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Determination of folic acid in sea water
using adsorptive cathodic stripping voltammetry

Anne-Christine Le Gall and Constant M.G. van den Berg

Oceanography Laboratory, Department of Earth Sciences, University of Liverpool, Liverpool L69 3BX (UK)
(Received 12th May 1993; revised manuscript received 16th June 1993)

Abstract

Folic acid is of biological origin and occurs ubiquitously in the natural system. Very little is known about its likely
occurrence and distribution in natural waters. A voltammetric method is proposed to determine folic acid in sea and
estuarine waters. The method is based on cathodic stripping voltammetry (CSV) preceded by adsorptive collection on
a hanging mercury drop electrode. Using cyclic voltammetry at two pH values it is confirmed that folic acid undergoes
reduction in three steps. The first step is electrochemically reversible producing a two-electron reduction peak at
—0.75 V at pH 8.5. Comparative experiments indicate that the benzene ring is responsible for the adsorptive
behaviour of folic acid on the mercury drop electrode. The adsorbed layer of folic acid is rearranged when the
adsorption density is increased above ~ 5.107'" mol cm 2 causing the appearance of a sharp capacitance peak. The
best sensitivity for the determination of folic acid in sea water is obtained at pH 8.5 at a deposition potential of
—0.25 V and using the square-wave modulation at frequencies between 25 and 100 Hz. The voltammetric response
for 60 s adsorption was found to increase linearly with the folic acid concentration from the limit of detection (0.09
nM) to 500 nM. The method was applied successfully to the determination of dissolved folic acid in samples from the
Mersey estuary. The folic acid concentration was found to lie between 0.1 and 3 nM increasing generally with
decreasing salinity due to freshwater inputs.

Keywords: Stripping voltammetry; Folic acid; Sea water; Waters

459

Part of the vitamin B group, folic acid is a
water soluble vitamin, initially identified as an
antianaemia and growth factor. It is produced by
plants (green leaves, algae) and micro-organisms
(bacteria, yeast). In mammals, folic acid and its
derivatives, the folates, serve as acceptors and
donors of one carbon units and are involved in
amino acid and nucleotide formation [1-2]. Be-
cause of its ubiquitous occurrence in biological
systems it is likely that folic acid occurs also in
natural waters as a result of algal exudations (3]
or of involuntary releases as a result of cellular

Correspondence to: C.M.G. van den Berg, Oceanography Lab-
oratory, Department of Earth Sciences, University of Liver-
pool, Liverpool L69 3BX (UK).

damage, but surprisingly little is known about its
occurrence and distribution. The concentrations
of other vitamins, especially vitamin B,,, biotin
and thiamine, have been estimated in various
water bodies such as lakes [4] coastal waters [5-8]
and open sea [9-11]. The distribution of folic acid
in natural waters has not been reported perhaps
because no analytical techniques were available
to detect the low levels occurring there.
Analytical methods for folic acid include bioas-
says, enzymatic methods, fluorimetry, colorimetry
and chromatography [2]. The introduction of lig-
uid chromatography (LC) and radioactive la-
belling have improved the specificity and sensitiv-
ity of folic acid measurements [1). Electrochemi-
cal methods have been used to detect folic acid

0003-2670/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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[12] and to investigate its redox properties [13].
Cathodic stripping voltammetry (CSV) has been
used previously to detect low nanomolar levels of
folic acid in weakly acidic solutions and synthetic
electrolytes [14-16).

Adsorptive CSV is here optimised to deter-
mine folic acid in estuarine and sea water at a
limit of detection of 0.02 nM using an adsorption
time of 5 min (this limit of detection is similar to
or better than that quoted by previous work [14-
16] although the optimised conditions differ). The
electrode mechanism is investigated by cyclic
voltammetry and comparative experiments with
constituents of folic acid. The method is applied
to samples from the Mersey estuary (UK).

EXPERIMENTAL

Equipment and reagents

Voltammograms were recorded with a PAR
174 A polarograph in conjunction with a PAR 303
HMDE (reference electrode: Ag/AgCl, satu-
rated with KCI; counter electrode: platinum wire;
drop size: 1.9 mm?) or with a computerised Auto-
lab polarograph (Ecochemie, Netherlands) with a
663 VA Metrohm electrode (reference electrode:
Ag/ AgCl, 3 M KCl; counter electrode: platinum
wire; drop size: 0.38 mm?). A Metrohm E 506
Polarorecord was used in conjunction with the
663 VA Metrohm electrode for experiments in-
volving tensammetry.

Water was purified using a fused silica double
distillation unit or a Millipore apparatus for re-
verse osmosis (Milli-RO 10 Plus) followed by
ion-exchange (Milli-Q). This water was used for
reagent preparation, rinsing and preliminary ex-
periments. Reagents were supplied by BDH
(AnalaR grade), except for humic acid which was
from EGA-Chemie (FRG).

Sample bottles of high density polyethylene
(HDPE) were cleaned by soaking with hