change of the
double layer capacity due Lo specific adsorption and desorption of
the anions from the supporting electrolyte [9].

Methanol addition to the electrolyte induces a change in posi-
tion of this maximum in the tensammogram as can be seen from Fig.
2a and 2b. When the relative amount of methanol is increased even
further the characteristic maximum disappears completely as can be
seen from Fig. 2c¢ and 2d. From Fig. 2 it can be concluded that va-
rious electrolyte compositions have different optimal detection po-
tentials. Even at optimal detection potentials a net decrease in
current depression and hence in sensitivity is observed when chan-
ging from a purely aqueous electrolyte towards larger amounts of
methanol in the electrolyte. At methanol concentrations exceeding
60 percent (v/v) this effect is less obvious; then methanol ad-
sorption is almost completely governing the capacity-—potential
curve. Lynestrenol gualitatively shows the same behaviour. The
current depression is less strong as for digoxin in the potential
range considered. The optimal detection potentials for lynestre-
nol in the electrolyte compositions studied diffeﬁ approximately

50 millivolts from those for digoxin.

Cont.inuous Flow Experiments

In & continuous flow rystem the peak height, which is actually
the depression of the baseline was found to be linearly dependent
on the applied modulation-frequency and the modulation amplitude.
In Fig. 3 the peakheight (Ip) versus phase—angle (¢) is plotted
for digoxin. IFrom Lthis graph it can be seen thal the maximum cur-
rent depression is observed at about 30 degrees with respect to the
applied modulation voltage. This is a large deviation from the theo-
retical expected 90 degrees. In similar experiments with lynestre-
nol, performed with the PAR 310 detector, the maximum baseline de-
pression was found between 80-100 degrees, which is more acceptable
[9]. These observations suggests that the cell geometry might be

responsible for the phase angle difference obsexrved.
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Fig. 3. Peak height (Ip) vs. phase-angle (¢) in continuous flow
system with the home made DME detector for 200 ul injec-

tions of 10 % M digoxin., Conditions: f = 35 Hz, amplitude

= 30 LS detection potential = -150 mV vs. Ag/AgCl, td
=1 s, hH(T = 30 cm. Eluents: water-methanol 40%~60% (v/v)
containin; 0.1 M KNO,. Flow rate: 1 ml/min.

Application to HPLC

The application of continuous flow teﬁsammetrjc detection was
studied with two HPLC systems. Detection limits, linear dynamic
range and precision were investigated with the PAR apparatus. Six
cardiac glycosides were detected, after separation with the Bruker

polarograph,

Results for lynestrenol: Lynestrenol was chromatographed in a RpP-

~gystem using a LiChrosorb RP2 10 um packed column and a flow rate
of 2 ml/min (30%-70% (v/v) water-methanol, 0.1 M KNO3)° The capaci-
ty factor k' was 3.2. The detection potential was chosen from

batch experiments to be -~150 mV vs. Ag/AgCl. From Fig. 2a it can
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be seen that dl/dE is large at this potential in a blank electro-
lyte solution. Availability of a more stable potentiostat might

have been resulted in a smaller baseline noise caused by potentio-
stat instability. Fig. 4 shows a logarithmic plot of the calibra-

; . . -6 . -
tion curve for lynestrenol. In Lhe range from 2 x 10 7 M, 2 x 10

4
M, a linear relationship exists between peak height and concentra-
tion. In this region a calibration line is calculated using the me-
thod of least-squares. The regression coefficient was 0,996 and

the sensitivity was 8 x 10_4 AL/mole. At concentrations exceeding

2 x 10.—4 M deviation from linearity is observed. In this region
saturation of the electrode surface with lynestrenol starts to be-
come important. In our setup a typical noise of 1 nA was observed.
The detection limit for lynestrenol (M = 284.42) at a signal to
noise ratio of 3:1 was calculated to be 1.0 x 10‘6 M or 28 ng per

injection. The standard deviation of peak helght for 11 consecutive

injections (1.7 upg lynestrenol per injection) was 2,4%.

Results for Cardiac Glycosides: Cardiac glycosides were chromato-

graphed in a RP system using an ODS Hypersil 5 um packed column at
a flow rate of 1 ml/min (40%-60% (v/v), water-methanol, 0.1 M KNO3)o
The detection limit (conditions see Fig. 5) for digoxin (M =
780.92) was found to be 1.0 x 10—7 M or 16 ng per injection (with
typical »eak height 3 nA). The capacity factor for digoxin was 3.5.
In Fig. 5 a HPLC separation of six cardiac glycosides is presented.
Note the peak height differences between digitoxin and gitoxin

on one hand and the other compounds on the other hand. These diffe--
rences are caused by differences in adsorption strength at the de-

tection potential chosen,

Application to Pharmaceutical Formulations: The potential of this

detection technigue for the analysis of pharmaceutical formula-
tions was tested with digoxin ampoules and tablets. The chromato-
graphic and detection conditions were the same as for Fig. 5. Am-
poule solutions 20 ul, were injected directly without any further
pretreatment. The tablets containing 0,25 mg digoxine were pul-

verized with a mortar., After shaking for a few minutes with a mix-
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Fig. 4. Peak height (Ip) ve., concentration lynestrenol. Conditions:

f = 20 Hz, amplitude 10 mv ¢ = 85 degrees, detection

eff’

potential ~200 mV vs. Ag/AgCl, td = 2 s, drop size: large

(r = 0.0935 cm), time constant = 3 s. Injection volume: 100

ul. Eluent: water-methanol 30%-70% (v/v) containing 0.1 M

KNO3, Flow xrate = 2 ml/min,
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Chromatogram of 6 cardiac glycosides: (1) digoxin, (2)
digitoxin, (3) gitoxin, (4) lanatoside A, (5) lanato-
side B, (6) lanatoside C. 20 ul of a mixture containing

10_4 M of each compound was injected, Detection condi-

tions: hHg = 40 cm, time constant 2.5 s. Further condi-

tions see Fig. 3.

{25na

e

0 24 6 8
t(min) —s
hromatogram of 0,25 mg digoxin tablet. Conditions:
1y = 18 cm, td = 0.8 s, further conditions see figure 5.
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ture of BtOH 0.25 ml, MeOH 0.25 ml and HQO 0.5 ml, 20 ul of the
supernatant liquid were injected. A chromatogram for a digoxin ta-
blet is shown in Fig. 6, Detection limits and reproducibility are

comparable to those reported for standard solutions.

Tensammetyric detection in HPLC is a feasible complementary
technique to oxidative and reductive electrochemical detection,
It is particularly favourable for groups of compounds
which do not possess a strong chromophore, Lynestrenol is a good
example in this regard. For cardiac glycosides the detection limits
obtained are about comparable to UV detection at 220 nm [25] and
thus no advantage would be gained by using this technique for for-
mulations analysis, although some improvements could be made as to
using more stable potentiostats., From the experience gained in this
work we tend to agree with Kemula and Kutner [5] that tensammetric
detection can be more universally applicable than other electroche-
mical detection modes. Further work is needed to explore other po-

tentially interesting groups of compounds,
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A NEW FOLARCGRAPHIC FLOW-~THROUGH DETECTOR.

A. Trojdnek snd L. K¥estan,
J. Heyrovsky Institute of Physgical Chemistry
and Electrochemigtry, Czechoslovak Academy
of Scienceg,
Prague 1, Jilgkd 16, Czechoslovakia

ABSTRACT

The congtruction of a flow-through polarographic
detector is described, based on introduction of the
test solution into a space filled with mercury. Two
variants of the detector have been developed, with the
inlet jet placed vertically and horizontally. The
dynamic properlies of the two detector variants, the
linear dynamic renge and the response reproducitility
were tested using o-niltrophencl as a model substance,
The detector with the vertical jst hag a wide linear
dynamic range snd that with the horizontal jet exhibits
an extrenely rapid regponse with a time constent of the
order tenths of a second. N

INTRODUCGTTON |

Mcst practically used f1ow-through voltammetric

detectors operste with golid electrodes and respond to
snodically oxidizable gubstences. However, theie exigl
many important compounds containing functional groups
that can be cathodically reduced under certain condlitli—
ong (nitre-, nitroso- snd sgo~compounds, aldehydes,
oximesg, hydrazones, etc,). To detect these compounds

in flow-through instruments, a numbsr of polarographic
cetectors have been congfructed over lagst twenty years,

employing the advantages of mercury electrodes and sup-
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pressing to a varying extent thelr undesirable proper-
ties. A1l the polerographic detectors that have so far
heen described (1,2) are basgically flow-through versionsg
of a common polarographic cell, constructed so that the
internal volume ig asg small as poguible. They all cone
tain a dropping mercury electrode consisting of a glass
capillary, which is the mogt sensitive and most expen-
sive part of the detector,

Thig paper describes the concstruction and proper-
ties of a flow-through polearographic detector based on

a new prirciple, without a glass capillery.

EXPERIMENTATL

Cremicals

Methanol, acetic acid, sodium acetate, o-nitro-
phenol and 2,6~dinitrophenol (all from Lechema, Brno,
Czechoslcevakia) were of p.a., purity and were not further
purified, The saomples and the base electrolyte were
deaerated prior to measvrement by passege of argon.
Ingtruments

The detector was tested in a system consisting of
a high-pressure linear pimp (FPP 4001, Laboratcrni Pii-
stroje, Prague, Czechosiovakia) and a sampling valve
whoge congtruction is doescribed below. For the con-
nections, a stainless~cteel capillary, 0.4 mr T.D.,
wag employed.

The chromatcgraphic measurements were carried out
on an LC-XP 1iquid chroematograph (Pye Unicem, Cambridge,
Greal Britein), with s Separon C18 column, 25 cm leng,
0.8 cm L.D,, 10 ym (Leboratcrni PPistroje, Prague,
Czechoslovaekia). Semples were injected through a 20 ul
sampling loop.

A three~clectrode polarogreph with circuits fer
handling the current signal and the circuit for the
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measurement of electrolytic conductence were assembled
from operational amplifiers. The conductance was meg-
sured with a lerge-area plalinum electrode in the
working electrode compartment at a frequency of 1 kHsz,

The output signal wag recorded using a TZ 4200
line recorder (Labhoratorri P¥igtroje, Prague, Czmecho=
slovakia) or a Tektronics 5103 storage oscilloscope
(Tektronics, Beverton, USA).

Sampling Valve

One requirement of the sampling valve is to introduce
the sample into the flowing stream ag a zone with a
gharp Tront edge. As the detectors tested do mot cause
a perceptible pressure gradient in the liquid stream,
the gampling valve was' constructed as a low-pressure
device., The roteting sandwich valve with a rotor
between two stators ds made of plexiglass. The adjacent;
surfaces are lubricated with grephite and the bored
channels are 0,4 mm in dlameter. Fig. 1 depicts the
valve in position "LOAD", when the gampling loop isg
filled with tke sample using pressurized argon. On
furning the rotcr by 60° the loop content, including
the rectangular channels, is sWepi into the strcam
between the punp and the detector.

Detector '_ ;

The detector congtruction ig schematically given
in Fig. 2. The whole detector is aleo made of plexi=-
gless and ite body consists of two melin parts, one
cortbaining the reference c¢lectrode and the other the
mercury comparitmwent. The two malin paris sre connected
by & thread and the connection hetween them and
between the jet holder ard the front of the mercury
compartnent are sgealed. The inlet channel (0.4 mm T.D,)
and the Jet sre tightly and flexibly comnnected by =
gmall seal at the channel circumference. The two
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m

pump-———-s —>detector

FIGURE 1. Sempling valve,

outlets in the mercury compartment permit the work with
the detector in both vertical and horizontal position.

The moset important part of the detector is the jet
through which the test solution is introduced into the
rercury. Lt is made of porous ceramicg and pressed into
the plexiglass holder, whe Jjet has a channel 0.4 mm in
diamnter, and the jet is narrowed to 0.2 mm for 1 mm at
the vipe. The part of i1he jet that ig in contect with
mercury ig covered with a protective lacquer (Brugh-on
Plestic Tape, No. 1572-2C, TechSpray, USL). Comron
epovide materials are U{aujtab]e Tor the jet insulation,
hecause they cannot resist proclonged action of methanol.
Afler drying of the lecquer, the jet tip was ground
with a Tine emery paper, thus obtaining a non-insulated
contact ares with a dismeter o about 0.7 mm with the
0.2 mm jet and abeut T mm with the 0.4 mm jet.

An Ag/AgCl reference electrode with 1M LiCl in

50% metlanol was used,

RESULTS AND DISCUSSTION

The principle of the detectcr is imtroduction of

the tegt solution into a space filled with mercury.
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a \A4 < Ref

FIGURE 2., Schematic disgram of the detector.

a) mercury compasrtment, b) porcus jet in the plexiglass
holder, c¢) reference electrode comparitment. Contacte

to the working (W) and reference electrodes (Ref) are
depicted,

The working electrode 1s the mercury surface gurround-
ing the drop cr layer of the test liquld and can be
connected with the other electrodeg in various ways.
To tegt the propertiecs of thig dﬁﬁector, we used the
inlet stainlegs-gteel capil]ary‘as the auxiliary
electrcde and the working and reference electrodes
were connected by the jet made of a porous material.
Among the properties importent for practical use,
the regponse gtebility and rate, the linear dynamic
range (the concentration range Wi,nin which the
regpense Lg linear) and the dependences of The meagured
quantities on the flcw-rate were determined. As the
model substance, o~-nitrophencl (ONPh) was selected in
a medium cf O0.1M aceftate buffer of pH 4.6 containing
50% vol. methancl. Thue the detector WELS intentionally
tested urder difficult chrometographic conditions with
g low electric comductance, When the detector contained
this electrolyte, a resistance of caz. 200 kL was
meesured betweern the tip of the jet and the suxiliary

electrode, In the measurement, 400 nl of the sample was
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vsuslly injected into the detector, thus ensuring that
the amourt injected was gufficient for the attainmwent of
a steady-~state current sigral.

The axig of the detector jet can bagically be
oriented in two directiomnse, vertically or horizontally.
As will be seen below, different directiors of the jet
axls with regpect to the direction of the gravitational
force and bucyancy lead to detectors with different
properties and thus they are discussed separately.

Detector with Vertical Jet Axis

Due to the formation of droplets of the liquid at
the jet tip and their disconrectlion causged by bucyancy,
the current signal obtained oscillates gimilar to that
measured with a dropping mercury electrode. The ogcil-
lations cause difficulties in the evaluation of the
current signeal, especially at low concentrations of the
electroactive substance (Fig. 3). The cscillations can
be suppresgsed by using 'he sampling method besed on a
peak detector that doe. not reguire synchronization
with the drop disconnection (3).

Respons« Rate

Th= response rate 1g an impcrtant property that is
often nged as the main criterion fcr fthe comparison cf
detectors of various designe. However, it is practical-
ly dmpogsgible to compare detectors on the hasis of the
deta given in the literature in terms of geometric,
response, intermsl, etiective, rinse, hcld-up, wash~out,
dead, etc., volumes, as the relatlonzhips among thece
quantities are nct unambigucusly defined and their
values'variOUBIy depend on the experimental conditiors.

A relatively reliable dynesmic peremeter ig the
responge time constant, whose value generally dependcs
on the flow-rate and possibly orn cther experimental

parameters. The finding of thece dependences can be
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FIGURE 3. Response of the vertical jet detector;
400 ul of 2x10° M ONPh 1ngecteo Jet dicmeter 0.4 mm,
flow-rate 0.5 ml/min., a) signaly b) sampled signal.

cengidered as s sufficlent characteristic of the
response rate of the detector or, uore precisgely, of
the whcle detection systemr. The time congtant of the
detector respouse can be determined {from fthe culputl
sigral recorded sfter a stepwise L'anée in the input
concentration., It is often possible (and the present
detectors are not an exception) to express the time~
~ccurse of the culpul slgnal with a sulficlent preci-
sion by the exponential equatiorn, S = SM(1~GXp(~t/T?),
where S is the signal emplitude at tinme t, EM is the
meximal amplitude and @’is the response time‘constant,
Therefore, the € value can be fourd from the known

gignal emplitude et any time after the beginning of the
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FIGURE 4. Dependence of the responge time comstant on
the flow-rate. Vertica% jel detector, jet diameter
0.2 mm. 400 1l of 2x1u° M ONPh injected,

.

l

sigral growth end 1t can be used tc compare the per—
formance of varic e cetectors unde: the seme eXperi=-
mental Condiiibns:

An sccurate determination of the respense time
cengtant is somewhat 'ifficult for the detector with
the verticel jet axis, because the steepest pearl of
the curve must be approxlimated by a straight line, The
time congtant values given in Filg. 4 were thus obtained
from the shove equation by evaluating the part of the
curve between the points at which the detector s?gnal
attained 50 and 90% of the gteady-state value.

The product of the vclume £low-re. : and the time

congstant, the regpcnse volume, Vr (4), remained virtual-
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ly congbant over the whole range of the flow-rates
studied and amounted on average to 31,7 ul with a
standard deviation c¢f 1.8 pl. The droplet volume, Vd’
found from the period of dropping at a krown flow-
~rate, was also coustant within this range. The mesan
droplet volume was 58.8 ul (standard deviation, 0.7 pl)
for 0.2 mm jet and 52 nl for 0.4 mm Jet.

It followg from the equaticn of the expcnential
regponge that 99.5% of the steady-state amplitude can,
under optimal conditiong, be attained after discon-
nection of the 5.3 vr/vd droplets, l.e. after about
three droplets. However, a simple consideration shows
that full deflectlion can be reached at the latest after
two drcplets on & step change in the concentration. The
gample zone that just pessed thrcugh the jet tip leads
to & dreop of electrolyte in which the zone is diluted,
but the following drop is compesed only of the sample
zone arnd the detector should indicate the full de-
flection. The slower response ctserved can be explained
by an assumpticn that the dropg are imperfectly discon—
rected from the jet tip, Tt mus* be becrne in mind that
a sphexri.z2l drop 60 pl in volume would have a diameter
of almost 5 mm and “ne translational velocity of the
liquid is more then half metre rer se oHnd with a O.2mm
jet and a flow-rate of 1 ml/min, Thus the detector
operates probsbly with elongated electrolyte drops,
deposited slong the external circimference cf the jet,
from which & part I3 sglways dmperfectly separated.
Calibratioan Curve

When the 0.2 mm jet was used, a linear cslibration
curve wag obtained from 5 x 1076 4o 1074w concertrations,
at a flowe~rate cf 0.5 wl/min. The slope of the cali~
bretion streight line with a regresgion coefficient of
0.9994 was 2.26 x 10° vA.1omol™ . The regponge non-line-
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arity at higher currert densities is most probebly
ceuged by a high pctential gradient ingide the electrc-
lyle drcp that carnot be compensatecd, even if a pcsiti-
ve feedback is introduced, This is supported by the
fact that when using sn electrolyte with a higher
conductance (0.2M acetate Bulfer containing 5% methanol,
in which the measured resistance between the mercury
and the suxiliary electrode wes 65 k1) the linear
gsection of the calibration curve is doubled with +the
pogitive Teedback.

On the cther harnd, a linear calibration curve
(with a regression coefficient of 0.9987) was obtained
in & doncentration range of 5 x 10-6 to 2.5 x 10" %
even in a medium of 50% methanol, when using the O.4mm
jet. The upper limit of this intervsl was giver by the
operational range of the potentiostat that attained the
gaturation voltage at a current of ca. 55 uvA. The de-
tection with the larger Jet wag virtually equally sen-
gitive ag that with tlre narrower jet, 2.23 x 105
pA.l.molf1. b ’ N
The Dependence of the Signal Amplitude on the Fiow-Rate

The conditions of the transpor™ of the electio-
activ substance toward the surf- of a hollow drop
electrode are very complicated. .onvection caused by
the growth of the drop and that ce sed by the flow of
the electrolyte are combined and the g ituation is
further complicated by the sbove me “loned inhomogem
neit, of the potentisl distributionicver the working
el  ~ode surface. Therefore i1 will only be etated
that the current signal incre:=zg linearly with increa-
sing volume flow~rate (Pig. 5) and that the dependence
deviates from lingarity when uging the smaller jet in
the region of higher current dengities, similar to the
calibration curve.
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FIGURE 5. Dependence of 1the signe? amplitude on the
Flow=rate. Vertical jet detectc , jet diameter 0.2 mm,
400 ¥L of a) 2x10% M ONPh and b} 5x107 M ONFh ‘njected.

3

Responge Reproducibil.iv

The detector 11 ovonse reproducibility is compa-
rable to that of a classical dropping mercury
clectrode., Twenty » =gurementes of samples at a cincen-
tration of 5 x 1077 . at a flow-rate of 0.5 ml/min
yvielded a mean value of ‘he curren’ of 11,46 A w
a stendard devistion of . .w8 pa.

Detector with Horizontel Jel Axis

In the detector with the korizortal jet axisg the
current signel has no coscillstions, because the solution
does mot drop, but forms & thin layer between the exter-

nal surface of the jet and fthe mercury. The effective
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FIGURE &, Dependence of the response volume and thez
time corstant on the flow-rate. Horlzontej jet detector,
jet diamster 0.4 mm., 400 pl of 2X1O M ONPh injected,

gurface area of the working elect '=» (on which the
electrochemical reaction can occur) is ot exactly
defined, which lesds to certain peculisrities in the
detector behaviour, as descriied bhelow.
Respcnie Rate

As can be seen from the time consgtants given in
Pig. 6, the detector with the C.4 mm jet exhibits a
dynamic behaviour similer to that of the detector with
the vertical Jet. However, the responsge volume doeg not
remain constent when the flow-rate is changed and

relatively rapidly decreases with increasing flow-rate,
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FIGURE 7. Horizomntel jet detectcr: time constant ve.
the flow-rale (2) and tke conceniraticn cf
o-nitrophencl (b)), Jet diameter ©.2 mm, 400 pl
injected. a) constant concentraticn 2x107 M,

b) constant flecw-rate 0.5 ml/min.,

When the 0.2 mm jet ig used, the regponse rate <
subgtentially incrr 'd and the time congtarnt °~ omesg
to a certein extent dependent on the electroacys ve
substance concentr- 1 (Fig. 7)., This somewhat un-
expected dependc ce can be uncerstcod when realizing
that with increasine concentration, l.e. dncreasing
electrolytic current, +the inhomogeneity of the poten~
tial digtribution over the working electrode surface
also increases. Thus the 2lectrode effectlive surface
area decreages, leading to a decrease in the volume in
which the detection takes place.

Calibration Curve

The deterioration c¢f the geomelry between the
reference electrode tip end the working electrode gure
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FIGURE 8. Horizontel jet detector: chrometogresm of
5 pg of 2,6~dinitroaniline and the correspording
calibration curve.Jet dlameter 0.2 mm, flow-rste
1.5 ml/min.

face (compared with the previous delector) causes a
narrowing of the linesr dynsmic renge. Lven 1T the
0.4 mm Jet was uged, the linear calibration curve was

€ |

. ) - 4. . .
only obbtasined from 5 x 10 to 10 "M concentration at

a flow-rate of 0.5 ml/min. and this interval could be
extended to 2 x 10”7 %M by introducing positive feedback.
The slope of the calibrstion curve with a regregsgilon

coefficient of 0.9986 was 2.13 x 10°

fore the detection sensitivity was viritually the same

pAal.molmj. There-

s that for the detector wilith vertical jet.
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When sampleg were Injected in amounts corresponding
to about one third of the stationary current signal
(18,6 p1), a linear calibration curve was obtained in
© 4o 3 x 10”4, The straight
line with a regressilon coefficient of 0.9970 had a

a concentration range of 107

glope of 5.7 x 104 )JA..l.molm‘I for amounts of 25.8 1o
775,5 ng of o-nitroplencl. Por the detector with the
0,2 mm jet, a substantially narrower linear dynamic
range was obtained with the same flow-rete, namely,
from 5 x 107% 46 2 x 107°M. The calibration curve ob=
tained from four experimental points had a regression
coefficient of 0,9983 and a slope of 4.3 x 10°
pA.l.mol~1. In spite of the discouragingly narrow
linear dynamic range, this detector was tested in
combination with a liquid chromatograph, as it could be
expected that its rapld responsge would be favourable.
Fig. 8 depicts the response in the detection of 2,6~
dinitroaniline. The calibration curve, obtained inten-—
tionally for large amounts injected (1.5 to 15 ug) at
=1,0V ig reliably linear because of low concentrations
of the electroactive substanc= in the eluted zone.

It can be simply derived (5) that the concentration at
the pesk top wee 1,2 x 107N for 10 ng of 2,6~-dinifro-
sniline injected.

Thig dependenc~ was agaln followed for the

steady~stete current signsl at concentrations of
2 % 1077 and 5 x 107°M, from 0.25 to 2.4 ml/min.

With the 0.4 mm Jet, the plot in the logarithmic
coordinates yielded strasight lines with slopes of 0.47
anc. 0.52 and the regpective regression coefficlentsg,
0.9929 and 0.9983. The current signal amplitude thus
increases with the square root of the flow-rate, si-
miler to thin-layer detectors with solid electrodes,

The dependence is complicated by the high pctential
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gradient when the small jel dig used, and the dependence
exhibits a negative deviation from the square-~root
dependence for high flow-rates.

Response Reproducibility

Ag mentioned above, the effective surface ares of
the working electrode ig not exactly defined in this
detector type. Therefore, certain rules must be obgerved
to obtain reproducible results, in contrast to the
detector with the vertical Jjet.

The detector exhibits optimal performance when
the mercury surface is virtually dry, which can be at-
tained by modifying the liquid outlet from the detector.
The outlet to the waste that is lower than the detector
is through a stainless-steel tube brought through the
detector wall to a distance of about 1.5 cm above the
Jjet base. After £illing the compsrtment with mercury,
the mercury is forced to the waste by the 1iguids
utilizing the siphon effect (for short-time opening of
the vpper clogsing), all excess mercury and electrolyte
are removed. When the upper closing ig again sealed,
the absence of tre electrolyte on the surface of the
mercury and a consgtant mercury level are ensured., The
detector prepared in this way yilelds well reproducible
response sfter conditioning under flow conditions for
gseveral minutes, Twenty measurements on samples with
e concentration of 2 x TOMSM, uging the 0,2 mm jet and
a flcw-rate of 0.5 ml/min., gave the mean current value
of 8.83 pA with a standard deviation of 0.17 pA.

The resultis obtained in the testing of the de-
tectors, some of which are given in the table, indicate
that detectors of good properties can be constructed
uging this principle. The vertical Jet detectcr is
suitable e.g. for continuous anslyzers, because of its
slower regpense and a brosd linear dyramic range. The

construction with the clcsed mercury also ensuresg the
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TABLE 1
Important Properties of Tested Detectors

Detector Jet Time Regponge Linear dyramic
diameter constant volume range 1
(mri) at 1ml/min, (p1) (mol.l1 ™ ")
(s)
Vertical 0.2 1.8 3.7 5x107boq074
jet 0.4 - - a5x1o_6~2.5x10m4
— —

Herizontal 0.2 b0,22 4.0 5x10 6—2x10 -
jet 0.4 1.0 15.0  5x10"C.107%

.

8, imited by the operational range of the potentiostat

Dependent on the electroactive substance concen‘ration

safety c¢f the operator during the measurement. The
detector with a horizontal jet with a small diameter,
which has some properties similar to those of golid-
~electrode thin-~lesyer detectcrs, seems to be gultable
for detection in liquid chromestogrephy where small
amounts are invelved and a fTast response is required.
In & further development of detectors of thies type,

the attention should be directed to broadening of their
linear Cynamic range, which igs dirvectly conneccted with

the geonetry of the electrodes.
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ROLE OF INTFRFACTAL TENSION IN REVERSE PHASF LTIQUIN CHROMATOGRAPHY

G.K. Vemutapalli and T. Gnanasamhandan, Nepartment of Chemistry,
Hiniversity of Arizona, Tucson, Arizona 857271

ARSTRACT

A thermodynamic equation relating chromatographic equilibrium
constant to the interfacial forces between the stationary phase
and the mobile phase is derived from the first principles.
Advantages of using this equation in the analysis of honded phase
chromatographic data are discussed.

INTRONUCTION

During the Tlast decade chromatography with chemically bonded
phases has evolved into an indispensable technique for chemical
separation., 1t has been widely recognized that both kinetics and
equilibrium thermodynamics control chromatographic separation pro-
cess (1,2). Many attempts have been made to correlate equilibrium
constants derived from liquid chromatography with the known
solvent-solute interactions (3,4,5). Theoretical attempts have
also been made to formulate the equilibrium constant expressions
in terms of solvent and solute parameters ((,7,8).

In most of these studies it has been tacitly assumed that the
thermodynamic equilibria involved in chromatographic separation
are the same as those involved in liquid-liquid partition.
However, we should expect interfacial forces to play a crucial

role; yet there have been only sketchy discussions on this point
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in liquid chromatographic literature and only empirical correla-
tions hetween interfacial forces and retention times have been
made with ad hoc theoretical machinery. The interfacial forces
considered in previous investigations are hetween two salvents (9)
or between solute and a solvent cavity (10). These are not as
directly related to chromatographic equilibrium as the interfacial
forces between the mobile and the stationary phases considered
here.

In the following article we will show how interfacial tension
directly enters into the liquid chromatographic equilibrium. We
derive a general expression for the equilibrium constant for the
distribution of solute between bulk phase, where surface forces
may be safely ignored, and an interfacial phase, where surface
forces dominate.

Even though the derivation given below is hased on familiar
theoretical procedures, it is not described in the literature., 1In
tracing the expression for the equilibrium constant back to first
principles, we have found that theory gives valuable insights into
(a) the role of interfacial tension in the separation process, (h)
the composition of the stationary phase and (c¢) the dependence of
selectivity on length of carbon chains in the stationary phase.
These are discussed in the last section of the article.

THFORY

Let the subscripts b and s represent bulk and surface phases
respectively. The chemical potential of a solute at constant tem-

perature and pressure in the bulk phase is given hy

b b

dy = RT d #n a (1)

where ab'represents the activity of the solute. The chemical

potential of the solute in the surface phase is given by (11)

S

dy’ = RT d an a°

+ ydA, (?)

since the interfacial tension, y, is given by
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aA T.P,a

where A is the area of the interface. 1In the chromatographic
experiments A is usually constant and vy varies with composition of
the solution. Hence we need p as an explicit function of y. This

is accomplished by the following Legendre transformation (12):

ﬁ=u—A(8_u) = u - YA (4)
3R )1.p,a

From the above expression it follows that

dp® = RT d #n a° - A dy. (%)
Since surface forces are negligible in the bulk phase,

df® = dayb. (6)

The condition for distribution of solute between the two phases is

ap® = dgS, (7)

from which we have

RT dn al = RT dgn a® - A dy. (2)

So far no approximations have heen made in the derivation.
Fq. 8 is valid for any solute distributed between any pair of bulk
and surface phases regardless of the nature of intermolecular for-
ces in these phases. To proceed further, we need to know how
interfacial tension varies with composition. Prigogine and Defay
(13) showed that surface tension (liquid-vapor interface) for a

binary solution is accurately given by

o1p = oyXy t 02X2 - BX]X? (N
where the subscripts denote the two components, X, the mole frac-
tions and B8, a small constant. 1In order to avoid unnecessary con-
fusion we shall denote surface tension by o and interfacial ten-
sion by yv. The third term on the right hand side of Fq. 9 is

usually small and may be safely ignored when one of the mole frac-
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tions is small. FEqg. 9 should also apply for interfacial tensions
of binary solutions,

In order to be able to integrate Fg. & we have to follow a
convention regarding standard states., Standard states based on
Henry's lLaw are commonly used for studies of solute distribution
between two phases, Integration of Fg. f with this convention
gives,

1 xg A

— n _b — (Yz"Y]) 3 (10)
s

X2 X2 RT

where Fq. 9 (with vy in place of o) is used for the evaluation of
the term involving interfacial tension, Subscripts 1 and ? denote
solvent and solute respectively. Note that we have substituted
mole fractions for activities. Since

Sy Sy S
(1/X2) = (1-X2) = gn X] (11)
and Xi is very nearly equal to unity Eq. 10 takes the form:
xg A
n — = gen K= — ('YZ_Y'I)' (12)
Xg RT

It should bhe noted that a simple expression for equilibrium
constant, such as the one given in Eg. 12, does not follow from
theory unless the solution is dilute,

DISCUSSION

Fgs. B and 12 relate equilibrium constant to other measurable
quantities, A and y. Reliable methods have been devised for esti-
mation of solid-liquid and 1iquid-liquid interfacial fensions
(14,15) since these quantities are significant in the studies of
wetting, surface energies of solids and many industrial processes.
Thus Fgs. 8 and 12 provide a hridge between liquid chromatography
and interfacial studies.
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We will now show that Fq. 12 is consistent with experimental
observations. According to this equation, &nK for a series of
compounds (solutes) should vary linearly with their interfacial

tensions (YZ) provided \ and A remain constant (i.e.

s Saine
solvent and column). Note that Y, refers to jnterfacia] tension
between the solute and the stationary phase and hence depends on
both these phases, (Similarly, Y depends on both the solvent and
the stationary phase.) Yy values for systems involving the sta-
tionary phases of chromatography are not available at present. In
order to demonstrate the quantitative validity of Eq. 12, we will
use reasonable estimates for Yoo According to Fowkes (15) inter-
facial tension between two phases (say a and b) may be estimated
from the surface tension of each phase against its own vapor.
Fowkes theory has been remarkably successful in predicting inter-
facial tensions (16). For systems of interest in the present
study, his equation has the form:

Yo = 0y + g = 2 Jozcs R (13)

where 9y and g  are the surface tensions of solute and stationary
phases. Since the stationary phase is the same for all solutes in
an experiment, we should expect interfacial tensions of solute-
stationary phase systems to be proportional to the surface ten-
sions of the solutes. Hence, nK and gnk, where k is the capacity
factor, should increase with surface tension. Fig. 1 shows that
this is indeed the case.

Experimental points (17) in Fig. 1 follow a straight line
graph closely indicating that g is relatively small. From the
experimental values of capacity factors in Fig. 1, we conclude
that Y2>Y]. Even though Fq. 12 relates K, and not k, to inter-
facial tension, this statement is still correct since k = K¢ where
the constant ¢ is the volume ratio (stationary phase to mobile
phase) which has been estimated to be less than unity (18)., Small
interfacial tension between the solvent and the stationary phase
results if the stationary phase has solvent molecules incorporated
into it. (The more the stationary phase approaches the solvent
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FIGURE 1:

Logarithm of capacity factors (k) as a function of surface
tension of solutes., k values are taken from H, Colin and G.
Guiochon (Reference 17) solutes T: n-heptane; ?: n-octane; 3:
n-nonane; 4: n-decane. Surface tensions are obtained from CRC
Handbook of Physics and Chemistry, 1982.
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phase in composition the Tess would be their interfacial tension.)
This conclusion also agrees with the results of previous investi-
gations (19).

It is known experimentally that retention and separation are
influenced by chain length of the stationary phase. Practicing
chromatographers use this phenomenon in designing appropriate
columns for a given system. Attempts have heen made to explain
the variation of selectivity with chain length by such factors as
the surface structure of the stationary phase or steric effects,
It should be noted that the mechanisms suggested previously
(3,5,6,7,8,9,10) do not explicitly consider the effect of chain
Tength on separation. The theory developed here, however, gives a
handle on ths problem through the quantity A in Eq. 12.

Fq. 8 follows from first principles of equilibrium ther-
modynamics and Fq. 12 has no serious approximations. However,
interfacial tensions for materials of chrmoatographic interest are
not readily available. O0therwise application of Eq. 12 would be
simple and straightforward. We have demonstrated here, with the
aid of the available data, the vailidity of Eq. 12. Work in
progress is aimed at (i) evaluation of interfacial tensions from
experiment and theory and (ii) numerical estimation, with the aid
of Eq. 12, of parameters such as the volume ratio and areas of
stationary phases.
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LIQUID CHROMATOGRAPHIC BEHAVIOR OF BIOLOGICAL THTIOLS AND
THE CORRESPONDING DISULFIDES

L.A. Allison, J. Keddington and R.E. Shoup*
Bioanalytical Systems Inc.
Research Laboratories
1205 Kent Avenue
West Lafayette, Indiana 47906

ABSTRACT

Reverse—-phase, 1on—exchange, and reverse-phase ioa—-pairing
were evaluated as liquid chromatographic modes for the isocratic
separation of cysteine, cystine, glutathione <(reduced and oxi-
dized), homocysteine, and penicillamine (reduced and oxidized).
A series dual Hg/Au amperometric detector was used to detect both
thiols and disulfides. Reverse-phase ion—pairing was determined
to provide the most satisfactory performance for a 1liquid
chromatographic separation of the compounds of interest.

INTRODUCTION

There are a number of thiol compounds which are of biological
interest. In living systems, glutathione (GSH), cysteine (CSH),
and the corresponding disulfides (GSSG and CSSC) are intricately
involved in maintaining proper cellular function. The thiol
moiety is also present in penicillamine (PSH), a therapeutic
agent used as an anti-arthritic and in heavy metal poisoning.

One pathway for penicillamine metabolism involves formation of
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disulfides by reaction with another penicillamine molecule or
other physiological thiols.

Determination of thiol compounds by liquid chromatography has
recently received <considerable attention, utilizing wvarious
detection schemes. The most common approach for cysteine (1, 2,
6, 8-10), glutathione (1, 2, 7-10), and penicillamine (1-3) has
employed strong cation—exchange chromatography with mobile phases
of acidic pH. Reverse-phase chromatography with heptane sulfonic
acid as an ion-pairing agent has also been used in the separation
of cysteine, homocysteine (HSH), and penicillamine (4), and a
strong anion-exchange separation has been reported for several
thiols, including glutathione and cysteine (9).

Often, measurement of both the thiols and disulfides in a
given biological or chemical matrix is desirable, to provide a
complete profile of the system. Due to the scarcity of suitable
detectors for disulfides, there have been few reports on chroma-
tographic characteristics of underivatized disulfides. Eggli and
Asper (6) used strong cation—exchange for a mixture containing
cystine (CSSC), cysteine and penicillamine, as did another report
on glutathione, cystine, cysteine, and methionine (10). Strong
anion exchange with a mobile phase of pH 8.4 was used for GSSG
and cystine (5), although the resolution and peak shapes were
rather unsatisfactory.

A series dual Hg/Au electrochemical detector has recently
been developed in our laboratory for the detection of both thiols
and disulfides in liquid chromatographic eluents (11). Briefly,
the detector reduces disulfides at an upstream electrode and
detects the resultant thiols and any naturally present thiols at
the downstream electrode. Using this detector, we now report on
the 1liquid chromatographic behavior of mixtures of selected
thiols and disulfides. Strong cation-exchange, reverse—phase,
and reverse phase ion—-pairing were evaluated as separation
schemes for cysteine, cystine, glutathione, homocysteine, penicil-

lamine, glutathione disulfide and penicillamine disulfide.
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MATERIALS

Chemicals

L-cysteine, L-cystine, glutathione (reduced), glutathione
(oxidized), and D-penicillamine were purchased from Sigma
Chemical Co. (St. Louis, MO). D-penicillamine disulfide was
obtained from Aldrich Chemical Co. (Milwaukee, WI) and DL~homo-
cysteine was purchased from ICN Pharmaceuticals, Inc. (Cleveland,
OH). Sodium octyl sulfate and ethylene diamine tetraacetic acid
were obtained from Eastman Kodak Co. (Rochester, NY). All other
reagents, including buffer salts, acids, and methanol, were

reagent grade.

Apparatus

A Bicanalytical Systems LC—154 liquid chromatograph with dual
mercury/gold detector was used. All teflon tubing was replaced
with stainless steel to exclude oxygen. The system has been
described in detail elsewhere (11). Columns used were BAS
Biophase ODS 5p, 4.6 x 250 mm, and DuPont Zorbax 300 SCX, 4.6 x
250 mm. Detector output was integrated using either an LDC-308
Integrator or Hewlett Packard 3390A Reporting Integrator. Mobile

phase flow rates were either 1.5 mL/min or 1.0 mL/min.

Methods

All mobile phases were prepared using deionized distilled
water and filtered with 0.2 p Nylon 66 membranes (Rainin Instru-
ment Co., Inc., Woburn, MA). Mobile phases were refluxed at
slightly above room temperature and continually purged with
nitrogen to remove dissolved oxygen.

Stock standard solutions of individual compounds were pre-
pared to a concentration of 1 mM in deionized, distilled water
containing 1 g/L NazEDTA. The cystine stock solution was
prepared in dilute NaOH at a concentration of 0.1 mM. All stock

solutions were stored at 4°C and prepared weekly., Dilutions and
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FIGURE 1. Capacity factors (k') of thiols and disulfides as a
function of mobile phase pH. Mobile phase consisted of O0.1M
phosphate buffer adjusted to the desired pH. A Biophase 0ODS 5 p
column was used with a flow rate of 1.5 wlL/min. Curves represent
cysteine ( ® ), cystine ( 8 ), reduced glutathione (& ),
homocysteine (® ), oxidized glutathiome (0 ), reduced
penicillamine ([J), and oxidized penicillamine (A).
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mixtures of standard solutions were prepared every two or three
days from the stock solutions. Cystine solutions were acidified
using dilute HC]_OA prior to injection. Injections were made by
overloading a 20 pL or 100 pL loop with deoxygenated standard
solution.

The dual Hg/Au electrodes were prepared as described else-
where (11). The flow channel was defined with the two electrodes
in the series arrangement. The upstream electrode was held at
-1.0V and the downstream electrode was monitored to obtain the

chromatographic tracing.

RESULTS AND DISCUSSION

Reverse-Phase Chromatography

The behavior of the thiols and disulfides of interest was
first investigated by using a reverse—phase column (Biophase ODS,
SP) and varying the pH of the 0.1 M phosphate mobile phase over
the range from 2.5 to 7.0. Figure 1 illustrates the measured
capacity factors (k') versus mobile phase pH. At acidic pH
values, reasonable retention is obtained for GSH, GSSG, PSH and
PSSP, but they are observed to elute earlier with increasing pH.
This 1is as expected from the ionizable functional groups in the
molecules, which include carboxylic acids (pKa:'. 2), amines (pKaz
8-9) and thiols (pKa: 9-11). In regions of intermediate pH
(4~7), the majority of these compounds exist as zwitterions, with
little or no retention on the hydrophobic column. As the pH
decreases, the carboxylic acid groups are becoming increasingly
protonated, with a concomitant increase in retention. The maxi-
mum capacity factor for the longest retained compound, however,
is only 7.0, demonstrating that these small, relatively polar
molecules are not retained to any great extent, and limiting the
flexibility of the separation. Cystine and cysteine are not
retained or resolved at any available pH on an ODS column,

It is interesting to note that penicillamine disulfide does

not reduce as readily as the other disulfides at the upstream
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FIGURE 2. Capacity factors (k') of thiols and disulfides as a
function of concentration of sodium octyl sulfate. A Biophase
ODS 5 p column was used with 0.1 M monochloroacetate buffer, pH
3.0, flow rate 1.5 mL/min. Curves labeled as in Figure 1.

electrode. Response for PSSP as measured at the downstream
electrode is approximately one~hundred fold less than that for
cystine and glutathione disulfide, except at pH 5.0, where the

response for PSSP is comparable to other disulfides.

Reverse—-Phase Ion—Pair Chromatography

A more useful set of mobile phase conditions for the thiols
and disulfides was that using sodium octyl sulfate as an ion-
pairing reagent with a Cl8 column. The mobile phase consisted of

0.1 M monochloroacetate (MCAA) buffer, adjusted to pH 3.0 to
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FIGURE 3. Capacity factors (k') of thiols and disulfides as a
function of concentration of methanol in mobile phase. Sodium
octyl sulfate concentration was fixed at 1.0 mM din 0.1M
monochloroacetate buffer, pH 3.0, with a Biophase ODS column,
Curves labeled as in Figure 1.

ensure that the compounds carried a net positive charge. In
Figure 2, k' is plotted versus concentration of sodium octyl
sulfate, demonstrating the large increase in retention which can
be effected using this approach. FEach of the compounds underwent
similar shifts in retention, although penicillamine disulfide was
changed to a markedly greater extent than the others. The ion—
pairing was successful in resolving cysteine and cystine from one
another.

Figure 3 shows the effect on k' of increasing percentages of
methanol in the mobile phase. In this manner, the ion—-pairing

was utilized to increase retention and resolution of cysteine and
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cystine, and nethanol was added to speed elution of longer-
retained compounds. Cysteine and cystine were not significantly
affected by addition of wmethanol, while PSSP, GSSG, aund penicil-
lamine were moved in to more reasonable retention times. The
chromatogram in Figure 4 1llustrates the separation obtained
using 1.0 mM sodium octyl sulfate with 47 methanol and a flow
rate of 1.5 mL/min. Excluding PSSP, the chromatogram was
complete in thirteen minutes and the peak shapes were quite
satisfactory.

A third variable which was manipulated in ion-pairing chroma-
tography was the ionic strength of the mobile phase buffer. By
changing the molarity of monochloroacetate, the retention times
could be correspondingly changed. The effects obtained with
ionic strength variations were of less wmagnitude than those
observed when changing sodium octyl sulfate or methanol councen-—
tration. JIonic strength, then, can be used to ''fine—tune' the
reverse—phase ion—pairing separation to achieve the desired
chromatographic characteristics. Figure 5 shows a chromatogram
of the selected compounds using 0.25 M monochloroacetate buffer,
with 1.0 mM sodium octyl sulfate and 6% methanol, flow rate 1.0
mL/min. The chromatogram was complete within 10 minutes,
although cysteine and cystine were closer to the void volume
response than with 0.1M MCAA, which could pose a problem with
real samples.

Based on the described studies, the chromatographic coundi-
tions that were adopted for future studies utilized the Biophase
0DS 5 p column with a mobile phase containing 0.1 M MCAA buffer,
pll 3.0, 1.0 mMsodium octyl sulfate, with 47 methanol.

Ton-Exchange Chromatography

As the majority of literature work on these compounds has
been performed using cation exchange, a column of this type was
also investigated. The {unitial conditions consisted of the
Zorbax SCX column with a mobile phase of 18.4 wM ammonium citrate

and 60.7 mM phosphoric acid (final pH 2.49), producing the separa-—



BTOLOGICAL THIOLS AND CORRESPONDING DISULFIDES 1793

HSH

Ccssc
GSH

CSH

PSH

@
@
1)
©
1 1 i ) 1 1 1 ]
0 4 8 12
MINUTES
FIGURE 4. Reverse—-phase ion~pair separation of thiols and

disulfides. Column: Biophase O0DS 5 p; mobile phase: 0.1M
monochloroacetate buffer, pH 3.0, 1.0 mM sodium octyl sulfate, 4%
methanol.
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FIGURE 5. Effect of ionic strength on reverse-phase ion-pair
separation of thiols and disulfides. Chromatographic conditions
as in Figure 4, except monochloroacetate buffer was 0,25M.
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FIGURE 6. Strong cation-exchange separation of thiols and

disulfides. A Zorbax SCX column was used, with a mobile phase
containing 18.4 mwM ammonium citrate and 60.7 mM phosphoric acid,

flow rate 1.0 mL/min.
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coz o004 ooe 008
Summed Concentration of Citrate/Phosphate (M)

FIGURE 7. Capacity factors (k') of thiols and disulfides as a
function of mobile phase buffer concentration. Mobile phase was
phosphate/citrate buffer at a flow rate of 1.0 mL/min. with a
Zorbax SCX column. Curves labeled as in Figure 1.

tion shown in Figure 6. This separation was considered to be
less than optimum, as cysteine/glutathione and homocysteine/
cystine were not completely resolved. Increasing the mobile
phase to pH 3.5 moved all peaks into the void volume.

The ionic strength was decreased in order to modify the
separation; Figure 7 details the effects of ionic strength on k'.

When the molarities were 75 and 50%Z of initial values, several
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compounds coeluted, as shown. Peak shapes began to rapidly
deteriorate after a k' wvalue of about 5, with broadening and
severe tailing.

Cation—exchange chromatography was found in these experiments
to be inferior to reverse-phase ion-palr chromatography for
applications requiring resolution of all of the thiols and disul-
fides ion our mixture. Tt could, however, be optimized to pro-

vide satisfactory performance for one or two selected compounds.

CONCLUSIONS

In summary, three types of liquid chromatographic separations
were evaluated for the LCEC determination of cysteine, cystine,
homocysteine, glutathione (reduced and oxidized), and penicil-
lamine (reduced and oxidized): reverse—phase, reverse-phase
ion-pairing and strong cation-exchange. Conditions were found
which produced satisfactory performance with both reverse—phase
ion—-pairing and ion—exchange. The reverse-phase ion—pairing mode
was determined to be preferable, based on better peak shapes and
the high degree of flexibility possible by varying methanol

content, ion-pairing reagent concentration, and ionic strength.
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ABSTRACT

The current efficiency (cost) of electrolytic production of high
purity metallic zinc from zinc sulfate plant electrolyte 1is
critically dependent on the concentration of a number of trace
elements. The matrix, containing a very large concentration excess
of zinc sulfate in concentrated sulfuric acid presents difficulties
for determining low concentrations of other metals with many
analytical methods. 1In this work it is shown that Cd, Co, Cu, Pb,
Hg and Ni impurities may be simultaneously determined at
concentrations less than or equal to 1 ppm using a combination of
solvent extraction, high performance liquid chromatography and
electrochemical or spectrophotometric detection. Solvent extraction
utilizes the formation of pyrrolidine dithiocarbamate complexes,
which after removal of zinc complexes and excess ligand on an anion
exchange column can be separated on a C-18 reverse phase
chromatographic column and detected by UV/Visible spectrophotometric
or electrochemical detection. Other combinations of chromatographic
and detection procedures were thwarted by the very large
concentration excess of zinc and other problems.
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INTRODUCTION

The determination of trace elements in the presence of a very
large excess of another element is a problem frequently encountered
by the analytical chemist (1). Even so called specific methods,
can exhibit interference effects when confronted with a matrix of
this type (2~4).

In the mining industry, the industrial process to produce high
purity metals frequently requires the preliminary production of a
concentrate where obviously the concentration of the element to be
refined is very high. Nevertheless, in many metal refining
processes 1t 1s extremely important to monitor the concentration of
trace impurities present at various stages of the refining. The
overall efficiency of the process may be severely decreased in the
presence of certain metals, even at trace levels. A number of
methods have been reported for the determination of specific
elements in various concentrates (5-11). Commonly, electrochemical
techniques or atomic absorption spectrometry have been used. These
methods become time consuming if a number of elements need to be
determined. For example, Beyer and Boud (10) have determined both
the major and some minor elements (Cd, Cu, Pb and Zn) simultaneously
in lead and zinc concentrates by polarographic techniques. However,
in this procedure the number of elements which can be determined
simultaneously is limited, which is typically true in problems of
this kind.

The electrolytic production of high purity metallic zinc uses a

plant electrolyte which is essentially a very concentrated solution



DETERMINATION OF TRACE ELEMENTS 1801

of zinc sulfate (100~108 g/L) in sulfuric acid (up to 110 g/L). The
current efficiency for zinc production decreases substantially in
the presence of trace impurities; i.e. cost of production is
increased. Consequently, the zinc sulfate electrolyte has to be
monitored very closely during the production process. Unfortunately
this is not a matrix conducive to the atomic absorption method and
many problems exist in the analytical work (11). 1In these
laboratories, a method has been developed for trace metal analysis
using liquid chromatography (LC) with electrochemical (LCEC) and/or
UV-Visible spectrophotometric (LCUV) detection (12,13), which

can be automated (14) with microprocessor based instrumentation. In
the present report, the application to multi-element determination
in the presence of a huge excess of zinc is examined on samples of
zinc sulfate.

The method is based on formation of dithiocarbamate complexes
followed by separation and subsequent electrochemical or
spectrophotometric detection. Two modes of operation are available:
(i) The metal~dithiocarbamate complex can be formed external to the
chromatographic system and prior Lo injection onto the separating
column. Complex formation may be undertaken in a solvent identical
to that for chromatographic separation or in aqueous solution
followed by extraction into a suitable organic solvent (15).

(ii) 1f the kinetics of dithiocarbamate complex formation is
sufficiently rapid, the complex can be formed 'in situ' by including
the ligand in the chromatographic solvent. This is the method

amenable to complete automation (14). With this method, Ni and Cu (14)
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as well as Pb, Co, Hg and Cd (15) can be determined in a single
injection within ten minutes.

Other elements (e.g., Cr, As, Sb and Se) cannot be determined in
this mode for various reasons (13,15), and recourse to the first
mentioned method with external complex formation may need to be
considered.

In the present work both modes of operation were considered for
the simultaneous determination of Ni, Cu, Co, Pb, Hg and Cd in zinc
concentrates.,

It might be anticipated that the very large concentration of
zinc would mitigate against successful development of a
chromatographic method based on electrochemical and/or
spectrophotometric detection. In principle, the chromatography
might be expected to be inadequate to achieve the required
separation which must be high with either spectrophotometric or
electrochemical detection since zinc dithiocarbamate gives a
response with both detectors. However, two major factors influence
the possibility of success applying our new method for metal
analysis to zinc plant electrolyte: (i) The stability coustant of
the zinc dithiocarbamate is small compared with most other
metal—dithiocarbamates (16-18), (ii) Evidence for the formation of
anionic zinc dithiocarbamate complexes has been reported (19-21).
In previous work (14) an anion exchange guard column was designed Lo
trap excess negatively charged dithiocarbamate ligand. The same
guard column may therefore at least partially remove the zinc

dithiocarbamate complex.



DETERMINATION OF TRACE DFLEMENTS 1803

EXPERIMENTAL

Reagents and Standard Solutions

All chemicals used were of analytical grade purity unless
otherwise stated. Commercially available diethyl and pyrrolidine
dithiocarbamate salts were recrystallized from ethanol prior to use.

Standard solutions of the metals concerned were prepared by
dissolving copper nitrate, nickel chloride, cobalt nitrate, lead
nitrate, mercuric nitrate, cadmium chloride and selenium dioxide in
distilled deionized water. Standard solutions were also prepared in
a 'zinc sulfate-sulfuric acid' matrix corresponding to 'pure' plant
electrolyte. These standards were always used in analytical
determinations,

Acetate buffer was prepared using the method described by Vogel
(22).

Liquid chromatographic grade (LC) grade acetonitrile, methanol,
dichloromethane and chloroform were used throughout this work.

Zinc sulfate electrolyte samples were provided by the
Electrolytic Zinc Company, Risdon, Tasmania, Australia.

Instrumentation

Instrumental details concerning the chromatographic and
electrochemical instrumentation have been described previously
(12-14). Chromatography equipment and spectrophotometric
detection were based on Waters equipment whilst electrochemical
instrumentation was either from Princeton Applied Research (PAR)
Corporation, Bioanalytical Systems (BAS), or home built. In this

work the electrochemical detector was a Bioanalytical Systems (BAS)
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CONTROL

Figure 1

Flow Diagram of Instrumentation.

1.

b,

Chromatographic solvent: e.g. External mode : 70% acetonitrile
30% acetate buffer, pH = 6 (.02 M), .01 M NaNO3. In situ mode
as above but add 1074 M NHgpydtc.

Solvent Delivery System : Typical flow rate = 1-3 mL/min.

Injection System : can be either manual or automatic. Typical
injection is 10-100 uL.

Guard column : containing (i) separator resin to protect
separator column, e.g. C-18 resin and (ii) ion exchange resin to
trap excess dithiocarbamate (external mode), e.g. Amberlite
CG-400.

Separator column : e.g. C-18 reverse phase from Waters Assoc.
Length = 30 cm; i1.d. = 3.9 mm.

Suppressor column : to remove excess dithiocarbamate (in situ
mode), packed with ion exchange resin as in guard column.
Length = 20 cm; i.d. = 3.9 mm.
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TL5 cell with glassy carbon working electrode, and an aqueous
Ag/AgCl (3M KC1) reference electrode. Columns were basically as
described in reference 14, A typical experimental arrangement is
shown schematically in Figure 1.

Electrochemical experiments in a conventional cell were
performed using glassy carbon working and auxiliary electrodes and a
Ag/AgCl (satd. LiCl : methanol or dichloromethane) reference
electrode.

Unless otherwise stated all data were obtained at (22 + 1%
and all solutions were degassed with nitrogen.

RESULTS AND DISCUSSION

The two methods of dithiocarbamate complex formation described
in the introduction were examized to ascertain the effect of the
large zinc concentration present in zinc sulfate electrolyte.

(i) External Dithiocarbamate Complex Formation

In this mode, diethyl or pyrrolidine dithiocarbamate complexes
need to be formed in a buffered aqueous sample of zinc sulfate
electrolyte by addition of an aqueous solution of diethyl or
pyrrolidine dithiocarbamate salt. The metal complexes are then
extracted into an organic phase (dichloromethane or chloroform were

found to be suitable) prior to injection onto the column. The

7. Spectrophotometric detector.
8. Electrochemical detector.
9. Readout device.

10. Microprocessor.
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buffer solution was made 1%Z (w/v) in NaNO, to enhance the
extraction efficiency (23). Injection of very pure zinc sulfate
electrolyte without any guard column gives an extremely large zinc
dithiocarbamate response using spectrophotometric detection (A =
254 nm) or electrochemical detection (DC potential = 0.80 V) as
shown in Figure 2(a,c). However, insertion of an anion exchange
guard column is very efficient in removing this response, as shown
in Figure 2 (b,d). This method can therefore be used for trace
metal determination in zinc sulfate electrolyte with considerable
advantage since Cd, Co, Cu, Pb, Hg and Ni may be determined
simultaneously if no interference effects are in operation.

Initial studies to examine the extraction behaviour of the
various metals in the presence and absence of zinc sulfate were
undertaken with differential pulse voltammetry at a glassy carbon
working electrode. Each of the dithiocarbamate complexes gives very
well defined oxidation responses in organic solvents (19,24). The
metal complexes were extracted into dichloromethane, and the
electrochemistry then investigated in this solvent after addition of
0.1 M BuéNCIO4 as a suitable supporting eclectrolyte.

The extraction efficiency and stability of the metal complexes
in the presence and absence of =zinc sulfate electrolyte could be
investigated conveniently in this manner. For those metal complexes
which could be measured directly by voltammetry in a conventional
electrochemical cell in the presence of a large excess of zinc, data
agreed well with that found in liquid chromatographic work after

chromater- removal of zinc. In all cases it was found that the
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TABLE 1

Extraction of Metal Pyrrolidine Dithiocarbamate Complexes in
Presence and Absence of Zinc Sulfate Electrolyteaﬂb

Metal Percentage of metal dithiocarbamate Percentage of
signal obtained for extraction in original metal
presence and absence of zinc dithiocarbamate
sulfate electrolyte. signal remaining

after two hours.

Without Zn With Zn

Ni 18% 95% 100%
Co 15% 100% 100%
Pb 75% 100% 100%
Hg 85% 100% 100%
cd 10% 100% 100%
Cu 100% 100% 100%

(a) Percentages quoted typically have a mean deviation of + 3%.

(b) 'Extractions were performed with dichloromethane as in text (see
later). Results are average values obtained by two methods.

(i) Differential pulse voltammetry (conventional cell).
Scan rate = 5 mV/sec. Duration between pulses = 0.5
sec. Modulation amplitude = 50 mV.

(ii) Extractions were performed and samples injected into
the LCEC/UV system described in Fig. 1. Injection

volume = 10 pl. Flow rate = 2 mL/min.
UV detection A = 254 nm. Electrochemical detection
DC (+ 1.20 V) vs Ag/AgCl (3 M KCl).

stability of the metal dithiocarbamates was increased in the
presence of zinc dithiocarbamate as has been reported by other
workers (25,26). Results are summarized in Table 1.

The ligand chosen for extraction in all quantitative studies was
pyrrolidine dithiocarbamate (pydtc—) rather than
diethyldithiocarbamate, (dedtc ) for a number of reasons.

Firstly, pydtc has been shown to exchange more readily than
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Figure 2

Injection (10 UL) of a ZnSO4 solution (108 g Zn/L) in distilled
H,0. Chromatographic system as described in Fig. 1. Solvent flow
rate = 3 mL/min.

(a) spectrophotometric detection ( A = 254 nm).
(b) as for (a) but insert ion exchange guard column.
(¢) electrochemical detection DC (potential = + 1.20 V).

(d) as for (ec) but insert ion exchange guard column.
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dedte” (18). Secondly, pydtc is more stable than the dedtc
ligand in acidic solutions, such as encountered with zinc sulfate
electrolyte. Finally, a significant response attributable to
Zn(dedtc)2 is observed when the dedtc ligand is used. This
complex has a retention volume similar to Cu(dedtc)2 and causes
interference.

Acetate buffer (pH = 4) was found suitable for extraction of all
metals considered.

The basis of the extraction is shown in the reaction scheme

below.
M}{’L + M§+ + M§+ + e. o+ Z0t 4+ pydte”

l Fast
3+

+
"Zn(pydte) " + M T M§+ ML+ +7n? (excess)
n

l Slower
Hr; 1 2+
Zn(pydte) " + Zn" + My (pydte) + Mz(pydtc)y +

+oas e

M3(pydtc)3
“Zn(pydtc)n" is then trapped on anion exchange guard column and
Ml(pydtc)x + Mz(pydtc)y + My(pydte)g + ...
are separated on a reverse phase C-18 chromatographic column and
detected. Zn2+ does not respond at either detector operating
under appropriate conditions.

In this reaction scheme, ”Zn(pydtc)n" is probably a mixture of
neutral and anionic complexes. Upon injection some of these
complexes break down to give free (pydtc) (15) which is trapped
on the guard column.

2+

X My+, M“a+ ... are trace metals and Zn“ 1is

Ml 2 3
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in a very large concentration excess over other metal ions being
detected.

In such an extraction it would be ideal to use as much ligand as
possible in order to increase the rate of formation of the metal
dithiocarbamate complexes. However, if more than 5 mL of 1% {(w/v)
pydtc” is used with 1 mL of zinc sulfate electrolyte and 10 mL of
extracting solvent, "Zn(pydtc) " begins to precipitate at the
organic/aqueous interface.

For the determination of low concentrations of metals it is also
obviously desirable to use as much zinc electrolyte (sample) as
possible. However, use of too much electrolyte introduces too much
zinc and therefore decreases the signals (extraction efficiency) of
most of the other metals. Variation of zinc concentration at the +
10% level was found experimentally to produce a constant trace metal
signal (+ 3%). There are obviously a number of constraints on the

extraction procedure that can be used prior to chromatography and

detection. In summary, the recommended analytical method is as
follows:
(i) Add 10 mL 1 M acetate buffer (pH = 4.2) containing 1%

NaNO3 (w/v) to 1 mL of zinc plant electrolyte.
(ii) Add 5 mL of 1% aqueous pydte (w/v). Shake mechanically

for ten minutes.

(iii) Add 10 mL extracting solvent (dichloromethane, or
chloroform).
(iv) Shake for a further ten minutes.

(v) Leave to separate for five minutes.
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(vi) Draw off sample from organic layer and inject a 10 pyL
sample into the chromatographic system consisting of 70%
acetonitrile/30% buffer etc. as the running solvent, a
guard column to remove excess pydtc and "zinc
dithiocarbamate' and a reverse phase C-18 separating column
(see Figure 1).

(vii) Detect the metal with electrochemical or spectrophotometric
detection after chromatographic separation.

With the above procedure, calibration curves were constructed
for the metals concerned. All were linear for concentrations from
the detection limit to at least 20 ppm. Fig. 3 shows a typical
chromatogram. Chromatographic resolution between the Cu and Hg
responses can be achieved by replacing 70% acetonitrile with (50%
acetonitrile + 20% methanol) in the chromatographic solvent.

The only chemical interference observed with other elements
known to be present was when mercury was monitored in the presence
of selenium. In this situation, complex behaviour was observed in
that the mercury response was split into two peaks (Fig. 4),
implying that mercury selenium complexes are being formed via
exchange reactions. (Results are similar with or without Zn804
present) .

Detection limits for both electrochemical and spectrophotometric
detection are listed in Table II. Note that in previous work
(13-14) the electrochemical detector has proved superior with
respect to sensitivity. However in this work, even though the guard

1

column does trap most of the pydtc and "Zn(pydtc) some
n
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Figure 3

Determination of cadmium (2 ppm), lead (5 ppm) [peak 5], nickel (5
ppm) [peak 6], cobalt (5 ppm) [peak 7], mercury (5 ppm) and copper
(5 ppm) [peak 8] in ZnSO, (108 g Zn/L). Peak 4 is due to
thiuramdisulfide.

Extraction performed as in text using dichloromethane as extracting
solvent. Peaks (1), (2) and (3) in blank. Chromatographic system
as in Fig. L. Injection volume = 10 UL, flow rate = 2 mL/min.
Spectrophotometric detection (A = 254 nm).

material(s) inhibiting the electrochemical response must be entering
the detector since the current per unit concentration is less than
that obtained in the absence of zinc when relatively positive DC

potentials are used for detection.

Examination of plant electrolyte zinc samples was successfully

carried out (see Fig. 5). Data obtained using the method of
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Figure 4
Injection of mercury (peak 2) in the presence of selenium (peak 1)
results in another discrete response (peak 3). System as in Fig.

1. Flow rate = 3 mL/min. Injection volume = 10 uL.

(A) 10 ppm selenium. Peak 1 may be the thiuram disulfide dimer
rather than selenium.

(B) 10 ppm mercury.
(C) 10 ppm selenium + 10 ppm mercury.

Extraction performed as outlined in text using dichloromethane as
extracting solvent (no ZnSQ, present). Spectrophotometric
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Figure 5

Injection (10 W L) of a zinc plant electrolyte. Determination of 13

ppm cadmium (peak 1), 2 ppm cobalt (peak 2) and 7 ppm Cu(peak 3).
Chromatographic system as in Fig. 1. Flow rate = 3 mL/min.

Injection volume = 10 pL. Extraction as outlined in text using
dichloromethane as ‘xtracting solveat,

(A) spectrophotome.ric detection (A = 254 nm).

(B) electrochemical detection. DC (potential = +1.20 V).
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standard additions were in excellent agreement with those obtained
by conventional techniques based on individual determinations by
atomic absorption spectrometry (100 fold dilution) or polarography
(11), dimplying that the method is relatively interference free. No
problems from other major constituents in the electrolyte (e.g. Mn,
12 g/L) were observed. Direct rather than standard addition methods
of calibration was also satisfactory, except for the
mercury~-selenium combination noted above. This again is indicative
that interferences are generally minimal.

(i1) 'In situ' Dithiocarbamate Complex Formation

Several problems arise with this mode of operation.

The highly ionic zinc concentrate ( ~ 100 g/L Zn) needs to be
miscible with a suitable chromatographic solvent. Both
acetonitrile-water and methanol-water chromatographic solvents
previously employed (14) were investigated with respect to
miscibility. The zinc electrolyte was found to be immiscible with
70% acetonitrile solution, although this problem can be eliminated
by a preliminary twenty-:old dilution and a corresponding
loss in sensitivity. Although the zinc concentrate is in fact
miscible with 707 methanol, zinc dithiocarbamate is not as soluble in
methanol and precipitation may occur in the chromatographic system
which is undesirable. 1f the UV-visible spectrophotometric detector
is set at 254 nm or the electrochemical detector operated at
potentials more positive than +O;8O V a very lar,e zinc
dithiocarbamate response is obsefved as shown in ‘Fig. 6. Tuning of
the spectrophotometric detector to A = 400 nm or electrochemical

detector to +0.60 V alleviates this problem significantly. However,
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Figure 6

Blank (10 UL injection of ZnSQ,; electrolyte (108 g Zn/L) diluted
twenty fold) determinations under various conditions.

(A) spectrophotomstric detection { A = 254 nm).

(B) spectrophotometric detection ( A

H

350 nm).

(C) electrochemical detection DC (potential = +0.80 V).

fl

(D) electrochemical detection DC (potential + 0.60 V).

Chromatographic system as in Fig. 1 (in situ mode). Flow rate = 3
mL/min.
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Figure 7

De termination of cobalt (20 ppwm) [peak 1] and copper (260 ppm)
[peak 2] in a zinc plint electrolyte (2 g/L HpS0,) sample after
a twenty fold dilution.

(A) spectrophotometric detection (A = 350 nm).

(B) electrochemical detection. DC (potential = + 0.60 V).

Chromatographic system as in Fig. 1 (in situ mode). Flow rate =
3 mL/min. Injection volume = 10 y L.
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under these conditions, detection is limited to Ni, Cu and Co
(spectrophotometric detection) and Ni  and Cu (electrochemical
detection). Data obtained in the presence and absence of zinc
electrolyte show that the trace metal response is not the same as
that observed when no zinc is present for metals other than Cu. The
ratio of signal observed in the presence and absence of zinc is

100% for copper, 65% for nickel and 48% for cobalt. Thus, whilst
copper determinations retain their sensitivity, the sensitivity for
nickel and cobalt are decreased. Fig. 7 shows an example of an
injection of a zinc plant electrolyte sample which demonstrates that
the method does work. Data are presented in Table 2.

However, a further problem which mitigates against the long term
use of the 'in situ' complex formation method was observed with long
term monitoring under automated conditions. Repeated injections of
the zinc electrolyte lead to relatively rapid deterioration in the
performance of the separating column and column vre,eneration is
required at more .requent intervals than required ov zinc fre.=
samples. In an endeavour to provide improved performance, the 'in
situ' complex formation mode was examined with a suppressor column
in the system prior to the detectors in order Lo trap the excess
ligand as well as the zinc dithiocarbamate complex. However under
the conditions of ligand being included in the running solvent, this
caun only work for a few injections until the suppressor column ie
overloaded and fails to work.

In summavy, for the particular example of trace metal
determination in zinc plant electrolyte, the external

di.thiocarbamate complex formation method is considerably superior
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TABLE 2
Limits of detection® in presence of zinc sulfate electrolyte.
Detection Limits

External Modebs¢ "In situ' moded,®

Metal spectrophoto~ electro- spectro- clectro-
metric chemical photo~— chemical
detection injection metric detection

detection
(ppm) (ppm) (ppm) (ppm)

Cu 0.1 0.1 0.1 0.1

Ni 0.5 2 0.5 0.5

Co 0.2 2 0.2

Pb 0.1 1

Hg 1 1

cd 0.5 0.5

(a) For signal to noise ratio of 2, using a 10 uL injection.

(b) Using recommended extraction procedure (see text) with

dichloromethune.

(c) External mode: A = 254 nm — DC (+ 1.20V) linear to 20 ppm.

(d) Direct injec'ion.

(e) '"Ia situ' mode: A = 400 nm - DC potential = + 0.60 V.

Results obtained on chiomatographic system as outlined in Fig. 1.

and must be recommended, even though it requires more time consuming

procedures.
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ABSTRACT

Conditions of electrokinetic detection are elaborated for volatile fatty acids
(acetic, propionic, isobutyric and valeric) in reversed phase high performance liquid
chromatography, HPLC. A simple, open tube capillary electrokinetic detector was
constructed. The working unit of the detector was a capillary made of polytetra-
fluoroethylene, PTFE, or stainless-steel. The output signal of the detector was the
streaming potential of the capillary which was measured against earth. When chro-
matograms were developed in non-buffered polar solution of mobile phase, the
retention volume, Vg, of acids increased with the increase of concentration of acids
in the sample. The detectability of the detector with PTFE capillary used as a
working unit was of the order of 10™?* mole for a b ul injected sample and the
reproducibility was 5% (reiative standard deviation, R.S.D., for ten consecutive
injections). The linear dynamic range was close to two orders of magnitude of the
concentiations of acids.,

INTRODUCTION

In the search for a new reliable universal detector for liquid chromatography, ele-
ctrochemical detectors based on the measurement of streaming current and strea-
ming potential have been recently tested and applied [1—3]. In 1964 a patent was
drawn for the first electrokinetic detector for liquid chromatography by A ndo
et al. [4]. The working unit of that detector is an open tube dielectric capillary or
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packed with a dielectric support. At both ends of that capillary there are Pt or Au
electrodes between which the streaming potential is measured. The detector has
been used for reversed phase liquid chromatography. In further modeis of electro-
kinetic detectors the streaming current was measured. The latter devices were ap-
plied both for normal and reversed phase liguid chromatography, LC. The streaming
current and streaming potential encoutered under conditions of reversed phase LC
[4, 5] are described by the Sm o luchowski equation [3, 6-9], and for flow
conditions relevant to normal phase LC [10—15] the streaming current is described
by the G a v is and K oszman theory[16—20]. It wasalso shown
that the electrokinetic detection signal could be measured directly at a chromato-
graphic column [12—14]. This is advatageous especially for capillary liquid chroma-
tography where extra-column effects of chromatographic band broadening are cru-
cial [12—14]. Only an electrokinetic detector makes it possible to measure the exclu-
sion volume directly during chromatographic elution [11]. Moreover, the electroki-
netic detector is useful for studing the so-called “vacant’”’ peaks [11]. The spray
impact detector operates on a similar principle as the electrokinetic one [21]. The
spray impact detector is based on the Lenard effectdiscovered in 1892 where
the electric charge is non-uniformly distributed when liquid droplets are sprayed
onto the conducting target.

In the present paper the results are given obtained with the use ¢' our simple
electrokinetic detector as applied to the detection of volatile fatty acids in the
effluent of the reversed phase chromatographic column. In the detector the strea-
ming potential was measured at the working unit which consisted of an open
dielectric or metal tube capillary.

Volatile fatty acids play an important role in food industry when manufacturing
wine, cheese or processings fruit as flavour ingredients. Also their determination in
blood plasma and lymph may make it possible to fellow the mammals metabolism
paths [22]. So there is a need for the determination of these acids both in trace
amounts and in a wide range of concentrations. Volatile fatty acids were determi-
ned chromatographically many times before especially by gas [23—28] and thin
layer chromatographies [29, 30]. Classical and high performancde -L.C were also used
for the purpose [31—36]. However, serious detection problem< were encountered
for acias with short aliphatic chains, which led to the need of applying complex
detection methods or on or off line derivatization of substances in the sample.
Bush eatal [22] succeeded to separate volatile fatty acids, i.e. acetic, propionic,
butyric, valeric and isovaleric ones, by reversed phasc HPLC with UV (210 nm) de-
tection on the C;3 pBONDPAK column in less than 20 minutes., The quoted authors
used MeOH + 0.1 M NaH, PO, , pH 3.5 (10 + 90) v/v as the mobile phase. 1t seemed
interesting to repeat their measurements with another type of detection for compari-
son, since the: UV (210 nm) detector is sensitive to even trace amounts of contamina-
tions. Volatile fatty acids C, — C,, were also recently separated by the reversed pha-
se HPLC on a Nukleosil 7 C;g column using electrokinetic detection in which the
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streaming current was measured [5]. The disadvantage encountered was, however,
the strong dependence of the baseline current on the flow rate, J, of the mobile pha-
se. With the increase of J by 0.1 ml min™ the baseline current increased by 1.8 x 1078
A, while the heights of the chromatographic peaks were only of the order of 107
— 1078 A. Thus a minor instability inJ already deteriorated markedly the reproduci-
bility. Besides, the size of the sample used was as large as 2 cm?® and was comparable
to the dead volume of the column. Such a large sample size is considered
disadvantageous in HPLC because of the disturbance to the column it causes during
sample injection.

EXPERIMENTAL

The design and electronic diagram of the electrokinetic detector is shown in
Fig. 1. The eluate from the chromatographic column (1) is pumped through a 50—
60% porous filter (2), and next through a stainless-steel junction {16 x 1 mm 1.D.)
(4) to the working capillary (3). A PTFE or stainless-steel TH18N9T open tube
capiliary of 0.4 or 0.2 mm 1.D., respectively, and 20 mm long was used as the work-
ing unit of the detector. The stainless-steel capillary was insulated from the rest of
the system by a PTFE tightening ferrule (5). The eluate was drained off to waste by
the stainless-steel capilary (6) of 1 mm 1.D. which was insulated from the earthed
screen {7) by a PTFE connector (8). The chromatographic column and its pumping
system, joint and the screen wyere earthed. The streaming potential, Ay, as measu-
red as the potential of the capillary (6) against earth using an electronic ¢ircuit with
an operational RCA-715 amplifier of 10" Q input resistance (9). The potential Ay
was recorded with a Mera-Tronik V-543 (Warszawa, Poland) multimeter and Ra-
delkis OH-814/1 (Budapest, Hungary) potentiometric recorder. The operational
amplificr was fed from a stabilized Unitra-Unima ZT-980-2 (Warszawa, Poland)
electric feeder. The Institute of Physical Chemistry, Polish Academy of Sciences
(Warszawa, Poland) chromatograph HPLC type 302 was used. The pump of the
chromatograph was a syringe type pump with mobile phase flow rate adjusted in the
range from 0.06 to 6.0 ml min™ . It was equipped with a 5 ul high pressure injection
valve. The column used was a stainless-steel THI8NOT column 150 x 4 rmm 1D,
slurry packed by a modified viscous method [37] with LiChrosorb RP-18, 10 um
{E. Merck, Darmstadt, FRG) in a mixture of dioxane + tetrachloromethane (50 +
50} v/v at 42 M Pa, or packed.with glass beads 80 mesh (B.D.H., Poole, England)} by
a dry method. A mobile phase solution was prepared using redistilled water and ana-
lytical grade methanol (E. Merck, Darmstadt, FRG). Other chemicals were of ana-
lytical grade (P.O.Ch., Gliwice, Poland). The mobile phase was degassed for two
hours prior to chromatographic measurements in an ultrasonic bath cnder a water
aspirator.
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FIGURE 1. Diagram of the electrokinetic detector and its electronic set-up for
the measurement of streaming potential.

1 — HPLC column packed with LiChrosorb RP-18, 10 um,

2 — porous filter, 3 — working PTFE capillary, 4 — stainless-steel M12/M12 joint,

5 — PTFE tightening ferrule, 6 — stainless—steel drairiing capillary, 7 — earthed
shield, 8 — PTFE connector, 9 — operational amplifier RCA—715, 10 — M12 nut,
11 — M6 nut, 12 — stainless-steel M12/M6 joint, 13 — stainless-steel 5/10 ferrule,

14 — stainless-steel 4/3.5 ferrule, 15 — 10!1 Ohm resistor, 16 — digital voltmeter,
17 — X—1t recorder.

RESULTS AND DISCUSSION

Elektrokinetic measurements were carried out using a PTFE (20 x 0.4 mm |.D.) or
stainless-steel (20 x 0.2 mm 1.D.) capillary. The results, if not stated otherwise, re-
fer to the PTFE capillary.

Preliminary experiments performed without the chromatographic column show-
ed {Fig. 2) that peak heights, A{Ay), decrease with the increase of the flow rate of
the mobile phase of the composition MeOH + H, O {10 + 90) v/v which is further
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FIGURE 2. Dependence of the streaming potential changes (heights of chroma-
tographic peaks), A(Ag), on the concentration of propionic acid obtained using the
electrokinetic detector with PTFE capillary (20 x 0.4 mm [.D.) without chromato-
graphic column. Mobile phase: MeOH + H, 0 {10 + 90) v/v, sample size — 5 nl.

Flow rate: 0.6 (O), 1.8 (3d), 3.0 {(A) mIlmin™,

used, from 0.3 to 3.0 ml min™. The value of A{Ay) was measured as the difference
between the streaming botentia’l value at a peak maximum and the background po-
tential, Agy. The detection limit of acids per 5 ul injection size was close to 10712
mole (10™ M) for the PTFE capillary and 10™° mole (10™ M) for the stainless-
-steel capillary. A similar depehdence or peak heights on the flow rate and concen-
tration has been observed for other studied substances [38]. It was found that the
detectability of the detector is nearly by two orders of magnitude higher for ionic
compounds {e.g. aliphatic or aromatic carboxylic acids or inorganic salts) than for
nonionic ones (e.g. ketones).

Fig. 3 shows the HPLC reversed phase chromatograms of mixtures containing
10* M and 10 M of each of the acids: acetic, propionic, isobutyric and valeric in
Figs. 3 a and 3 b, ¢, respectively. The mobile phase used was of the composition
indicated earlier and the flow rate was 1.2 (Fig. 3 a, b) and 4.2 ml min™ (Fig. 3 c).
As it is shown in Figs. 3 b and 3 ¢, A{Ae) changes its sign from positive to negative
when the flow rate increases above a certain value, J,. At the same time Apy, increa-
ses. Sample injection is accompanied by two spikes, the first being negative and the
second one positive {in Fig. 3 they are not separated and are indicated by a vertical
segment because of the recorder delay). These spikes are caused by the flow rate
disturbance which accompanies sample injection. The first negative spike which
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FIGURE 3. HPLC chromatograms of volatile fatty acids recorded with the use
of the electrokinetic detector with PTFE capillary (20 x 0.4 mm |.D.), separated on
stainless-steel column 150 x 4 mm |. D., packed with LiChrosorb RP-18, 10 um.
Mobile phase: MeOH + H, O {10 + 90) v/v, sample size — 5 ul. Concentration of
acids, in M, and flow rate, in ml min:a — 10°,42; b — 103, 12, c— 10,
1.2. The peaks: acetic (1), propionic (2), isobutyric (3), and valeric (4} acid.

appears is attributed to the decrease of the flow rate, and thc following positive one
is due to the increase of flow rate caused by the instantaneous increase of pressure.
Heights of both spikes increase with the increase of the mobile phase flow rate.
Fig. 4 shows the A{Ag) vs J plot for all 107 M acids. It is seen that for the smallest
available flow rate, i.e. for J = 0.06 ml min™ the sign of A{Ay) is positive, and it
decreases with the increase of flow rate. With the increase of J, Agy, always increa-
ses. For J close to 2.7 ml min™ all peaks disappear in the chromatogram, and
for J > 2.7 ml min™ the peak changes its sign. With the further increase of J the
abeolute value of A{Ag) also increases. This is presumably due to some constant
potes tials, e.g. potential from the electrochemical cell or changes of the potential
during sample injection (as a result of changes of capacity) interfering with the strea-
miny potential. When the flow rate exceeds 5.4 ml min™ a decrease in the absolute
value of A{Ag) is observed, Fig. 5 shows the dependence of the height (Fig. 5 a) and
surface area (Fig. b b) of peaks on the logarithm of concentration of acids. The de-
tectability for the detestor with the PTFE capillary (20 x 0.4 mm 1.D.) at the signal
to noise ratio of two and J in the range from 0.6 to 1.2 mI min™ was close to 107'?
mole. The peak to peak reproducibility of signals calculated as a relative standard
deviation {R.S.D.) of separate measurements of the pesk height in ten consecutive
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Plot of chromatographic peak height, A{Ay), vs. mobile phase flow

rate, J, of B ul sample of mixture of 1T mM acetic {O), propionic (A), isobutyric (O},
and valeric {¥) acid. Other conditions as in Fig. 3.
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FIGURE 5. Dependence of height (a) and area (b) of the chromatographic peaks on
the logarithm of concentration of volatile fatty acids: acetic (O), propionic (A), isobutyric
(1), valeric (V). Flow rate 1.2 ml min~". Other conditions as in Fig. 3.
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FIGURE 6, HPLC chromatogram of 1 M propionic acid, flow rate — 1.2 ml min™?!
column 150 x 4 mm 1.D., packed with glass beads ca. 80 mesh. Other conditions as
in Fig. 3.

injections each containing 1 mM of every acid was better than 5%, and for lower and
higher concentrations was somewhat poorer and varried in the range from b to 15%.
For smaller concentrations it was limited by the noise level of Agy, and for higher
concentrations it resulted most probably from the irreversible adsorption of acids on
the surface of the capillary inner wall. Day to day reproducibility was not as good as
that mentioned above. However, it could be improved by repeated sample injecting.
Adsorption equilibria are then probably attained. The first peak in a series is usually
lower than the subsequent ones. The value of Ay, does not assume its orginal value
when acids of concentration higher than 10 M are injected but remains at lower
level. This creates some difficulties in peak height or surface area determinations.
The orginal value of Agy is reached after several up to several dozen minutes. This is
probably the result of the irreversible adsorption of acids. Such a bahaviour was
exemplified in Fig. 6 for 1 M propionicacid atJ = 1.2 ml min™, (150 x 4 mm 1.D.)
column packed with glass beads. The largest peak surface area was obtained for
valeric acid (Fig. b b) to which corresponds the broadest band in the chromatogram
(Fig. 3). The reproducibility of the peak surface area was poorer than the corres-
ponding peak height and was approximately equal to 10% (R.S.D. for ten consecu-
tive injections) for 1 mM propionic acid atJ = 1.2 ml min™. The linear dynamic
range was close to two orders of magnitude of the acid concentration.

The heights of the chromatographic peaks obtained using the detector with the
stainless-steel capillary (20 x 0.2 mm 1.D.) were about three times smaller than those
obtained using a PTFE capillary. The stainless-steel capillary revealed also worse
detectability, equal to ca. 5 x 10 M, and reproducibility which was better than
30% (R.S.D. for ten consecutive injections).



ELECTROKINETLIC DETECTTON, 1 1831

- -
8...
< | b ' .
1600 t
1400
1200 |
| +
e
1000 1

t/ min

FIGURE 7. Changes of the streaming potential in time for consecutive injections
of ca. 1 M TEAY CqHsCOO™ jon-pair without a column. Flow rate-0.6 ml/min,
sample size — b ul, mobile phase: isopropanol + methylene chloride + hexane (20 +
+ 60 + 20} v/v/v the detector working unit — stainless-steel capillary 100 x 0.2
mm |.D.

The measurements presented above were performed using a nonbuffered mobile
phase. Addition of any electrolyte e.g. buffer to the mobile phase causes a decrease
of the heights of chromatographic peaks due to the increase of conductivity which
results in the so-called “'short circuit effect’’. This leads to the decrease of repro-
ducibility and detectability, But in the absence of a buffer in the mobile phase
the retention volume, VR' was highly dependent on the concentration of acids in the
sample (cf. Figs. 3 b and 3 ¢) which would be inconvenient for analytical purposes.
This effect resulted from retaining of mainly non-dissociated substances by the re-
versed phase, RP, support. The degree of dissociation of acids and their pH increase
with dilution, and the dissociated acids are eluted in shorter time [39]. The most
pronounced changes in the Vi were observed for high concentrations of the acid.
For concentrations smaller than 10 M these changes were practically independent
of the concentration of acid. We tried to eliminate dependence of V3 on acids con-
centration by:

(i) Applying dilute buffer solutions. However, phosphate or citrate buffers
diluted as much as 10™ M proved useless, since their buffer capacities are insu-
fficient to prevent Vg of acids from being independent of their concentration.
When more concentrated buffers were used, A{Ay) decreased drastically due to the
“short circle effect’.
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(if) Applying the mobile phase of high content of organic solvent MeOH
or AcCN in order to decrease the degree of dissociation of acids and to eliminate the
necessity of buffering the solution. This resulted in the increase of height of peaks
but at the same time the retention volume of all acids decreased so much that they
were eluted all together.

(iii}  Separating acids using ion-pair normal phase chromatography with a buffer
and tetraalkylammonium ions as the stationary phase on the LiChrosorb Si 100, 10
um support (as it was proposed in [40,41]). However, it appeard that ion-pairs
formed of acid anions {injected to the column} and tetrabutylammonium cations,
TBA+, (present in the stationary phase) were irreversibly adsorbed on the inner
surface of the capillary wall, what is exemplified in a model experiment in the
absence of a column shown in Fig. 7. After the injection of benzoic acid Ay re-
turned to the value characteristic for the baseline potential after a long time (curve a).
In the succesive injections smaller peaks were obtained (curve b).

(iv)  Separating acids using ion-pair reversed phase chromatography. The addi-
tion of the tetraethylammonium cation, TEA+, to the mobile phase resulted in
the decrease of peaks and also of the detectability as well as of reproducibility as
a result of the irreversible adsorption of TEAT on the inner surface of the capillary
wall. We made therefore an attempt to separate acids in very dilute solutions of
TEACIO, without buffers what will be described in part 2 of this work [42].
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ELECTROKINETIC DETECTION IN REVERSED PHASE HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY
PART II. QUATERNARY AMMONIUM {ON-PAIRS
OF SOME VOLATILE FATTY ACIDS

Wiktor Kemula, Bronistaw K. Gtdd and Witodzimierz Kutner
Institute of Physical Chemistry
Polish Academy of Sciences
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ABSTRACT

The conditions of electrokinetic detection were elaborated for tetraethylammo-
nium, TEAT ion-pairs of volatile fatty acids{acetic, propionic, isobutyric and va-
leric) in revarsed phase high performane liquid chromatography, HPLC. To eliminate
the dependence of the retention volume V3, on the concentration of acids found in
the first part of this work, TEA" was added to the non-buffered mobile phase. In
the presence of pairing TEAT ions, VR appeared to be invariant with the concentra-
tion of acids in the sample in a definite concentration range. The detectability of
the detector, with a polytetrafluoroethylene, PTFE, capillary as its working unit,
was of the order of 107'® mole and the reproducibility was 5% (relative standard
deviation, R.S.D., for ten consecutive injections). The linear dynamic range exten-
ded over two orders of magnitude of the acid concentrations.

EXPERIMENTAL
The detector and chromatograph construction as well as the chromatographic
procedure have been described in part 1 of the present work [1]. As working units

of the detector PTFE, borosilicate glass (Jena, GDR) or TH18N9T stainless-steel
open tube capillaries of different diameter and lengh were used,
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The mobile phase solution was prepared using redistilled water and analytical
grade methanol (E. Merck, Darmstadt, FRG). Tetraethylammonium perchlorate,
TEACIO,, was prepared according to [2] by precipitation of the water insoluble
TEACIO, from the aqueous solution of analytical grade tetraethylammonium bro-
mide, TEABr, (Reahim, USSR) and HCIO, of the same grade (VEB Laborchemie—
—Apolda, GDR) at 60°C,

RESULTS AND DISCUSSION

In part 1 of the present work [1] the HPLC separation and electrokinetic detec-
tion conditions of volatile fatty acids (acetic, propionic, isobutyric and valeric) were
eleborated. The retention volumes of acids appeared, however to be strongly depen-
dent on their concentrations. That is why in the present paper attempts are made to
eliminate this effect by separating the acids in the ion-pair reversed phase HPLC
mode.

The electrokinetic measurements were carried out with dielectric, i.e. PTFE,
borosilicate glass or metal, i.e. stainless-steel, capillaries of different dimensions as

working units of the detector. The results, if not stated otherwise, have been obtained
with the PTFE capillary (20 x 0.4 mm 1.D.).

The retention volumes of the studied acids in ion-pair reversed phase chromato-
graphy appeared to be independent of the concentration of acids in the injected
sample in a definite range of concentrations, depending on the concentration of
TEAY in the mobite phase. Thus, the chromatogram obtained under these conditions
(Fig. 1) does not differ much from that obtained for acids in the absence of TeEAY
{cf. Fig. 1 [1]). Also the dependence of changes of the streaming potential, A{Ay),
on the mobile phase flow rate, J, was analogous to that presented in Fig. 4 of ref.
[1]. The change of the sign of chromatographic peak heights {Figs. 1 a and 1 b} is
observed as previously for flow rates higher than some critical value, /© When the
mobile phase of the same composition as previously (MeOH + H,O (10 + 90) v/v)
contained additionally 10® M TEACIO, (this mobile phase was used in further
experiments), the retention volume is independent of concentration of acids in the
injected sample in the acid concentration range 107 —10™ # (Fig. 2). Practically up
to the acid concentration of 5x10™ M the changes of the retention volume are so
small that a change of the sequence of chromatographic peaks is not likely. In Fig. 2
the dependence of the retention volume on concentration of acids is shown as de-
terminated directly (dashed line) and by the jon-pair method (solid line) at 10™ M
TEACIO,. That figure shows that after addition of TEACIO, to the mobile phase
at a concentration not exceeding 10™ M (without a buffer) the retention volume of
the studied acids is independent of the acid concentration in a wider range of their
concentrations than in the absence of the pairing counter ion {cf. Figs. 1 b, c and
3b, cin[1]. In Table 1 the influence is presented of TEAT concentration on the
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FIGURE 1. HPLC chromatogram of volatile fatty acids separated as ion-pairs on
stainless-steel column 150 x 4 mm [.D., LiChrosorb RP-18, 10 um, recorded using
the electrokinetic detector with PTFE capillary (20 x 0.4 mm . D.), sample size
5 ul; mobile phase 10 M TEACIO, in MeOH + H,0 (10 + 90) v/v; acids con-
centrations in M, and flow rates in ml min™:a — 102, 4.2; b — 10, 0.6;: ¢ —
10, 0.6. The peaks: 1 — acetic, 2 — propionic, 3 — isobutyric, and 4 — valeric
acid.
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FIGURE 2. Dependence of retention volume on concentration of volatile fatty
acids (dashed lines): acetic {O), propionic (A), isobutiric {3), and valeric ( V) and
of their ion-pairs {solid lines). Flow rate 0.6 mi min™, other conditions as in Fig. 1.
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FIGURE 3. Dependence of height (a) and logarithm of height (b) of HPLC chro-
matographic peaks recorded using the electrokinetic detector with PTFE capillary
(20 x 0.4 mm |. D.) on concentration (a) and logarithm of concentration (b) of
propionic {A), isobutiric (), and valeric (O}, acids separated as ion-pairs in re-
versed phase HPLC; other conditions as in Fig. 2.

acids detectability, W, and on the maximum concentration of acids, ¢ M3X, at which
the changes of Vi are so small that a change in the elution sequence of acids could
not occur. As it is seen, the increase of TEA™ concentration in the mobile phase
causes a decrease of detectability but also a shift of the acid concentration range,
in which Vg is independent of the concentration of acids, towards higher concen-
trations. When the concentration of TEAY increases by one order of magnitude, the
peak heights decrease several times. At the concentration of TEAT equal to 10 M
the peak heights are about ten times smaller than in the absence of TEAT Fig. 3
shows the dependence of the peak heights (3 a) and the logarithm of the peak heig-
hts (3 b) on concentration (3 a) and the logarithm of concentration of acids {3 b)
determined as ion-pairs. From this figure it is seen that the linear dynamic range
extends to at least one order of magnitude, i.e. 2x107° ~7x10™ M or 2x107% —1x107*
M for the cases presented in Fig. 3 a nd 3 b, respectively. The slope of all curves in
Fig. 3 b, dlog[A(Ap)]/dloge, is the same and equal to about unity. Within the linear
sections of the calibration curves the response of the detector may be described by
the known formula

Alag) = A(a@)° + kel

’

where: A(Ag)© is the residual signal of the changes of streaming potential, k the
sensitivity and n the detector response index.
Then for Al{ay)>A(Ag)° we have

logalae) = logk + nloge.
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TABLE 1

Dependence of the Detectability of Propionic Acid, Wropgscoon, and lts Maxi-
mum Concentration ”(EHSQBCOOH' at which the Changes of Vi are so Small That

the Change in the Sequence of Peaks Could not Occur, on TEAY Concentration.

¢TEACIO, [M] We,Hcoon 1] Cg]zaﬁscooH M

0 5x 107 Bx107

107 (2-5)x107 8x 1075

107 (2—5)x107 Bx10™

107 (2-5)x107 Bx107

107 5x107

107 5x10™ —

B

For the studied acids in the range of almost two orders of magnitudes of concentra-
tion n = 1, and the sensitivity of the detector for all acids is in the limits of (2—8)x
x10™* for concentrations of acids smaller than 7x10™* M, and for higher concen-
tration it is about half that value. In ion-pair HPLC of acids the reproducibility is
better than 5% (R.S.D. for ten consecutive injections), like in direct HPLC deter-
mination of acids. With the increase of flow rate in the ion-pair chromatography
method for J < 3.4 ml min™ a decrease of the peak heights was observed. For
J = 3.4 mi min? the peaks disapear altogether in the chromatogram. For J > 3.4
ml min™ the peaks change their sign to negative and their absolute value increase,

In Fig. 4 the dependence of HPLC chromatographic peak heights of propionic
acid of different concentration (1x10™, 5x10™, 10x10™ M) on the flow rate is
presented. Analogous curves were obtained for other acids. As it is seen, the value of
the flow rate at which the relationship AlAe) = f(J) passes the zero point, JO, is
independent of the acid concentration. For the PTFE capillary (20 x 0.35 mm 1.D.}
this value is 1.65 ml min™ . It should be noted that at higher flow rates, in this case
higher than 4.8 ml min™, we observe like in the direct method a decrease of the
absolute value of peak heights {i.e. atJ/ = 4.8 ml min™ the relationship A{Ay) = f{/)
has a minimum).

With the increase of the PTFE capillary diameter, of 15 mm length, the peak heights
decrease {Fig. 5). At the same time the stability of the baseline potential is impro-
ved. Changes in the capillary diameter do not influence the relative reproducibility
of the detector. However, for capillaries of smaller diameters longer time was requi-
red for the baseline potential to stabilize. With the increase of the capillary length (Fig.
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FIGURE 4. Plot of chromatographic peak height, A{Ay), against flow rate, J, for
0.1 (v), 05(O), and 1 mM (A) propionic acid, dashed line—the baseline poten-

tial; other conditions as in Fig. 2,
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FIGURE 5. Plot of chromatographic peak height, A{Ag), vs inner diamet_er, d,
of PTFE capillary 15 mm long for 1 m#M propionic (0}, isobutric (A), valeric (O)

acids; other conditions as in Fig. 2.
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FIGURE 6. Plot of chromatographic peak height, A(Ayp), vs length, /, of PTFE
capillary (0.2 mm 1.D.) for 1 mM propionic (4}, isobutric (1), valeric { v ) acids;
dashed line—the baseline potential; other conditions as in Fig. 2.
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FIGURE 7. Dependence of height of HPLC chromatographic peak, A(Ay), on
flow rate, J, for 1 mM acetic {(O), propionic (A), isobutyric (Q), valeric (V) acids.
The detector working unit—borosilicate glass capillary (20 x 0.13 mm 1.D.) other
conditions as in Fig. 2.
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FIGURE 8. Dependence of flow rate, J°, corresponding to the zero point of the
relationship A{Ag) on J, on diameter, d, of dielectric capillary 20 mm long; PTFE
(@), borosilicate glass (O); other conditions as in Fig. 2,

6) the peaks heights increased as well but at the same time the baseline potential
became less stable and shifted towards more negative values.

Substitution of the PTFE capillary (20 x 0.4 mm 1.D.) for the borosilicate glass one
(20 x 0.13 mm LD.) led to a fortyfold increase of the peak heights (Fig. 7).
However, the baseline potential was less stable, what was the reason why the rela-
tive reproducibility was only about 5% (R.S.D. for ten consecutive injections).
Hence, the general conclusion can be made that the application of a capillary of a
smaller inner diameter leads to the increase of the absolute value of the baseline po-
tential {this was why the use of the borosilicate glass capillary at J > 1.2 ml min™
was impossible) and of the peak heights, and also makes A (V6) more sensitive to
changes of J. For the glass capillary J° = 0.21 ml min™. Fig. 8 shows the dependen-
ce of JO on the diameter of the capillary made of a dielectric. As it is seen, /© increa-
ses with the increase of the capillary diameter.

The chromatographic peaks obtained using a stainless-steel capillary {40 x 0.2
mm |.D,) were about twice smaller than these obtained when using the PTFE one
(20 x 0.4 mm 1.D.); when a stainless-steel capillary (20 x 0.2 mm [.D.} was used
the peaks were hardly distinquishable from noise. The reproducibility for the stain-
less-steel capillary (40 x 0.2 mm 1.D.) was better than 30% (R.S.D. for ten consecu-
tive injections). The nature of the recorded chromatograms was unaffected irrespec-
tive of whether streaming potential was measured against earth at the working (3)
or at draining (6) capillary (see Fig. 1in [1]). No change of sign was observed at the
dependence of peak heights on the flow rate in the accessible range of J, i.e. from
0.06 to 6.0 ml min™ for the stainless-steel capillary (40 x 0.2 mm |.D.}. Moreover,
in contrast to the working capillary made of a dielectric, only a minor increase of
heights of the chromatographic peaks with the increase of flow rate was observed.
This is why the stainless-steel capillary seems to be more useful for analytical pur-
Poses.
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GENERAL DESCUSSION AND CONCLUSIONS
The electrokinetic detector is specific for ionic and universal for nonionic subs-

tances [3]. This may be explained by the Smoluchowski equation [4— 6],
which may be expressed in following forms

Ap = q8Ap/ak = ec Apldmax = ee {Iv/2mk8,
were:
q — surface density of charge, C m™,
5 — thickness of the mobile part of the electric double tayer, m,
Ap — pressure difference at capillary ends, Pa,
n — dynamic viscosity coefficient, P,
K — specific conductivity, 7' m™,
€ — dielectric constant, n. dim.,
e, — dielectric constant of vacuum, 8.9x107* F m™,
¢ — electrokinetic potential, V,
v — flow velocity of fluid, ms™,

[

radius of capillary, m.

After sample injection the value of ¢, k, ¢, and n of the mobile phase change. In di-
lute solutions the change of € and n are very small. I, in injected sample solution,
an ionic substance is present, k and ¢ also change markedly, due to the change of the
thickness of the electric double layer. For instance, for water of very high purity
at 20°C n = 1.002 cP and « = 10%—107Q™ cm™, wheres for 20% acetic acid at
the same temperaturen = 1.41cPandx = 1.61 Q™ cm™ [7].

The electrokinetic detector appeared to be very sensitive even to minor contami-
nations of the surface of the inner capillary wall, If the surface was "poisoned”’ with
irreversibly adsorbed substances {e.g. quaternary ammonium ions, or higher fatty
acids of high concentration) two or even three peaks were observed. To avoid this
effect the detector had to be washed with 20 or even 200 cm? of the mobile phase
which was pumped through it [8].

In the presented detector design the working capillary was connected directly
to the chromatographic column. Because of the very small dead volume of the de-
tector of ca. 2 ul the detector seems to be particularly suited for liquid capillary
chromatography [9, 10].

The detector mode! described here was used for measuring the potential. There-
fore it is particularly useful for reversed phase liquid chromatography in which the
electrokinetic conductivity of the mobile phase is usually higher than 1077 —107°
Qtem™,
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The construction of the presented model of the electrokinetic detector is very
simple. The detector may be made from materials available in any laboratory. The
peak heights measured are almost invariant with temperature. The detector is cheap
and easy to handle. However, its reproducibilty might be the object of improvement.
The detector can be used only to the limited number of separated systems. It is less
sensitive to non-polar substances and it is difficult to use when the mobile phase
contains buffers or substances which adsorb specifically on the inner surface of the
capillary wall. it cannot be used in LC with gradient elution or flow rate. The mobi-
le phase must be degassed before use because any bubble of gas when entering the
detector cuts the electric circuit and as a result a peak is formed on a chromatogram.

As it was shown, better detectability and reproducibility were obtained with the
dielectric capillary than with the metallic one. The detectability for acids determi-
ned with the use of the PTFE capillary {20 x 0.4 mm |.D.}'was of the order of 1072
mole, and for non-ionic substances (e.g. ketones) of the order of 107° mole [11].
The reproducibilty for this capillary was better than 5% (R.S.D. for ten consecutive
injections). The linear dynamic range of the detector extended to more than one
order of magnitude of concentration. Nearly the same linear dynamic range of fatty
acids was reported for the electrokinetic detector in which the streaming current was
measured [3] and for the UV (210 nm) detector [12]. But the detectability of the
former one was only 5x107° —1x10® g [3], and the lower limit of the linear dynamic
range of the latter was 2.5x 1077 mole [12].

The presented detector model reveals a much smaller dependence of its baseline
on the flow rate as compared with the detector with which streaming current was
measured [3]. With the increase of J by 0.1 ml min™ in the range of 0.6—1.8 ml
min™', the baseline potential increased by only 35 mV for the mobile phase of the
composition MeOH + H, O (10 +90) v/v or of 2.6 mV for 10™* M TEACIO, in
MeOH + H, O (10 + 90) v/v, respectively.

It has been shown that even at concentrations of the quaternary ammonium
cations without buffers as small as 107 —10™ M the determination of volatile fatty
acids was possible in the ion-pair chromatography system. The addition of quater-
nary ammonium pairing cations to the mobile phase made the retention volume
independent of acid concentration in the injected sample in a definite range of con-
centrations, However, in this case the reproducibilty of the detector was poorer (e.g.
107 mole for crppt = 107 M),

fror capillaries made of a dielectric a pronounced dependence was observed of
chromatographic peak heights on the flow rate. The value of J© was independent of
the concentrations of acids, but it was the higher the greater was the diameter of
the capillary used. The longer was the capillary or the smaller was its diameter the
higher were the peaks observed, but the relative reproducibility for all of them was
unaffected.

The reproducibility and detectability of the detector equipped with the stain-
less-steel capillary was in fact poorer than that of the detector with the PTFE ca-
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pillary and equaled about 30% and 2.5x10™° M, respectively; howaver, the heights

of peaks in the former were less dependent on the flow rate, what might be advan-
tegeous in analytical practice.
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FABRICATION AND CHARACTERISATION OF LEAK~TIGHT GLASSY CARBON ELECTRODES,
SEALED IN GLASS FMPLOYING SILICON COATING, FOR USE IN ELECTROCHEMICAL
DETRECTION

J.C. Hoogvliet*, J,A.G. van Bezooyen, A.C.J. Hermans-Lokkerbol,
C.J. van der Poel and W.P. van Bennekom

Department of Pharmaceutical Analysis and Analytical Chemistry, Gorlaeus

Laboratories, Subfaculty of Pharmacy, State University, Wassenaarseweqg 76,
2333 AL Leiden, The Netherlands

SUMMARY

Glassy carbon discs have been coated with silicon in a chemical wvapour
deposition process to obtain leak-tight electrodes, sealed in glass. Elec—
trodes with coatings thicker than 5 um prove to be leak~-tight in contrast with
uncoated ones. Silicon-coated electrodes show faster decay of charging cur—
rent, less noise and decreased background current. Leak-tightness and elec—
tron microscope information correlate well with the electrochemical data. All
results can be ascribed to the absence of a void between glassy carbon and
glass at Si-coated electrodes. By silicon coating, signal-to-noise ratios are
improved with a factor of about 5, as is demonstrated for catecholamines and

metabolites in liguid chromatography with electrochemical detection.
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INTRODUCTTON

Electrochemical flow-through detectors are widely used for low-level,
selective and inexpensive analysis of a large variety of substances. Nowadays
those which employ some form of carbon as working electrode congtitute  the
majority, being used for mainly oxidative detection in liguid chromatography.

From experience it is known that new electrodes behave differently from
repolished ones. This (long-term!) deterioration, being reflected in more
noise and a higher background current, is known as "aging" and is of extreme
importance for lowest-level determinations. Since it was believed that elec—
trode fabrication plays an important role in aging, this aspect of electro-
chemical detection has been studied in detail.

There are several ways to fabricate glassy carbon (GC) electrodes for
detectors. Electrodes can be press-fitted or sealed in Kel-F, Teflon, plexi-
glas or glass. In the PB-2 confined wall-jet flow-through detector [1], the GC
working and auxiliary electrodes (WE resp. AE) are sealed in holders of boro-
silicate glass (Fig. 1). The coefficient of thermal expansion of the glass
matches that of the used GC within a narrow range (resp. 32 and 35 x 10_7/°C).

With these electrodes used directly after fabrication, very low detection
limits can be obtained [1}. In the time, however, electrochemical behaviour
gradually deteriorates. We have observed even faster deterioration in organic
solvents like acetonitrile and methanol, eventually leading to cracking of the
glass holder. Mostly, the initial electrode characteristics can not be re-
covered by repolishing. It appears that solvents can penetrate in a thin void
between the GC and glass in spite of the matched expansion coefficients. Simi-
lar aging behaviocur has been observed by us with GC electrodes, press—-fitted
or glued in Kel-F.

According to Levy and Farina 21, leak-tight electrodes can be obtained by
coating the GC with silicon (Si). For the same purpose Si0 and Sio? coating
techniques have been described [3,4]. These GC electrodes, sealed in glass,
have been developed for and only applied (as far as we know) in high tempe-
rature electrochemical studies (ca. 500 °C). It seemed likely to us that Si-
coated electrodes would offer comparable advantages in aqueous and organic
solvents at room temperature.

In the present work Si-coated GC electrodes, sealed in glass, are manu—
factured and compared with conventional ones. The influence of the thickness
of the coating on charging and background currents, noise and long-term stabi-
lity is studied in batch and flow experiments, The electrochemical results

are correlated with leak-tightness and electron microscope (EM) information.
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EXPERIMENTAL
Electrode fabrication

Circular GC discs (V10, Le Carbone Iorraine, Paris, France) with a dia-—
meter of 10 mm, all made from a single plate, were ground with 40 A carbo--
rundum powder and cleaned ultrasonically in methanol before coating.

The discs were placed in a cold wall chemical vapour deposition reactor,
operating at atmospheric pressure with hydrogen as carrier gas, and brought to
1250 °C by an inductively heated graphite susceptor. Polycrystalline Si
coatings were deposited by thermal decomposition of trichlorosilane (2% by
volume). The growth rate of the Si layers amounted to 3 um/min. Si coatings of
5, 15 and 40 um were prepared. The thermal expansion coefficient of $i is
30 x 1077/%.

Next, the discs were sealed in tubes of borosilicate glass (Duran 8330,
Jena Glaswerk, Mainz, GFR). Si was removed from the frontside by grinding. The
surface was polished to a mirrorlike finish with 6 and finally with 1 um dia-
mond spray (Engis Ltd., Maidstone, U.K.). Electrical contact (shielded cable)
was established with silver paint (Elecolit 325, 3M, Leiden, The Netherlands).
The connection was mechanically fixed with a non-conductive resin (Araldite,
AW 136/HY 994, Ciba Geigy, Arnhem, The Netherlands). Electrodes without Si
coating were prepared in an identical manner., For EM studies, unpolished dummy
electrodes were made by cutting off the glass holder just above the GC.

Electrode characterisation

All electrodes have been checked for leak-tightness with a helium leak
detector (Leybold-Heraeus, K8ln, GFR). With an EM (Cambridge $180) secondary
electron image (SEI) and backscattered electron image (BSEI)} pictures of the
dummy electrodes were made for surface and material contrast information res—
pectively. A thin layer of gold has been sputtered onto the samples to prevent
charging of the glass.

Electrochemical measurements were performed with a Bruker E310 modular
research polarograph (Bruker, Brussels, Belgium). The currents in the chrono—
amperometric experiments were sampled and digitized by a MINC-11/03 micro-
computer (Digital Equipment Corporation, MA, USA). Data-acquisition and
~processing was controlled by a Fortran program and curves were plotted with
a HP 7220C plotter (Hewlett Packard Company, San Diego, CA, USA).

The GC AE (diameter 10 mm and coated with 4O/Am 51y, the SCE reference

electrode (home made) and one of the WE's were placed in the PB-2 detector
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(Fig. 1). In the batch experiments a 0.05 M phosphate buffer of pH 3.5

containing 0.1 M NaClO,, and methanol with 0.1 M NaClO, as supporting electro-

4

lyte, acidified to "pH" 1.5 with HCl0, were used. 'The distance between WE and

4
AE was about 1 cm.

Chromatography

Polygosil 60-5C8 (5 um, Machery-Nagel & Co., DHren, GFR) was packed in a
stainless steel Valco column (100%x3.0 mm 1i.d.) and coated in situ with
tri-n-butyl-phosphate (TBP). The eluent, saturated with TBP and thermostatted
at 25 °C, was an aqueous 0.05 M phosphate/0.1 M HClO4 solution, adjusted to pH
3.5 with NaOH [6]. About 10 mg of EDTA per litre eluent was added in order to
decrease the (steady-state) background current.

An Orlita 1515 reciprocating pump (Giessen, GFR) and an injection valve
with fixed loop (Rhecodyne 7010, Berkeley, CA, USA) were used. In the chromato-
graphic experiments, the distance between WE and AE was 50 um, adjusted with a
PVC spacer.

Mixtures of noradrenaline HC1 (Sigma), adrenaline bitartrate (Boehringer-—
Ingelheim), bis(4-hydroxy-3-methoxy)phenylglycol piperazine salt (Sigma) and
3-hydroxytyramine HC1l (Aldrich) were prepared in 1 M NaC].O4 aqueous solutions,
acidified to pH 3.0 with HC104.

The chromatographic conditions of the recordings of brain tissue (Fig. 7)
are described by Van Valkenburg et al. [71.

All chemicals were reagent grade and used as received. Demineralized water
was additionally purified by a Milli-Q Water Purification System (Millipore,
Bedford, MA, USA).

RESULTS AND DISCUSSION
Leak-tightness of the electrodes

The influence of the thickness of the Si coatings on the leak-tightness
was investigated by a helium leak test and EM. Both methods reveal that 5um
of Si is not sufficient to obtain leak-tight seals. From the EM results it

seen that the carbon surface at the side is not entirely covered with Si.
Polishing and a better controlled coating procedure would probably give better
results. Electrodes with 15 and 40 um Si coatings were leak-tight in all
cases.

The uncoated electrode leaked; on the EM picture (Fig. 3), it

can be seen that a void of about 1 pm is present between GC and
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flow out

flow in T

Fig. 1. The PB-2 confined wall-jet detector.
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FFig. 2. EM photographs of an uncoated electrode. SEI (upper) and BSEL (lower)

pictures of the interface between GC (A) and glass (B). The surface is

not: polished,
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Fig. 3, BM photographs of a 40/um Si-coated electrode. SEI (upper) and BSET

(lower) pictures of the interface between GC (A), Si (B) and

glass (C). The surface is not polished.
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Fig. 4. Current—time plots after application of a potential step from 0 to
+ 0.5 V vs., SCE for an uncoated (a) and 40/4m Si~coated (b) electrode,
directly after fabrication, both recorded in phosphate buffer.
Sampling frequency: 100 Hz. Data have not been averaged.
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Fig. 5. Current—time plots for the uncoated (a) and 40 um Si~coated (b)
electrode, recorded after been in use for 100 h at + 0.8 V vs. SCE.

Experimental conditions as in Fig. 4.
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glass. In electrochemical experiments leakage of methanol was
observed.
In Figure 3, the 40 pm Si-coated electrode is shown. The EM

pictures indicate that the seals between GC and Si and between Si
and glass are very good, The good seal between Si and GC can be
ascribed to the formation of a thin layer of silicon carbide (SiC)
during the coating process., The sealing between Si and glass is
ascribed to the fact that Si is well wetted by glass, due to
formation of 8102 at the surface in contact with air.

The long-term stability of the electrodes (>5 um 81) proved to be good. In
the period between fabrication and this moment (8 months), none of the Si-

coated electrodes broke down and all are still leak-tight.
Influence of Si ooating on the charging current

The influence of the thickness of the Si coating on the magnitude and
decay of the charging current in the phosphate buffer and the methanolic solu~-
tion was investigated by chronoamperometry. A potential step from 0 to + 0.5 V
vs. SCE was applied. The resulting currents are entirely due to recharging of
the electrical double layer and to formation/oxidation of surface groups of
the electrode material itself [57.

In Fig. 4, the results in the phosphate buffer for uncoated and 40/4m Si-
coated electrodes (new ones) are shown. No significant differences between the
current—time curves recorded in methanol and phosphate buffer were obhserved.
The curves for 5 and 15 um Si-coated electrodes very much resemble the one
with 40 Hm Si. The experiments were repeated with the uncoated and 40/4m Si-
coated electrode after both had been in use for about 100 h at + 0.8 V vs. SCE
(Fig. 5). The conclusion 1is that there are important differences in decay
between uncoated and Si-coated electrodes, This difference is already signifi-
cant directly after fabrication, but hecomes more pronounced when the electro-
des have been in use for some time.

Comparable differences in charging current were observed in cyclic voltam—
metry and in differential pulse amperometry (DPA). In DPA, e.g., the recorded
background current of a 40 u4m Si-coated electrode is 4 times smaller than of
an uncoated one. These differences in behaviour are explained by the absence
of the extra impedance due to the void between GC and glass. Accumulation of
impurities and electrolyte in the void may also contribute to the observed de-
terioration. Nevertheless, some residual current persists at GC electrodes,
even in absence of a void, because of micropores in the material and of for-

mation/oxidation of surface groups [5].
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Fig. 6. Chromatograms of a mixture of 1.6 ng 3-methoxy—4-hydroxyphenylethyleneglycol
(1), 1.0 ng adrenaline (2), 2.8 rg noradrenaline (3) and 1.1 ng
dopamine (4) at the uncoated (A) and 40/4m Si—-coated electrode (B).
The flowrate was 0.7 mL/min and the used time constant was 1.0 s.
The peak-to-peak noise levels are about 2.0 (A) and 0.4 nA (B).
(E = + 0.8 V vs. SCE, 20-uL loop).
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Fig. 7.
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Chromatograms of a sample obtained from rat tuberculum olfactorium

at the uncoated (A) and 40/um Si-coated electrode (B). The supernatant
derived from about 0.5 mg tissue was dissolved in 0.1 M HClO4 and
injected. Peaks: noradrenaline (1), homovanillic acid (2), dihydroxy-
phenylacetic acid (3) and dopamine (4). The flow rate was 0.8 mL/min
and the used time constant was 2.2 s, The peak-to-peak noise levels
are about 0.5 (A) and 0.1 nA (B). (E = + 0.8 V vs. SCE, lOijL loop) .
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application of the electrodes in electrochemical detection

8i  coatings have also a pronounced effect on the noise and S/N ratio. The
improvement is illustrated by chromatograms, recorded with an uncoated and 40

Hm si-—coated electrode. Both electrodes were repolished after about 200 h of
use. Since repolishing, the electrodes had been used for about 50 h at + 0.8 V
vs. SCE before the chromatograms were recorded (Fig. 6). Because both elec—
trodes, with equal geometric area, were not pretreated electrochemically, the
I/E relationships of the detected compounds may be different, being reflected
in differences in sensitivity (Figs. 6 and 7).

Because of the influence of Si coating on the decay of the charging cur—
rent, the background current at the Si-coated electrode reached a steady state
(35 nA) within 30 min, while about 2 h were needed for the uncoated one (55
nA). The electrodes were also compared in the determination of dopamine and
its acidic metabolites in rat brain tissue [71. Both were repolished and the
chromatograms were recorded after a 24 h equilibration at + 0.8 V vs. SCE
(Fig. 7). The recorded background currents were 95 and 55 nA at the uncoated
and coated electrode respectively.

The S/N ratios in both determinations are improved with a factor of about
5 by Si coating.

Preliminary experiments indicate that the electrochemical phenomena, ob-
served at uncoated GC electrodes, sealed in glass, are also more or less
present at electrodes, press—fitted or sealed in Kel-F, Teflon and plexiglas.
Work on further characterisation of these Si-coated GC electrodes is in pro-

gress.,

CORCLUSIONS

It 1is concluded that the noise, bhackground current and decay of charging
current, are partly determined by a void between GC and glass, in which elec-
trolyte can penetrate. This void is not present at electrodes coated with 15
pmor more Si, resulting in improved electrode performance. Thus, because of
faster decay of charging current, decreased noise and lower background cur—
rent, Si coating of GC is advantageous in those fields of electrochemistry
where low detection limits and/or low charging currents are required, notably,

in liquid chromatography with electrochemical detection.
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DETERMINATION OF THE OXIDIZED AND REDUCED FORMS OF BIOPTERIN
IN TISSUE SAMPLES

C. E. Lunte and P. T. Kissinger
Department of Chemistry

Purdue University
West Lafayette, Indiana 47907

ABSTRACT

Biopterin, in its reduced form, is a cofactor to the enzymes catalyzing
the rate-limiting reactions in the synthesis of both the catecholamines and
serotonin., It has been suggested that it may serve a role in the regulation
of these neurotransmitters. Altered biopterin concentrations have also been
reported in various neural disorders. In this report, we describe a method
using liquid chromatography/electrochemistry to quantitate both the oxidized
and reduced forms of biopterin in mouse tissue samples. This method employs
a dual-electrode amperometric detector in the parallel-adjacent configuration.
Subpicomole detection Timits were achieved for all oxidation states,

L-erythro-tetrahydrobiopterin (Figure 1) has been shown to be a cofactor
in several hydroxylation reactions. These include the hydroxylalion of
phenylalanine (1), tryptophan (2) and tyrosine (3). Recently, there has been
speculation that the concentration of tetrahydrobiopterin may serve a function
in the regulation of these reactions (4). In order to elucidate the role of
tetrahydrobiopterin and to study the mechanism of its function. a method is
needed to quantitate it at the picomole level in various tissue samples.

Several methods of determining biopterin concentrations are available:

a bicassay using Crithidia fosciculata (5), a radioenzymatic assay (6),
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Figure 1. Structures of the oxidized and reduced forms of biopterin.

an immunoassay (7), and Tiquid chromatography with fluorescence detection (8,9).
None of these methods can directly detect all of the oxidation states of biopterin.
We have recently reported a method employing liquid chromatography/electrochemistry
(LCEC) for the determination of a variety of pterin species and oxidation states

in urine (10). Brdutigam and Dreesen have also described the detection of
tetrahydrobiopterin by LCEC (11). 1In this report, a method using LCEC with

a dual-electrode detector is described for the determination of the stable

oxjdation states of biopterin in tissue samples.

EXPERIMENTAL
Chemicals. A1l chemicals were reagent grade or better. Biopterin was
purchased from Calbiochem-Behring (La Jolla, CA). Octyl sodium sulfate was
obtained from Fastman Kodak Co. (Rochester, NY). Tetrahydrobiopterin was a
gift of Dr. A. Niederweiser (Zurich, Switzerland). Tetrahydrobiopterin and

7,8-dihydrobiopterin were prepared as described previously (10).

Apparatus. The chromatography system employed consisted of an Altex 110

pump and dual LC-4B amperometric detectors (Bioanalytical Systems, West Lafayette,
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IN}. Chromatography was performed on a Biophase 0D0S 5u column (25 cm x 4.6 mm).
The column was thermostated at 30°C by an 1.C~23 column heater and an LC-22

temperature controller (BAS). A 20 L injection loop was employed.

Liquid Chromatography. An “ion-pair" reverse-phase chromatographic

system was used to achieve separation. The mobile phase was 3 mM octyl sodium
sulfate in a 0.1 M sodium phosphate buffer, pH 2.5, with 15% methanol. A
standard separation is shown in Figure 2. The mobile phase was prepared from
distilled, deionized water and filtered through a 0.22 um filter (Millipore,
Milford, MA). Oxygen was removed by continuous purging of the mobile phase
with nitrogen and maintaining the mobile phase reservoir at a temperature of

40°C. A flow rate of 1.0 mL/min was used for all experiments.

Sample Preparation. Mice were sacrificed by decapitation. The organ of

interest was removed, weighed wet, and homogenized in 0.1 M phosphoric acid
containing 2 mM ascorbic acid. Approximately 1 mL of acid solution per gram

of tissue was used. The sample was centrifuged at 15,000 x g for 15 minutes.
The supernatant was saved and the pellet resuspended in a second volume of the
acid solution. This was recentrifuged and the two supernatants combined. The
combined supernatants were then filtered through a 0.22 ym filter. The filtrate

was injected onto the analytical column.

RESULTS AND DISCUSSION

Voltammetry of Biopterin

Hydrodynamic voltamograms (HDV's) of the oxidation states of biopterin are
shown in Figure 3. It can be seen that a potential of only +300 mV versus Ag/AgCl
is necessary for the detection of tetrahydrobiopterin while a potential of
+600 mV is required if 7,8-dihydrobiopterin is to be detected. For the
determination of oxidized biopterin a potential of -700 mV versus the Ag/AgCl

electrode is needed for reduction.

Dual-Electrode Detection

The dual-electrode amperometric detector can be used to advantage in two

modes for the detection of biopterin in tissues. Both techniques employ the
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Figure 2. Standard separation of the oxidation states of biopterin. Chromatographic
conditions: 3 mM octyl sodium sulfate in 0.1 M sodium phosphate buffer, pH 2.5, 15% MeOH.
Wl = +600 mV, W2 = -700 mV. Peak identities: B, biopterin; HZB’ 7,8-dihydrobiopterin;
H4B, 5,6,7,8-tetrahydrobiopterin; AA,ascorbic acid.

electrodes in a parallel configuration with the electrodes adjacent to each other
and normal to the direction of flow. If it is necessary to detect all oxidation
states of biopterin, one electrode is poised at +600 mV to detect both reduced
forms and the other electrode is poised at -700 mV to detect oxidized biopterin.
However, if it is desired to detect tetrahydrobiopterin with greater selectivity

and/or lower detection limits, one electrode can be operated at +300 mV to
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Figure 3. Hydrodynamic voltammograms of biopterin oxidation states. -a—= oxidized
biopterin, —e—e- tetrahydrobiopterin, -o—e- dihydrobiopterin.

detect tetrahydrobiopterin and the other electrode at +700 mV to detect both
tetrahydrobiopterin and 7,8-dihydrobiopterin. Figure 4 shows typical chromatograms
obtained for both mouse brain and liver samples using potentials of +600 mV

(Tower trace) and -700 mV {upper trace). Figure 5 shows chromatograms obtained
for the same samples with the electrodes operated at +600 mV (Tower trace) and

+300 mV (upper trace).

Linearity and Detection Limits

Response was linear over several orders of magnitude, from nanomoles to

femtomoles injected, for all biopterin oxidation states. The limit-of-detection
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Figure 4. Detection of the oxidized and reduced forms of biopterin in mouse tissue
samples. I = Liver, II = Brain. Conditions and peak identities as in Figure 2.

(S/N = 3) was 0.53 picomoles for oxidized biopterin and 0.66 picomoles for
7,8-dihydrobiopterin. The detection Timit for tetrahydrobiopterin depended upon
the detector potential used; at +600 mV a limit of 0.69 picomoles was found
while at a potential of +300 mV a limit-of-detection of 0.53 picomoles was

achieved.

Peak Identification

Peaks in the sample chromatogram were identified in two ways. First, the

retention time of the sample peak was compared with the retention time of the
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Figure 5. Selective detection of tetrahydrobiopterin in mouse tissue samples.
I = Liver, II = Brain. Wl = +600 mV, W2 = 4300 mV., Conditions and peak identities

as in Figure 2.

authentic compound. Peaks were secondly identified by the voltammetric
characterization procedure as described previously (10). Table 1 shows the
voltammetric characterization data for all the oxidation states of biopterin.
These two peak identification procedures allow structures to be assigned with

a high degree of certainty.

Biopterin Concentrations in Mouse Tissues

As seen from Figure 4, little oxidized biopterin was detected in either

the 1iver or brain samples. Both tetrahydrobiopterin and 7,8-dihydrobiopterin
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TABLE 1

Voltammetric Characterization of Tissue Samples

DIHYDROBIOPTERIN
E(my) std. @ Liver Brain
+550 0.98 0.98 0.97
+500 0.68 0.68 0.66
+450 0.32 0.32 0.31
+400 0.07 0.07 0.06

TETRAHYDROBIOPTERIN
E(mV) std. P Liver Brain
+250 0.95 0.95 0.94
+200 0.78 0.77 0.78
+150 0.28 0.23 0.26
+100 0.06 0.07 0.06

BIOPTERIN
E(mv) std. © Liver Brain
~650 0.97 0.95 0.95
600 0.91 0.89 0.88
550 0.75 0.73 0.76
-500 0.51 0.49 0.49

8Current normalized to that observed at +600 myV.
bCurrent normalized to that observed at +300 mV.

CCurrent normalized to that observed at -700 mV.
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TABLE 2

Biopterin Concentrations (ug/g) in Mouse Tissues

(n =9) H4BIOPTERIN HZBIOPTERIN BIOPTERIN
Liver 1.96 0.189 0.071

Std. Dev. 0.28 0.087 0.028
Brain 0.189 0.079 0.053

Std. Dev. 0.034 0.056 0.027

were detected in both tissues, but the prevalent form was tetrahydrobiopterin
in both cases. The 7,8-dihydrobiopterin is Tikely derived from quinonoid
dihydrobiopterin, which has been reported to be the immediate oxidation product
of tetrahydrobiopterin (12). The reported half-life for the tautomerization of
quinonoid dihydrobiopterin to 7,8-dihydrobiopterin being about 5 minutes (13),
the detection of quinonoid dihydrobiopterin would not be expected considering
the time for sample preparation. The concentrations of biopterin found in
mouse tissues are listed in Table 2.

As has been shown, LCEC with dual-electrode detection offers a powerful
method for the detection of the various oxidation states of biopterin in
tissue samples. The ability to directly detect both the oxidized and reduced
forms of biopterin is an advantage over previous methods. Dual potential
monitoring also allows more selective detection of the easily oxidized
tetrahydrobiopterin while still detecting the more difficult to oxidize

dihydrobiopterin.
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ABSTRACT

A comparison is made of chronoamperometric data recorded
from the striatum and chromatographic data obtained from
extracellular striatal perfusate. Three specific cases are
considered: the initial sampling period in which a decline in the
observed oxidation current occurs; the effect of haloperidol, a
dopamine vreceptor blocker; and the effect of amphetamine. The
perfusate 1is analyzed for ascorbic acid (AA), the dopamine
metabolites dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA), and the serotonin metabolite 5-hydroxyindoleacetic
acid (5-HIAA). Using the relative response of these compounds at
a carbon epoxy or carbon paste electrode, and the relative
concentration of each in the extracellular fluid, the expected
changes in oxidation currents for the three cases mentioned above
are calculated. It dis shown that the decline in oxidation
current during the Initial sampling period is due primarily to a
decrease in ascorbic acid. It 1is also shown that different
electroactive components of the extracellular fluid are the cause
of changing oxidation currents under different stimulus
conditions.
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LNTRODUCTLON

Work in our laboratory is directed towards development and

application of methods for in vivo chemical analysis of the
central nervous system. One promising approach for monitoring
extracellular neurochemistry in freely moving animals is
voltammetry(1-8). There has been some confusion, however,

concerning which compounds in the extracellular fluid contribute
to the observed oxidation currents at small electrodes implanted
in the brain(9). Adams and Marsden have recently reviewed in
vivo electrochemical methods and have discussed the problems of
interpretation of in vivo voltammetric data extensively(l0). For
voltammetric recording in the striatum the major concerns are the
degree to which ascorbic acld(AA) contributes to the observed
increases 1in oxidation currents following various stimuli and to
what extent dopamine and its metabolites dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) contribute to the
increases. The extent that serotonin and its metabolite
S5-hydroxyindoleacetic acld (5-HTAA) contribute to the oxidation
current 1in the striatum has also been unclear. In addition, it
is not clear whether it is always the sawe neurochemicals causing

the increased currents or whether different stimuli (such as

amphetamine, neuroleptics, electrical stimulation of the
nigrostriatal pathway, feeding, etc.) cause different
neurochemical changes which are indistinguishable in the

voltammetric measurements. In order to resolve some of these



VOLTAMMETRY IN THE STRIATUM 1875

questions we Dbegan a series of experiments in which the
extracellular fluid of the brain is sampled by dialyzed perfusion
and analyzed by high performance 1liquid chromatography with
electrochemical detection. The chromatographic results are
discussed relative to voltammetric data obtained under similar

conditions.

METBODS

Monitoring System

The on-line monitoring system for chromatographic analysis
of dialyzed perfusate consists of the components illustrated in
Figure 1. The system has two main parts: the perfusion
components and the chromatographic components. These two parts
connect at the HPLC injection valve. The perfusion components
include a model 975 Harvard infusion pump which has been modified
to perform simultaneous push-pull perfusion, a three channel
fluid swivel(Alice King Chatham Medical Arts, Los Angeles, CA.)
located at the top of the test chamber, and a dialysis cannula
for perfusion of local brain regions. Two 2.5 ml Hamilton gas
tight syringes are used in the infusion pump. These are fitted
with three way valves for filling with solution and for removing
air bubbles. Artificial cerebrospinal fluid (CSF) flows from
the push syringe through the fluid swivel into the dialysis
cannula. Low molecular weight components of the extracellular

fluid from the surrounding region cross the dialysis membrane
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FIGURE 1. Monitoring system for chromatographic analysis of
dialyzed perfusate. The pull side of the flow passes through

the sample loop of the HPLC system.

and are carried to the sample loop as the flow leaves the cannula
and passes through the fluid swivel to the injection valve
(Rheodyne 7010). Model studies characterizing the performance of

the dialysis cannula have been described previously(ll).

Dialysis Cannula Construction

The dialysis cannula (Figure 2) is constructed from
Spectrapor HF hollow fiber dialysis tubing with a molecular
weight cutoff of 5000 amu and a diameter of 200 um. To construct

the device, the dialysis tubing is cut into 24 mm leungths and
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FIGURE 2. Details of the dialysis cannula. Diameter of the
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sealed at one end with a cyano—acrylate adhesive. Glass tubing
of 2 mm diameter is then pulled over a flame to make glass
capillaries of less than 100 um diameter. One length of this is
inserted dinto the sealed dialysis tubing to approximately 0.5 mm
from the sealed end. A second glass capillary is inserted to 6
mm above the end of the first. The two glass capillaries are
then trimmed to extend about 7 mm from the open end of the
dialysis tube. To connect the dialysis cannula to the flexible
tubing coming from the fluid swivel at the top of the test
chamber, 23 gauge stainless steel tubing is cut into two pieces
approximately 15 mm in length. One tube is bent at a slight
angle about 4 mm from one end to make attachment of the tubing
from the swivel easier. The two tubes are then held together
with 24 gauge heat-shrinkable teflon tubing, making sure that the
bottom ends of the two tubes are flush with each other. The ends
of the glass capillaries are then inserted into the flush ends of
the stainless steel tubing. This junction 1is sealed with
cyano—acrylate adhesive. In order to reinforce the rather
flexible dialysis cannula, a length of fine (0.012 inch) wire 26
mm long is attached at the tip of the cannula and at the junction
of the stainless steel tubes. To provide for secure attachment
and accurate placement of the cannula, the dialysis cannula is
mounted in the center of six pin male connector (Plastic
Products, Roanoke, VA.) which has been drilled out in the center

to hold the cannula. This connector mates with a six pin female
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connector secured to the skull. The female connector contains a
central 20 gauge stainless steel guide cannula 15.3 mm long which

extends just below the dura.

Dialysis Perfusion Procedure

Male Sprague Dawley rats (Harlan Laboratories) are used in
all experiments. Rats are implanted with a cannula guide
described above using standard stereotaxic procedures. The lower
end of the guide is placed at the following coordinates: AP 8.6,
Lat 2.5, height 0.5 mm below dura(l2).

After all instrumentation has been turned on and a steady
chromatographic baseline achieved, standards of DOPAC, HVA,
5~HIAA (10 ng/100 wul) and AA (100 ng/1l00 ul) are injected for
calibration. Peak heights of samples are compared to peak heights
of standards for quantitation. After chromatography of the
standards the syringes of the perfusion pump are filled with
artificial CSF and the lines checked for air bubbles. The
dialysis cannula, which has been previously checked for leaks, is
attached to the two 1lines of the perfusion pump. Before the
dialysis cannula is placed in the brain, the animal is lightly
anaesthetized with ether to prevent Dbreakage of the cannula
during insertion. After the cannula has been inserted and locked
in place, the perfusion pump is started at 4 ul/min. The first
perfusate injection 1is made 40 minutes after the start of

perfusion, by which time the animal has visibly recovered from
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anesthesia. This also allows time for the perfusate to travel
to and fill the sample loop. After the first injection,
perfusate is injected every thirty minutes.

The first three hours of sampling are used to obtain a
baseline. Subsequently, pharmacological or behavioral stimuli
are introduced. For the pharmacological experiments, animals are
either given the drug of interest or saline. The samples
continue to be chromatographed every thirty minutes for the
duration of the experiment. At the termination of the
experiment, the push-pull 1lines are disconnected from the
cannula, the dialysis cannula is gently removed and the animal is
returned to its home cage. The dialysis cannula is examined and
the system 1is cleaned with distilled water. Histology is

subsequently done to verify cannula placement.

Chromatography

A Waters model 6000 solvent delivery system is used with a
Rheodyne 7010 injection valve. A 100 ul sample loop 1s uscd for
sample introduction. The detector {is an LC—-3 amperometric
detector from Biocanalytical Systems with a glassy carbon working
electrode set at a potential of +0.75 V vs. Ag/AgCl. Peak
heights are measured on a Fisher Recordall 5000 strip chart
recorder set a 1 V full scale for the neurotransmitter
metabolites while the ascorbic acid peak height is measured on a

McKee~Pederson recorder set at 10 V full scale.
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The analytical column is a 4.6 mm by 25 cm stainless steel
10 um Zorbax C8 reverse phase column (DuPont, Wilmington, DE).
The analyses are done at ambilent temperature with isocratic
elution wusing a 0.05 M phosphate buffer at pH 4.0, containing 3
percent methanol. The mobile phase is prepared by dissolving 6.9
grams sodium phosphate monobasic in 970 ml distilled water.
Thirty ml of methanol are then added and the resulting solution
is adjusted to pH 4 with 6N HCl. The eluent is filtered through
a 0.45 um filter Dbefore use and is degassed vigorously with
helium for approximately 15 minutes prior to use and slowly

during the chromatography. The eluent flow rate is 1.6 ml/min.

MATERTALS
All chemicals were purchased from Aldrich (Milwaukee, WI)
except for haloperidol (Haldol, MacNeil Laboratories) and
d-amphetamine sulfate (Sigma).
Stock solutions of DOPAC, HVA and 5-HIAA were prepared in
0.01 M HC1 containing 0.1 percent sodium metabisulfite as an
antioxidant. Standard solutions (10 ng/100 ul) were made from
these stocks in artificial CSF on the day of the analysis. The
ascorbic acid stock was made up fresh each day in artificial CSF
at a concentration of 100 ng/ 100 ul.
The artificial CSF was made by adding 7.46 g NaCl, 0.190 g
KC1l, 0.140 g Ca012 , and 0.189 g MgCl2 to one liter distilled

water, as described in (13).
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RESULTS AND DISCUSSION

The system illustrated in Figure 1 was built to provide
additional dinformation to aid in the interpretation of in vivo
voltammetric data. Several approaches to the problem of
interpretation of voltammetric data obtained in brain tissue have
been used, including differential pulse voltammetry and
semidifferential pulse voltammetry(l4,15,16). We have taken a
different approach in which the extracellular fluid of the
striatum is sampled for chromatographic analysis. This allows us
to determine which electroactive compounds in the extracellular
fluid of the striatum contribute to the changes in oxidation
currents observed following the administration of various drugs
and during certain Dbehaviors such as feeding. The results
reported here concern the initial period of sampling and the
drugs amphetamine and haloperidol.

The dialysis/chromatography system illustrated in Figure 1
has several advantages for analysis of extracellular fluid. The
chromatograplhy is aided because the sample is prepurified of any
protein which could degrade column performance. This allows
elimination of protein precipltating agents which obscure early
eluting compounds such as ascorbic acid. Removal of protein very
early in the sampling process also eliminates enzymatic
degradation of compounds in the perfusate. In addition, tissue
damage 1s minimized because the fluid flow and associated

turbulence are contained within the dialysis tube. Because slow
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flow rates can be wused, and the device has a relatively large
surface area, recoveries are high. Dialyzed perfusion has been
shown to be suitable for analysis of amino acids and for
monitoring dopamine release in freely moving rats (17,18).

One of the main difficulties in the analysis, aside from the
difficulty 1in obtaining samples, was finding chromatographic
conditions which would resolve all the compounds of interest.
While suitable conditions could be found for the neurotransmitter
metabolites, ascorbic acid was obscured by protein precipitating
agents such as perchloric acid which eluted in the solvent front.
Conditions which were suitable for ascorbic acid (19) were
inappropriate for the other compounds. Accordingly, in the
initial studies on the effect of amphetamine, the sampled fluid
was analyzed for ascorbic acid in one set of experiments (20) and
for the neurotransmitters and metabolites in another series(21l).
Later, with the on—line analysis, it became possible to determine
the compounds of interest with one set of chromatographic
conditions, as illustrated in Figure 3. The on-line system meant
that protein precipitants could be eliminated from the sample.

A consistent observation of in vivo voltammetry is the
decline in oxidation current from the initial measurement to some
steady state baseline after a series of measurements. Figure 4
illustrates this phenomena for four separate recordings from the
same electrode every other day over an eight day period. These

data were obtained using a one second chronocamperometric pulse of
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FIGURE 3. Chromatogram of dialyzed perfusate from anterior
striatum. Working electrode potential at +0.75 V vs. Ag/AgCl.
Mobile phase is pH 4.0 phosphate buffer with 3 percent methanol
at a flow rate 1.6 ml/min. The stationary phase is 10 um Zorbax
C8 reverse phase in a 4.6 mm by 25 cm stainless steel column.



VOLTAMMETRY IN THE STRIATUM 1885

NANO
AMPS

FIGURE 4. Chronoamperometric recordings from anterior striatum
of unanesthetized, freely moving rat. Oxidation currents
obtained at 100 wum carbon epoxy electrodes using one second
pulses of +0.6 V vs. Ag/AgCl at three minute intervals.
Recordings obtained every other day in order A,B,C,D.

+0.6 V vs. Ag/AgCl every three minutes with a 100 um diameter
carbon-epoxy electrode in the anterior striatum of a freely
moving unanaesthetized rat. 1In each case the oxidation current
became progressively smaller until a steady state was
established. A model has been proposed to account for these
observations(22) in which a small "pool"” of extracellular fluid

surrounds the electrode tip. As the oxidation at the electrode
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FIGURE 5. Time course of extracellular ascorbic acid, DOPAC,

HVA, and 5-HIAA from anterior striatum of unanesthetized, freely
moving rat. Samples obtained by dialysed perfusion at 4 ul/min.
The data are expressed per 100 ul sample.

surface lowers the concentration in this pool, the current
becomes progressively smaller and a concentration gradient is
established with respect to the surrounding tissue. Eventually,
as material flows into the pool as a result of the gradient, a
steady state 1s reached in which consumption at the electrode
surface 1s equalled by influx from the surrounding tissue. The
model has been modified(23) to include differences in mass
transfer rates for different molecular species. This latter

model seems more appropriate as the data of Figure 5 suggest.
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The data in this figure were collected during dialyzed perfusion
of the anterior striatum of the rat as described in the methods
section.

While dialyzed perfusion does not offer the sampling rate of
voltammetry, it permits the resolution of the wvarious
electroactive components of the extracellular fluid. Thus Figure
5 illustrates the time course of extracellular levels of ascorbic
acid, the dopamine metabolites DOPAC and HVA, and the serotonin
metabolite 5-HIAA over an eight hour period from the start of
perfusion for an N of seven. The interesting observation here is
that ascorbic acid is behaving differently from the
neurotransmitter metabolites. While the neurotransmitter
metabolites appear to be unaffected by the perfusion, there is a
considerable decrease in the dinitial ascorbic acid level to a
steady state baseline. This implies that the extracellular level
of ascorbic acid is more seriously affected by the sampling
method. It may be that the neurotransmitter metabolites are part
of a process with a high turnover rate relative to the rate of
removal by voltammetry or perfusion and are therefore unaffected
by the sampling process, while ascorbic acid has a much slower
turnover rate so that the extracellular "pool" of ascorbic acid
in the vicinity of the sampling device is apparently seriously
affected by the sampling process. This interpretation of course
requires additional data before it or any other interpretation

can be said to explain the difference.
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Using the relative concentrations of the electroactive
species present in the extracellular fluid and their change over
time, it 1is possible to predict the change in oxidation current
of an electrode in response to changing extracellular
concentrations. The additional information needed to calculate
such a curve 1is the relative response of these compounds at a
given electrode type. The general form of the equation for the

relative oxidation current at time t is:
i(e) = E (relative response x relative concentration(t))

for all compounds electroactive at the applied potential. For a
carbon—epoxy electrode and a potential of +0.6 V vs. Ag/AgCl,

this equation becomes:

i(t) = 0.40(AA(L)) + 1.0(DOPAC(t)) + 0.53(HVA(t)) +

0.85(5-HIAA(t))

where 1i(t) 1is the relative current rather than the absolute
current, and the abbreviations in parentheses represent relative
concentrations. The coefficients were determined by
chronoamperometry of 1.0 mM solutions of each component in
physiological saline (pH 7.4). To determine the relative

concentrations, the nanograms of each component from each 100 ul
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gsample were converted to a percent of the baseline for each
component. These percentages are then multiplied by the baseline
amount of the components to account for the quantities of the
components relative to each other. Calculation of an absolute
current would require absolute extracellular concentrations, the
active area of the electrode and diffusion coefficients in the
extracellular matrix.

A comparison of calculated and observed voltammetric data for
the initial period of decreasing response is shown in Figure 6.
The observed voltammetric data are the four curves of Figure 4,
averaged and grouped into periods of fifteen minutes. The data
for both the calculated and observed cases are expressed as a
percent of the baseline obtained from the three points at the end
of each curve. The agreement is surprisingly good given that
two different sampling processes are being used. This agreement
supports the suggestion that ascorbic acid 1is the principal
source of the initial decline in oxidation current.

The dialysis/perfusion process is analogous to voltammetry in
that material is removed, although the rates of removal and
geometries are different. An additional difference 1s that the
dialysis/perfusion process removes all compounds with a molecular
weight 1less than the cutoff for the membrane, while the
electrode removes only compounds oxidizing at the applied
potential. A comparison of the two sampling processes may be

made using the geometry and rate of removal for each process. A
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FIGURE 6. Comparison of calculated and observed change in
oxidation current during initial period of voltammetry and
perfusion. Data are expressed as a percent of the baseline for

each curve.

100 um diameter electrode has a geometric surface area of 0.0008
2 ; . , . - 2

mm while a dialysis cannula 4 mm long has an area of 2.5 mm™.

The electrode of Figure 4 has about a 45 nA baseline current for

one second chronoamperometry every three minutes. This

corresponds to about 0.07 pmoles/min for a two electron
, . . 2 B . .

oxidation, or 9 pmoles/min/mm“. For the dialysis cannula, about

2 pmoles/min/mm2 of ascorbic acid are being removed, with
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correspondingly smaller amounts of the neurotransmitter
metabolites. Thus the rate of removal per unit area is higher
for the electrode than the dialysis cannula. These approximate
calculations may help to explain why the observed voltammetric
curve decreases more rapidly than the voltammetric curve
calculated from the dialysis data.

A calculation similar to that for the initial decrease in
current can also be done for the effect of drugs on extracellular
levels of electroactive compounds. Haloperidol is a dopamine
receptor Dblocker which leads to increased release of dopamine
that 1in turn increases the level of dopamine metabolites. A 1.0
mg/kg dose i. p. generates the voltammetric curve shown in Figure
7. The data were obtained using chronoamperometry at +0.5 v vs.
Ag/AgCl at a carbon paste electrode with one second pulses every
one minute 1in the anterior striatum of anaesthetized rats.
Previous work in this laboratory using dialyzed perfusion of the
anterior striatum of unanaesthetized rats during a 1.0 mg/kg
injection of haloperidol(i. p.) has demonstrated that the
dopamine metabolites DOPAC and HVA increase by 2206 percent as a
result while ascorbic acid and the serotonin metabolite 5-HTAA do
not dincrease(24). Dopamine and serotonin were not detectable
under the conditions used and therefore probably does not
contribute significantly to the change in oxidation current for
this particular pharmacological treatment. The equation for the

expected change in oxidation current is:
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FIGURE 7. Comparison of calculated and observed change in
oxidation current following administration(i.p.) of 1.0 mg/kg
haloperidol. Three hour baseline preceded drug administration.

Chronoamperometry performed with a carbon paste electrode at
+0.5 V vs. Ag/AgCl for one second at one minute intervals.

i(t) = 0.40(AA(t)) + 1.0(DOPAC(t)) + 0.24(HVA(t)) +

0.72(5-HIAA(L))

where the coefficients are based on chronoamperometry of 1.0 mM
solutions of each compound in physiological saline with a carbon
paste electrode at +0.5 V wvs Ag/AgCl. The perfusion data of
Blakely et al.(24), when wused in the above equation yield the
results of Figure 7. It can be seen that the calculated increase
is greater than but similar to the observed increase. The lower
increase for the observed voltammetric data may be due to the

effect of the anaesthesia.
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FIGURE 8. Comparison of calculated and observed change in
oxidation current following d.p. adwministration of 1.0 mg/kg
amphetamine. Data expressed as percent of Tbaseline.

Chronoamperometry done at +0.6 V vs. Ag/AgCl for 1 second at
three minute intervals with a carbon—epoxy electrode.
Chronoamperometric data collected for 3 hours before
adninistration of 1 mg/Kg d—amphetamine sulfate. All data
obtained in anterior striatum.

Amphetamine has been the source of considerable confusion
with respect to the changes it causes in extracellular levels of
electroactive compounds in the brain. The various voltammetric
results have been reviewed by Adaws and Marsden(l0).
Chromatographic data obtained previously with conventional push
pull cannulae which demonstrated that amphetamine increases
extracellular ascorbic acid in the striatum(20) and that it
decreases extracellular DOPAC and HVA (21). A calculation of the

expected change in oxidation current can be made from these data.
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The tesults of this calculation are shown in Figure 8, where the
calculated change from baseline is superimposed on the observed
change 1In oxidation current. Because the push pull data were
obtained from two separate cannulae (and therefore at possibly
different exchange rates) and because 5-HIAA was not measured, it
is, as with Samuel Johnson”s dog, remarkable not that the data
agree reasonably well, but that they agree at all. These data
support the observations of Dayton et al.(16) and Gonon et
al.(6,9).

These experiments demonstrate that different electroactive
components of the extracellular fluid are contributing to
alterations in the voltammetric signals under different stimulus
conditions. They also indicate that in vivo voltammetry can be
used to monitor these alterations if independent experiments to

interpret the changes in the oxidation currents are conducted.
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HLIGH PERFORMANCE LIQUID CHROMATOGRAPHIC
DETERMINATION OF PHENYLENEDIAMINES
IN AQUEOUS ENVIRONMENTAL SAMPLES

R. M, Riggin and C. C. Howard

Battelle, Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

ABSTRACT

The use of high performance liquid chromatography (HPLC)
for the determination of phenylenediamines has been studied.
Detection limits using both ultraviolet (UV) and electrochemical
(EC) detectors have been determined and EC is superior in most
caces. Chromatographic conditions and sample preparation
procedures are described for many phenylenediamines of environ-~
mental significance.

INTRODUCTION

Diaminobenzenes (herein the term 'phenylenediamines' will
be used) are of considerable envirommental significance because
of the carcinogenic properties of many of these compounds (1).
These compounds are currently in widespread use as industrial
chemicals for the production of dyes and pigments as well as
polyurethane resins. Consequently there is a great need forv
routine methods for determining these compounds in envirommental
media.

Unfortunately the highly reactive and nonvolatile nature of
the phenylenediamines makes gas chromatographic (GC) determina-

tion difficult, although a few studies have used GC for the
1897
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determination of relatively high levels of certain phenylene-
diamines (2). HPLC is therefore the most suitable method for
determining phenylenediamines and several studies have been
reported (3-5)., However, none of these studies have examined
the separation, detection, and sample preparation parameters
for determining a large number of phenylenediamines.

The objective of the study described herein was to establish
suitable separation and detection parameters for the determination

of as many phenylenediamines in commercial use as possible.

EQUIPMENT

All HPLC studies were performed using a modular system
consisting of an Altex 100A pump, a Spherisorb ODS, 5 um particle
diameter, 250 x 4.6 mm stainless steel column, and a Rheodyne 7120
injector valve. Two detection systems were used; (1) an LDC
Model 1203 fixed wavelength (254 nm) UV detector and (2) a
Bioanalytical Systems Model LC-2A electrochemical detector .with a

glassy carbon working electrode.

MATERIALS

All reagents were "analytical reagent'" grade conforming
with ACS specifications unless otherwise stated. Solvents were
"distilled-in~glass' quality from Burdick and Jackson Laboratories.
Analytical standards were the highest purity available and were
checked for purity using HPLC.

Reagent water was obtained from a Mill-Q water purification
system consisting of reverse osmosis, ion-exchange, and activated
carbon treatment modules. HPLC mobile phases were filtered through
a Nucleopore 0.22 um polyester membrane filter and degassed by
heating in a loosely covered erlenmeyer flask before use.

Strong cation exchange resin (AG 50W-x8) was purchased from

Biorad Laboratories.
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Sample Preparation Procedures

Two sample preparation approaches were employed for the
determination of the full range of phenylenediamines. The first
procedure involved solvent extraction of the water sample and
was found to be suitable for most of the compounds of interest,
However, the unsubstituted phenylenediamines (i.e. o-, m—,
p-phenylenediamine) were not efficiently extracted and an
alternate scheme involving ion-exchange isolation of the com~-
pounds was developed.

The solvent extraction scheme involved the following steps.
An aliquot (500 ml) of the water sample was adjusted to pH 7
with 0.4 M Na3POA or 0.4 M phosphoric acid. The sample was then
extracted serially with 100 mL, 50 mL, and 50 mL portions of
methylene chloride. The extracts were combined and concen-—
trated to ~1 mL on a Kuderna-Danish (K-D) evaporator. Four
milliliters of acetonitrile was added to the extract followed
by r~concentration to ~0.5 mlL. The extract was then placed in a
25 mL volumetric flask, diluted to the mark with HPLC mobile
phase, and analyzed by HPLC.

The ion-exchange sample preparation procedure was conducted
as follows. One gram of AG 50-X8 (sodium form) was hydrated
with 3 mL, of reagent water. The resin was then transferred to a
disposable plastic column and eluted with 15 mL of 0.05 M,
pH 3, NaHzPOA. The sample was adjusted to pH 3 with 2 M
phosphoric acid and a 10 mL aliquot eluted through the ion-
exchange column. The column was then rinsed with 5 mL of 0.05 M,
pH 3, NaHZPOQ. Finally the compounds of interest were eluted
using 10 mL of 30/70 methanol/pH 5.5, 0.5 M sodium acetate buffer.

The eluate was then analyzed using HPLC.

RESULTS AND DISCUSSION

Comparison of UV and EC detection limits immediately demon-—

strated the superiority of EC for this application. Figure 1
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FIGURE 1. HPLC Separation of Various Phenylenediamines

Represents 0.8 ng on column for each PHD
with the exception of 4-Cl-m-PHD 0.9 ng

and 4-ethoxy-m-PHD (30 ng). See Table 1
for HPLC conditions.

graphically illustrates the 10-50 fold lower detection limit for
EC compared to UV, Obviously the EC detector has the additional
advantage of greater selectivity. The EC selectivity can be
improved for selected compounds by reducing the detection potentials
below that chosen for this study (700 mV). However, the nitro-
and halogen-substituted compounds are not detected at lower
potentials. Table 1 lists the retention and detection para-
meters for the various phenylenediamines of interest in this
study. In general detection limits on the order of 0.2 nanograms
injected were obtained for the various compounds. Most of the
compounds of interest were chromatographically resolved although,
as shown in Table 1, a few compound pairs (e.g. 2,5- and 2,6-
toluenediamine) were not adequately resolved for simultaneous
determination.

Recovery data for the groups of compounds determined by the

two sample preparation procedures are shown in Tables 2 and 3.



TABLE 1

HPLC Retention Times and Detection Limits for Phenylenediamines

Retention Estimated
Time( ) Detection Limit )
Compound (Min.)‘? (Nanograms Injected)(b

p-Phenylenediamine 4.8 0.2
m-Phenylenediamine 5.6 0.2
2,5-Toluenediamine 6.0 0.2
2,6-Toluenediamine 6.2 0.2
2-Methoxy-p-phenylenediamine 6.4 0.6
2-Nitro-p-phenylenediamine 7.8 0.2
2-Chloro-p-phenylenediamine 7.9 0.2
o-Phenylenediamine 8.2 0.2
4=Nitro-o-phenylenediamine 8.4 0.2
2,4-Toluenediamine 8.8 0.2
4-Methoxy-m-phenylenediamine 8.9 0.2
4-Chloro-m-phenylenediamine 12.1 0.7
4-Ethoxy-m-phenylenediamine 15.9 1.2
3,4~Toluenediamine 17.1 0.7
4-Chloro-o-phenylenediamine 18.4 0.6

{a) HPLC conditions as follows: Column-Spherisorb ODS, 5 pm particle
diameter, 250 x 4.6 mm; Mobile phase - 30/70 methanol/0.1 M, pH 3.5,
potassium phosphate with 0.01 M heptane sulfuric acid and 0.02 mM
EDTA; Flow rate - 1 mL/min.; Injection Volume 20 ulL; Detector potential -
+700 mV vs. Ag/AgCl.

(b) Using electrochemical detection at 0.7 volts, and a signal to nocise
ratio of 5.
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TABLE 3

Recovery of m,o,p-Phenylenediamine Spiked at
the 50 ug/L Level from Aqueous Media Using
Ton Exchange Chromatography

m—PHD o~PHD p-PHD
D. 1. H,0 (% Recovery) 73 + 7.8(®) 73 + 6.7 62 + 1.6
Process Blank (ppb) <3 <3 <2
Wastewater (% Recovery) 45 + 8.3 55 + 1.7 46 + 3.2
Process Blank (ppb) <2 <2 2

(a) Data for triplicate analyses.

P-PHD
M-PHD
0-PHD| '\l
InA
-l 2 Min

LI

A. B.

FIGURE 2. Chromatogram of Extracts of Wastewater (A) and of
Wastewater Spiked at the 50 ppb Level With o, m,
and p-Phenylenediamine (PHD)
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As shown in these tables, recoveries were quite good for many

of the compounds. However poor recovery (V30 percent) was
obtained for 2,5-toluenediamine and only ~50 percent recoveries
were obtained for the unsubstituted phenylenediamines from
authenic wastewater samples. Figure 2 shows the HPLC separation
of the three unsubstituted phenylenediamine isomers spiked into
an authentic wastewater sample at the 50 ug/L level. The waste-
water referred to in Tables 2 and 3 and Figure 2 is an industrial
effluent, after secondary treatment, from a plant producing a

variety of substituted aromatic amines.

CONCLUSTIONS

While much work needs to be done to improve recoveries for
some of the phenylenediamines, this study has demonstrated the
clear advantage of using EC detection in conjunction with reversed
phase, ion-pair HPLC for this application. Detection limits of a
few pg/L were achieved for most of the phenylenediamines studied.
This level of detectability is adequate for most environmental

applications.
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DUAL BLECTROCHEMICAL DETECTION
OF BIOGENIC AMINE METABOLITES
IN MICRO HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

Masashl Goto*, Eizo Sakurai and Daido ISHII
Department of Applied Chemistry, Faculty of Engineering,
Nagoya University, Chikusa-ku, Nagoya-shi 464, Japan

ABSTRACT

The dual electrochemical detectors for ordinary and
micro high-performance liguid chromatography were
briefly reviewed.

The electrochemical behaviors of biogenic amine
metapbolites were studied by cyclic semi-differential and
semi-integral voltammetry with a glassy carbon working
electrode. It was found that the electrochemical reactions
of many biogenic amine metabolites are quasi-reversible.
The dual electrochemical detector based on thin-layer
electrolytic cell with two working electrodes (anode and
cathode) in series configuration was tested for selective
detection of biogenic amine metabolites on their
electrochemical quasi-reversibility. The detector was
successfully utilized for the simultaneous determination
of 3, 4-~dihydroxyphenylacetic acid, homovanillic acid
and 5-hydroxyindole-3-acetic acid in human urine directly
injected by micro high-performance liquid chromatography.

INTRODUCTTON

Electrochemical detection in high-performance liquid
chromatography (HPLC) has become very popular for the
determination of trace amounts of organic substances in

biomedical and environmental samples (1-3). An innovative

* Author for correspondence.
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approach to elecltrochemical detection involves Lthe use
of two working electrodes oparated simultaneously at
different potentials. Several dual electrochemical
detectors have recently been developed which provide for
enhanced performance (4-21). They can basically be
classified into the three types in configuration of the
two working electrodes with respect to the flow axis, as
shown in Figure 1. In the "parallel-adjacent" configuration,
the working electrodes are placed adjacent to each

other on one side of the rectangurar thin-layer channel.
In the "series" configuration, the working electrodes
are positioned along the flow stream on one side of the
channel. In the "parallel-opposed" configuration, the
working electrodes are placed opposed to one another on
both sides of the channel.

Dual electrochemical detection in HPLC

All dual electrochemical detectors can simultaneously
provide two chromatograms of both oxidations or both
reductions or oxidation and reduction by using the same
or different material and size for each working electrode.
Glassy carbon is most widely used as the material of

working electrodes.

Parallel-ajacent type

The parallel-adjacent dual electrochemical detector
(PADEC) is analogous to the dual-wavelength UV absorbance
detector, and can provide useful qualitative information
from peak current ratios at different potentials. By
using PADEC, Roston and Kissinger performed the
identification of phenolic constituents in commercial
beverages and benzene metabolites by comparison with the
standards (8, 16). Shoup and Mayer used PADEC for
additional information on peak identity in determination
of environmental phenols and biogenic amines and their
metabolites (14, 18).
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Parallel-Adjacent

[ —
)

Series

[ w2 | —

——

[ ™ =

Parallel-Opposed

FIGURE 1. Three types in configuration of dual electrochemical
detector. (A) Front view, (B) side view. W1l and W2 represent
the two working electrodes. The arrows show the direction

of flow.

Series type

The series dual electrochemical detector (SDEC) is
analogous to the fluorecence detector, and the product
of electrode reaction at the upstream working electrode
is detected at the downstream working electrode., Blank
employed SDEC for instrumental separation of compounds
which overlap chromatographically, but have differing
electrochemical formal potentials (4). Schieffer
reported a series dual coulometric-amperometric detector

(6). The upstream coulometric cell was held at lower
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potential than the downstream amperometric cell to
completely oxidize and make undetectable other species
oxidizable at potentials lower than that of the analyte.

MacCrehan and Durst employed SDEC for the downstream
oxidative detection of reduction products from the largerxr
upstream mercury amalgam working electrode and demonstrated
the detection of analytes with high redox potentials
with good sensitivity and selectivity (7). Bratin and
Kissinger used SDEC for elimination of oxygen interferences
in reductive electrochemical detection (10). Allison and
Shoup employed SDEC with mercury amalgam electrodes for
simultaneous determination of thiols and disulfides in
human blood and citrus leaf homogenate by using their
catalytic oxidation of the mercury surface (19).

Roston and Kissinger employed SDEC for the downstream
reductive detection of oxidation products from the
upstream working electrode and estimated the collection
efficiency, the magnitude of fraction of upstream
products that are converted at the downstream working
electrode, to be less than 0.37 (11). Mayer and Shoup
used SDEC for assay of biogenic amines and their

metabolites in brain tissue (18).

Parallel-opposed type

The parallel-opposed dual electrochemical detector
(PODEC) 1is analogus to the photomultiplier tube and the
product of the electrode reaction at one working electrode
can diffuse to the opposite working electrode where
starting material may be created. Fenn et al. explored
the possibility of PODEC to improve detection limit of
catecholamines in blood plasma at flow rxrates below 0.2
ml/min (5). Kurahashi used PODEC for selective detection
of the analyte from peak current difference at different
potentials (12). Inoue et al. employed PODEC to lower
the background current (17). They applied the same
potential to the two working electrodes and monitored

the current from only one working electrode. Weber and
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Purdy derived the theory concerned with the currents
from a coulometric PODEC and approximately confirmed the
theory by using a ferricyanide and ferrocyanide redox
couple (15). They switched the working electrodes

in and out of the current-to-voltage conversion circuit
to defeat the large noise current generated by low cell
impedance and obtained picogram detection limits for 2,4~
toluenediamine in an agueous methanol solvent.

Dual electrochemical detection in micro HPLC

Goto et al. developed a sub-microliter SDEC suitable
for micro HPLC which was used for the downstream reductive
detection of oxidation products from the upstream working
electrode (9, 13). The detector was successfully utilized
for the selective detection of catecholamines in human
urine based on their electrochemical reversibility. We
obtained the collection efficiencies of 0.68 to 0.78
for catecholamines at a flow rate of 8.3 ul/min. These
values are much higher than those of 0.30 to 0.31 obtained
in SDEC at a flow rate of 1.6 ml/min in the ordinary
HPLC (18).

For slower flow rates, catalytic amplification of
detector response for reversible and quasi-reversible
analytes may be achieved by recycling the redox couple
between the two working electrodes in PODEC. Goto et al.
recently developed a coulometric PODEC with small working
electrodes for micro HPLC (20, 21). The current
amplification in the detector at flow rates of 1.4 to
11.2 pl/min was investigated by using ferricyanide as
analyte. The effective current amplification efficiency,
the ratio of anodic (or cathodic) current to coulometric
current for oxidant (or reductant), of 19.5 was observed
for ferricyanide at the flow rate of 1.4 pl/min (21).

The collection efficiencies from 0.98 to 0.84 were
obtained in the flow rate range from 1.4 to 11.2 pl/min
(21) . The detector was successfully utilized for the
selective and sensitive detection of catecholamines in

human serum by micro HPLC (20, 21).



1912 GOTO, SAKURAIL, AND ISHII

Tn the present paper, the electrochemical behaviorsg
of biogenic aninemetabolites are investigated and their
dual electrochemical detection with SDEC is tried for

urine analysis by micro HPLC.

MATERIALS AND METHODS

Apparatus

A cyclic voltammetric instrument (Bioanalytical
Systems Co., Model CV=lB) and a home-made analogue semi-
differ-integrating circuit were used for cyclic semi-
differential and semi-integral voltammetric measurements
(22-25) ., Two x-y recorders (Yokogawa Co., Model 3086)
were used to simultaneously record the cyclic semi-
derivative and semi~integral voltammograms. A glassy
carbon disk of 3 mm diameter was used as the working
electrode, A silver/silver chloride electrode and a
platinum wire were used for the reference and the
counter electrode, resgpectively.

The micro HPLC system used is schematically shown
in Figure 2. A micro feeder (Azuma Denki Co., Model MF-
2), a micro syringe (Terumo Co., Model MS—-CAN 100) and
a three way valve were used to feed the mobile phase.

A micro sample injector (Jasco, Model ML-422) with 0.3
pl loop was used for sample injection. The twin-
electrode thin-layer electrolytic cell in series
configuration as shown in Figure 2 of the previous paper
(9) was used for dual electrochemical detection. The
thin-layer cavity was constructed of two fluoro-carbon
resin blocks separated by a PTFE sheet 50 pm thick and

2 mm wide. Two working electrodes were made with glassy
carbon disks of 3 mm diameter contained in one of the
blocks. The reference electrode, silver/silver chloride
electrode, was held in a cylindrical hole in the other
block. A platinum tube served both as the counter electrode
and the exit line. A dual potentiostat (Nikko Keisoku
Co., Model DPGS~2) was employed to control independently

the potentials of the two working electrodes and to
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FIGURE 2. Block diagram of the micro HPLC system with series

dual electrochemical detector. 1 = Micwo feeder, 2 = micro
syringe, 3 = three-way valve, 4 = mobile phase, 5 = micro
sample injector (0.3 ul), 6 = micro guard column, 7 =

micro separation column, 8 = series twin-~electrode thin-
layer electrolytic cell, 9 = dual potentiostat, 10 =
dual pen recorder, 1l = waste.
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measure the currents. The anodic and cathodic chromatograms
were simultaneously recorded on a dual pen recorder (
Yokogawa Co., Model 3056).

The micro guard column and micro separation column
were made by packing 0ODS (Yanapak ODS, 10 um) in a PTFE
tube 2.0 cm ¥ 0.5 mm i, d. and 16.5 cm x 0.5 mm i. d.,

regpectively.

Chemicals

Analytical reagent grade chemicals were used
without further purification. All solutions were prepared
from distilled and deionized water. For standard samples,
3, 4-dihydroxyphenylacetic acid (DOPAC), vanillylmandelic
acid (VMA), homovanillic acid (HVA), serotonin (5-HT)
and 5-hydroxyindole-3-acetic acid (5-HIAA) were dissolved
in Britton-Robinson (B-R) buffer of pH 1.8 to prepare
the stock solutions. The mobile phase used for analysis
was B-R buffer of pH 3.6 containing 10 % methanol, 50 mM
sodium perchlorate and 0.1 mM EDTA (disodium salt).

Procedures of urine analysis

Typically only 0.3 ul of supernatant of raw human
urine was injected 1into the micro HPLC system. The
biogenic amine metabolites were separated at the flow
rate of 8.3 ul/mih. For dual electrochemical detection,
the upstream working electrode was held at + 0.80 V
(vs. Ag/AgCl) while the downstream working electrode was
done at - 0.05 V. The guantitation was performed
selectively by using the response of the downstream

electrode.

RESULTS AND DISCUSSION

Electrochemical behaviors of biogenic amine metabolites

By means of the cyclic semi-differential and semi-
integral voltammetry (22-25), the electrochemical

behaviors of bilogenic amine metabolites were studied in
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FIGURE 3. Cyclic semi-derivative voltammograms of 1.0 mM
DOPAC, HVA and 5-HIAA in the B-R buffer of pH 3.6 containing
10 % methanol, 50 mM sodium perchlorate and 0.1 mM EDTA
(disodium salt) at a scan rate of 100 mV/sec.

the mobile phase of micro HPLC, the B-R buffer of PH 3.6
containing 10 % methanol, 50 mM sodium perchlorate and
0.1 mM EDTA (disodium salt). Figure 3 shows the cyclic
semi~derivative voltammograms, which are the semi-
derivative of current, e, versus electrode potential, E,
curves, for DOPAC, HVA and 5-HIAA. VMA and 5-HT showed
the roughly similar cyclic semi-derivative voltammograms
as HVA and 5-HIAA, respectively. All the species
investigated showed oxidation and re-reduction peaks.
It is interesting that three successive oxidation steps
were obgserved for 5-HIAA, while only one oxidation step
was substantially observed for DOPAC and HVA. On the
other hand, two re-reduction steps were observed for HVA
and 5-HIAA, while only one re-reduction step was observed
for DOPAC. These facts indicate that the electrode
reaction of DOPAC is nearly reversible, while those
of HVA, VMA, 5-HIAA and 5-HT are guasi-reversible in this
medium. For selective detection of biogenic amine
metabolites, the potentials (vs. Ag/AgCl) of + 0.80 V and
- 0.05 V were chosen as the suitable potentials of the
upstream and down stream working electrode, respectively,
from Figure 3.

Figure 4 shows the semi-integral voltammograms, the

semi~integral of current, m, versus E curves, of 1.0 mM
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FIGURE 4. Semi-inteygral voltammograms of 1.0 mM Fe (CN) 4_,

DOPAC, HVA and 5-~HIAA in the B-R buffer of pH 3.6 containing
10 % methanol, 50 mM sodium perchlorate and 0.1 mM EDTA
(disodium salt) at a scan rate of 100 mV/sec.
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ecach of biogenic amine metabolites and ferricyanide

for anodic process. It is clear that the electron

transfer number for each oxidation reaction at + 0.8 V

is two for DOPAC, four for HVA and four for 5~HIAA, on
comparison of their wave heights with that of ferricyanide
, whose electrode reaction is one electron transfer, in

the semi-integral voltammograms.

Chromatography and quantitation

The retention of biogenic amine metabolites in
reversed—-phase chromatography was investigated in order
to attain a good separation. Figure 5 shows the effect
of pH of the mobile phase on retention time. The retention
of three biogenic amine metabolites investigated decreased
with increasing pH, while that of 5—-HT tended to increase
with increasing pH. 1In this study, pH 3.6 was chosen as the
suitable pH value of mobile phase for urine analysis.
rigure 6 shows typical chromatograms of a standard
solution of VMA, 5-HT, DOPAC, 5-HIAA and HVA by the
micro HPLC system with SDEC. Parts A and B are, regpectively
, the anodic and cathodic chromatograms. The peak
separation is satisfactory, and both the anodic and cathodic
peak currents were linear with the amounts of species
injected, with correlation coefficients better than than
0.99, as shown in Table l. The detection limits (S/N = 2)
of biogenic amine metabolites by this system were 10 pg
for DOPAC, 20 pg foxr 5-HIAA and 20 pg for HVA, respecltively,
and the range of linearity was about 1000. The relative
standard deviations for repetitive determination of 3 ng
level by using the cathodic response in the system were
1.5 & for DOPAC, 1.8 % for 5-HIAA and 1.2 % for HVA,
respectively.
The collecticn efficiencies in the system were
found to be 0.61 for DOPAC, 0.20 for 5-HIAA and 0.30 for
HVA, respectively, at the flow rate of 8.3 ul/min. It
should be noted that these values are much larger than
those of 0.31 for DOPAC, 0.05 for 5-HIAA and 0.05 for
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FIGURE 5. Effect of pH of the mobile phase on the retention
time of 5-HT(0), DOPAC(A), 5-HIAA(O) and HVA({Q). Mobile
phase: B-R buffer containing 10 % methanol. Solid sodium
hydroxide was used to get the desired pH. Flow rate of
mobile phase: 8.3 ul/min. Separation column: silica-O0ODS
(16.5 cm x 0.5 mm i. d.).

TABLE 1

Relationship between Anodic and Cathodic Peak Height

and Amount of Species Injected

Potentials (V vs. Ag/AgCl): anode + 0.80, cathode - 0.05,
flow rate of mobile phase: 8.3 pl/min.

Species Relationship* Correlation
coefficient
VMA Anodic y = ~-11.00x - 0.96 0.998
Cathodic y = 0.76x + 0.37 0.991
5-HT Anodic y = =7.25x% 1.000
Cathodic y = 1.08x + 0.07 0,999
DOPAC Anodic  y = =7.49x - 0.05 1.000
Cathodic y = 4.53x + 0.23 1.000
5-HIAA Anodic y = -6.63x ~ 0.28 0.999
cathodic y = 1.30x + 0.28 0.998
HVA Anodic y = =3.33x - 0.17 0.999
Cathodic y = 0.97x + 0.13 0.999
* y = peak height measured in nA, x = amount of species

measured in ng.
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FIGURE 6. Typical chromatograms of a standard solution

by the micro HPLC system with SDEC. (A) Anodic response,

(B) cathodic response. Peaks: 1 = VMA, 2 = 5-HT, 3 =

DOPAC, 4 = 5-HIAA, 5 = HVA. Potentials (V vs. Ag/AgCl):
anode + 0.80, cathode -~ 0.05. Mobile phase: B~R buffer

of pH 3.6 containing 10 % methanol, 50 mM sodium perchlorate
and 0. 1 mM EDTA (disodium salt). Flow rate of mobile

phase: 8.3 pl/min.

HVA, respectively, obtained in SDEC at the flow rate of
1.6 ml/min (18). \

Selective detection of DOPAC, 5-HIAA and HVA in human urine

Typical chromatograms for the simultaneous determination
of DOPAC, 5~HIAA and HVA in 0.3 pul of human urine directly
injected without any pretreatment in the micro HPLC
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Chromatograms of directly injected urines from
three healthy individuals to the micro HPLC system. (A)

(B)

cathode -0.05.

cathodic response.
HVA. Potentials (V vs. Ag/AgCl): anode
0.3 ul of human urine.

Peaks: 3 = DOPAC,

Other conditions are the same as in FPIGURE 6.

system are shown in Figure 7.

, the anodic and cathodic chromatograms.

Parts A and B are,

Figure 7 a, b

and ¢ corregspond to the urine from three different healthy

individuals,
DOPAC,

respectively. Peaks 3,
5-HIAA and HVA in urine,

4 and 5 are due to

respectively. These were

identified by the retention time and/or the peak current

respectively
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FIGURE 7C
TABLE 2

Analytical Results of DOPAC, 5-HIAA and HVA in Human
Urine from Healthy Individuals

Sample number Concentration (ug/ml)

DOPRAC 5-HIAA HVA
1 0.29 9.53 8.77
2 0.24 5.93 6.13
3 0.25 2.40 1.73
4 0.31 8.00 8.27
5 0.28 19.00 5.93
6 0.47 4.07 4,33
7 0.41 2.10 3.30
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ratio of cathodic to anodic by comparing with the standards,
0f paticular interest is the peaks of %, y and z in paxrts
A of Figure 7. By recording the cathodic response, it
was shown that there were essentially no cathodic peaks
corresponding to the anodic peaks of vy and z, suggesting
that the compound or compounds producing the anodic
peaks are irreversibly oxidized. Since the main compounds
responsible to the anodic peak of x were also irreversibly
oxidized, DOPAC could be selectively detected on the
cathodic chromatograms, as shown in part B in Figure 7.
Human urine from seven healthy individuals was
analyzed from the linear regression equations in Table 1
using the cathodic chromatograms. The results are shown
in Table 2. The concentrations for DOPAC, 5-HIAA and
HVA in Table 2 are within the range of results reported
in the literature for normal human urines (26-29).
The present system appears to be the first method
which gimultaneougly determines DOPAC, 5-HIAA and HVA
with resonable precision in human urine directly injected

without any pretreatment into the micro liguid chromatograph.

CONCLUSION

The series dual electrochemical detector with anode
and cathode is a powerful tool for selective detection
of reversible and/or quasi-reversible species for micro
HPLC, because the collection efficiency increases with
decreasing the flow rate of mobile phasc. The parallel-
opposed dual electrochemical detector with anode and
cathode may provide an enhancement in sensitivity by
recycling oxidation and re-reduction between the two
working electrodes at slow flow rates of mobile phase.
Thus the PODEC is the most advantageous type of detector
for reversible and/or quasi-reversible species in micro
HPLC (20, 21).

The simultaneous determination of DOPAC, 5-HIAA
and HVA in healthy human urine could be performed on
direct injection of only 0.3 ul by using the micro HPLC
system with SDEC.
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LC NEWS

GPC  COLUMNS FOR POLYMER ANALYSIS & TESTING offer ultra-resolution
at low cost and high speed for detection of subtle differences
between polymer samples that can significantly influence polymer
processability. The columns are available in 500, 1,000, 10,000,
and 100,000 angstroms nominal exclusion as well as a mixed-bed
column that provides resolution from 100 Daltons to well over 20
million. They are available packed in any of several commonly used
GPC solvents and in many polymer solvents not generally available
with GPC columns. Jordi Associates, Inc., JLC/83/10, 397 Village
Street, Millis, MA, 02054, USA.

EC/LC FLOW CELL FOR AMPEROMETRIC DETECTION features negligible dead
volume, minimum IR drop, improved detection Timit, and better peak
shape. IBM Instruments, Inc., JLC/83/10, Orchard Park, Box 332,
Danbury, CT, 06810, USA.

CELL DEBRIS REMOVER is a modified cellulose formulated to remove
contaminants from crude animal, microbial, or plant extracts. It
binds cell debris, nucleic acids, polar lipids, many colorants, and
other unwanted components more effectively than standard filtration
and centrifugation techniques. It provides clarified protein
solutions with Tlower viscosities, while improving column life,
Whatman, Inc., JLC/83/10, 9 Bridewell Place, Clifton, NJ, 07014,
USA.

DETERMINATION OF GOLD 1in gold plating baths by ion chromatography
also includes speciation between Au{l1+) and Au(3+). This s
important, as an increase in Au(3+) content can lower plating
efficiencies. Dionex Corp., JLC/83/10, 1228 Titan Way, Sunnyvale,
CA, 94086, USA.

AUTOMATED GRADIENT CONTROLLER allows automatic control of external
accessories such as vaives and fraction collectors for sensitivity,
selectivity and speed; isocratic to ternary compositional and flow
control of up to 3 solvent delivery systems. A CRT display is used
to guide the operator thru setup and operation. Up to ten methods
may be stored for instant recall. Waters Associates, Inc.,
JLC/83/10, 34 Maple Street, Milford, MA, 01757, USA.

1927
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THIN-LAYER CELL FOR ELECTROCHEMICAL DETECTION allows placement of
the auxilliary electrode both downstream and across from the
working electrode. A highly polished stainless steel top extends
cell Tife, permits compatibility with new "high speed” columns, and
allows for connection of low dead volume fittings for wuse with
micro columns, Biocanalytical Systems, Inc., JLC/83/10, 1205 Kent
Avenue, Purdue Research Park, West Lafayette, IN, 47906, USA.

LIQUID PROCESSING UNIT can be wused to feed most analytical
instruments. It performs all of the crucial sample pickup, mixing
and dispensing operations. A pair of syringes whose plungers are
driven by a stepper motor and precision ball lead screws, a mixing
chamber, and a hand-held control unit are the principal working
parts. A computer program directs all operations. Processing
parameters such as time, volume, ratios, and increments are entered
thru the control unit and become a part of an individual routine
program.  Hamilton Company, JLC/83/10, P. 0. Box 10030, Reno, NV,
89510, USA.

BINARY GRADIENT HPLC CAPABILITIES include easy setting of flow
rate, initial and final solvent composition, and times for
equilibration, gradient, and hold steps directly from the front
panel.  The controller also includes the necessary connections for
automated operation with many auto samplers and data handling
devices. Perkin-Elmer Corp., JLC/83/10, Main Avenue, Mail Station
12, Norwalk, CT, 06856, USA.

PROGRAMMABLE UV-VIS DETECTOR FOR HPLC may be optionally equipped
with fast scanning and wavelength capabilities. It is capable of

wavelength speeds up to 100 nm per second. The system 1s
microprocessor-hased and accessed via an HP-41 programmable
calculator. Automatic baseline zero is featured for offsetting

wavelength-induced baseline shift. Kratos Analytical Instruments,
Inc.,, JLC/83/10, 170 Williams Drive, Ramsey, NJ, 07446, USA.

PNEUMATIC CLAMPING SYSTEM dis for use with HPLC columns and
cartridges. No-fault connections ensure consistent results.
Columns are added or removed easily by relatively untrained
operators without altering analytical integrity. They are useful to
5000 psi. EM Science, Inc., 480 Democrat Rd., Gibbstown, NJ,
08027, USA.

PUMP  PRIMING VALVE is designed to simplify purging of HPLC pumps
when change of solvent is made. When fitted between pump and
injector, it permits new solvent to be purged through the pump to
waste via a drain tube. Only half a turn is required to open the
valve fully. Negretti & Zambra (Aviation), Ltd., JLC/83/10, The
Airport, Southampton, S09 3FR, Hampshire, England.

UNIVERSAL HPLC SOLVENT CLARIFICATION MEMBRANE accomplishes
filtration - of all commonly used HPLC solvents. The membranes have
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an extensive range of chemical compatibility, are hydrophilic, and
do not require a pre-wetting step. They also exhibit an extremely
low extractables content, thereby eliminating concern of
contamination from the membrane. Millipore Corp., JLC/83/10, 80
Ashby Road, Bedford, MA, 01730, USA.

HPLC FILTER is made of a new fluoropolymer membrane and is housed
in solvent resistant polypropylene. It is pressure rated at 75 psi
and 1is available 1in a 0.45 micron pore size. Gelman Sciences,
Inc., JLC/83/10, 600 S. Wagner Rd., Ann Arbor, MI, 48106, USA.

FLAME TONIZATION DETECTOR FOR LC is said to overcome general
limitations of prior "universal" LC detectors. A rotating disc,
"ringed" by a fibrous quartz belt, conducts samples to a dual-flame
ionization detector for analysis. Volatile solvent is vaporized
and removed by vacuum. Solutes are carried into the FID, and
residual sample is then removed by hotter hydrogen/oxygen cleaning
flames. Tracor Instruments, JLC/83/10, 6500 Tracor Lane, Austin,
TX, 78721, USA.

HPLC REAGENTS & COLUMNS are described in a new brochure. Included
are buffers, ion pair reagents, derivatizing reagents, hardware,
and solvents. Fisher Scientific Co., JLC/83/10, 711 Forbes Ave.,
Pittsburgh, PA, 15219, USA.

LAB AUTOMATION SYSTEM FOR SAMPLE PREPARATION combines robotics and
lab stations to automate procedures. The controller interfaces the
operator with the robot. Software is menu-based and uses familiar
laboratory terms. Zymark Corp., JLC/83/10, Zymark Center,
Hopkinton, MA, 01748, USA.

APPLICATIONS GUIDE deals with sample preparation, highlighting
background, principles, and techniques of solid phase extraction.
The guide contains over 40 detailed procedures for preparing
environmental, pharmaceutical, biological, food, and cosmetic
samples, such as priority poliutants, crude oil, trace metals,
aflatoxins, steroids, etc. J. T. Baker Chem. Co., JLC/83/10, 222
Red School Lane, Phillipsburg, NJ, 08865, USA.

HPTLC/TLC BIBLIOGRAPHY SERVICE s available free of charge.
Publications may be included by mailing to the publisher. Applied
Analytical TIndustries, TInc., JLC/83/10, Route 6, Box 55,
Wilmington, NC, 28405, USA.

DETERGENT REMOVING GEL is an affinity chromatographic support that
selectively removes detergents from protein solutions, with
proteins being recovered in virtually 100% yields. The support can
be regenerated for repeated use. Pierce Chemical Co., JLC/83/10 P.
0. Box 117, Rockford, IL, 61105, USA.
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LC CALENDAR

1983
AUGUST 10-12: 22nd Canadian High Polymer Forum, Univ. of
Waterloo, Canada. Contact: A. Garton, NRC of Canada, Div. of

Chem., Ottawa, Ont., Canada, K1A OR6.

AUGUST 14-19: 25th Rocky Mountain Conference, Denver Convention
Complex, Denver, Colorado. Contact: E. A. Brovsky, Rockwell
International, P. 0. Box 464, Golden, CO, 80401, USA.

AUGUST 15-19: Coal Science: 1983 Int'l Conference, Pittsburgh,
PA. Contact: N. Maceil, JWK Int'1 Corp., 275 Curry Hollow Road,
Pittsburgh, PA, 15236, USA.

AUGUST 22-26: 7th Australian Symposium on Analytical Chemistry,
Adelaide, Australia. Contact: D. Patterson, AMDEL, P.0.Box 114,
Eastwood S.A. 5063, Australia.

AUGUST 26 - SEPTEMBER 2: Int'l. Symp. on Solvent Extraction,
Denver, (0. Contact: D. Nowak, AIChE, 345 E. 47th St., New York
NY, 10017, USA.

AUGUST 28 - SEPTEMBER 2: 11th World Petroleum Congress, London.
Contact: Amer. Petrol. Inst., 2101 L St., N.W., Washington, DC,
20037, USA.

AUGUST 28 -~ SEPTEMBER 2: ACS 186th Nat'l Meeting, Washington, DC.
Contact: A. T. Winstead, ACS, 1155 16th St., NW, Washington, DC,
20036, USA.

AUGUST 29 - SEPTEMBER 2: 4th Danube Symposium on Chromatography &
7th  I'nt'l. Sympos. on Advances & Applications of Chromatography
in Indudtry, Bratislava, Czech. Contact: Dr. J. Remen, Anal,.
Sect., Czech. Scientific & Technical Soc., Sltovnaft, 823 00
Bratislava, Czechoslovakia,
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SEPTEMBER 22-23: Symposium: "Columns in High Performance Liquid
Chromatography," Lady Mitchell Hall, University of Cambridge.
Contact: A. G. W. Mulders, Hewlett-Packard, GmbH, Postfach 1280,
D-7517 Waldbronn 2, West Germany.

SEPTEMBER  25-30: Federation of Anal. Chem. & Spectroscopy
Societies (FACSS) Conf., Franklin Plaza Hotel, Philadelphia.
Contact: M. 0'Brien, Merck, Sharp & Dohme Res. Labs., West Point,
PA, 19486, USA.

OCTOBER 2-6: 97th Annual AOAC Meeting, Shoreham Hotel,
Washington, DC. Contact: K. Fominaya, AOAC, 1111 N. 19th St.,
Suite 210, Arlington, VA, 22209, USA.

OCTOBER 3-5: Chemexpo '83, Harbor Castle Hilton Hotel, Toronto,
Ont., Canada. Contact: ITS Canada, 20 Butterick Rd., Toronto,
Ont., Canada, M8W 3Z8.

OCTOBER 3 - 6: Advances in Chromatography: 20th Int'l Symposium,
Amsterdam, The Netherlands. Contact: A. Zlatkis, Chem. Dept.,
University of Houston, Houston, TX, 77004, USA.

OCTOBER 12-13: 8th Annual Baton Rouge Anal. Instrum. Disc. Grp.
Sympos., Baton Rouge, LA. Contact: G. Lash, P. 0. Box 14233,
Baton Rouge, LA, 70898, USA.

OCTOBER 12-14: Analyticon'83 - Conference for Analytical Science,
sponsored by the Royal Society of Chemistry and the Scientific
Instrument Manufacturers' Ass'n of Great Britain, Barbican Centre,
London. Contact: G. C. Young, SIMA, Leicester House, 8 Leicester
Street, London WC2H 78BN, England.

NOVEMBER 3-4 ACS 18th Midwest Regional Meeting, Lawrence, Kansas.
Contact: W. Grindstaff, SW Missouri State Univ., Springfield, MO,
65802, USA.

NOVEMBER 9-11: ACS 34th SE Regional Meeting, Charlotte, NC.
Contact: J. M. Fredericksen, Chem. Dept., Davidson College,
Davidson, NC, 28036, USA.

NOVEMBER 10-11: Electrofocusing and Electrophoresis Workshop,
Birmingham, AL, USA. Contact: Workshop Registrar, LKB Instruments,
Inc., 9319 Gaither Rd., Gaithersburg, MD, 20877, USA.

NOVEMBER 14-16: 3rd Int'l. Sympos. on HPLC of Proteins, Peptides
and Polynucleotides, Monte Carlo, Monaco. Contact: S. E.
Schlessinger, 400 East Randolph, Chicago, IL, 60601, USA.

NOVEMBER 16-18: Eastern Analytical Symposium, New York Statler
Hotel, New York City. Contact: S. David Klein, Merck & Co., P. O.
Box 2000, Rahway, NJ, 07065, USA.
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NOVEMBER  22-23: Short Course: "Sample Handling in Liquid
Chromatography," sponsored by the Int'l. Assoc. of Environmental
and Biological Samples in Chromatography, Palais de Beaulieu,
Lausanne, Switzerland. Contact: Dr. A. Donzel, Workshop Office,
Case Postale 130, CH-T1000 Lausanne 20, Switzerland.

NOVEMBER  24-25: Workshop: "Handling of Environmental and
Biological Samples 1in Chromatography," sponsored by the Int'l,
Assoc. of Environmental Anal. Chem., Palais de Beaulieu, Lausanne,
Switzerland. Contact: Dr. A, Donzel, MWorkshop Office, Case
Postale 130, CH-~1000 Lausanne 20, Switzerliand.

NOVEMBER 29-30: Electrofocusing and Electrophoresis Workshop, San
Francisco, CA, USA. Contact: Workshop Registrar, LKB
Instruments, Inc., 9319 Gaither Road, Gaithersburg, ™MD, 20877,
USA.

DECEMBER 6-7 and 8-9: Electrofocusing and Electrophoresis
Workshop, Los Angeles, CA, USA. Contact: Workshop Registrar, LKB
Instruments, Inc., 9319 Gaither Road, Gaithersburg, MD, 20877,
USA.

1984

FEBRUARY 12-16: 14th Australian Polymer Symposium, 01ld Ballarat
Travel Inn, Ballarat, Australia, sponsored by the Polymer Div.,
Royal Australian Chemical Inst. Contact: Dr. G. B. Guise, RACI
Polymer Div., P. 0. Box 224, Belmont, Victoria 3216, Australia.

APRIL 8-13: National ACS Meeting, St. Louis, MO. Contact:
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA.

MAY 20 - 26: 8th Intl. Symposium on Column Liquid Chromatography,
New York Statler Hotel, New York City. Contact: Prof. Cs.
Horvath, Yale University, Dept. of Chem. Eng., P. 0. Box 2159,
Yale Stn., New Haven, CT, 06520, USA.

JUNE  18-27: Symposium on Liquid Chromatography in the Biological
Sciences, Ronneby, Sweden, sponsored by The Swedish Academy of
Pharmaceutical Sciences. Contact: Swedish Academy of
Pharmaceutical Sciences, P. 0. Box 1136, S-111 81 Stockholm,
Sweden.

AUGUST 26-31: National ACS Meeting, Philadelphia, PA. Contact:
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA.

OCTOBER 1-5: 15th Int'l. Sympos. on Chromatography, Nurenberg,
West Germany. Contact: K. Begitt, Ges. Deutscher Chemiker,
Postfach 90 04 40, D-6000 Frankfurt Main, West Germany.
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1985

FEBRUARY 11-14: Polymer 85, Int'l Symposium on Characterization
and Analysis of Polymers, Monash University, Melbourne, Australia,
sponsored by the Polymer Div., Royal Australian Chemical Inst.
Contact: Polymer 85, RACI, 191 Royal Parade, Parkville Victoria
3052, Australia.

APRIL 28 - MAY 3: 189th National ACS Meeting, Miami Beach.
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington,
DC, 20036, USA.

SEPTEMBER 8-13: 190th National ACS Meeting, Chicago. Contact: A.
T. Winstead, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA

1986

APRIL 6-11: 191st National Am. Chem. Soc. Mtng., Atlantic City,
NJ. Contact: A. T. Winstead, ACS, 1155 16th Streeet, NW,
Washington, DC, 20036, USA.

SEPTEMBER 7-12: 192nd National Am. Chem. Soc. Mtng., Anaheim,
Calif. Contact: A. T. Winstead, ACS, 1155 16th Street, NW,
Washington, DC, 20036, USA

1987

APRIL 5-10: 193rd National Am. Chem. Soc. Mtng., Denver, Colo.
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington,
DC, 20036, USA.

AUGUST 30 ~ SEPTEMBER 4: 194th National Am. Chem. Soc. Mtng., New
Orleans, LA. Contact: A. T. Winstead, ACS, 1155 16th Street, NW,
Washington, DC, 20036, USA.

The Journal of Liquid Chromatography will publish
announcements of interest to Tiquid chromatographers
in every issue of the Journal. To be listed in the
LC Calendar, we will need to know: Name of the
meeting or symposium, sponsoring organization, when
and where it will be held, and whom to contact for
additional details. You are invited to send
announcements to Dr. Jack Cazes, Editor, Journal of
Liquid Chromatography, P. 0. Box 1440-SMS, Fairfield,
CT, 06430, USA.



INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS
FOR DIRECT REPRODUCTION

Journal of Ligquid Chromatography is a bimonthw
publication in the English language for the rapid com-
munication of liquid chromatographic research.

Directions for Submission

One typewritten manuscript suitable for direct
reproduction, carefully inserted in a folder, and two
{2) copies of the manuscript must be submitted, Since
all contributions are reproduced by direct photography
of the manuscripts, the typing and format instructions
must be strictly adhered to. Noncompliance will resuit
in return of the-manuscript to the authors and delay
its publication. To avoid creasing, manuscripts shouid
be placed between heavy cardboards and securely
bound before mailing.

Manuscripts should be mailed to the Editor:

Dr. Jack Cazes

Journal of Liguid Chromatography
P. O. Box 1440-SMS

Fairfieid, Connecticut 06430

Reprints

QOwing to the short production time for articles in
this journal, it is essential to indicate the number of
reprints required upon notification of acceptance of
the manuscript. Reprints are available in guantities
of 100 and mulitiples thereof. For orders of 100 or
more reprints, twenty {20) free copies are provided.
A reprint order form and price list will be sent to the
author with the notification of acceptance of the
manuscript.

Format of Manuscript

1. The general format of the manuscript should be
as follows: title of article; names and addresses of
authors; abstract; and text discussion.

2. Title and Authors: The entire title should be in
capital letters and centered on the widih of the typing
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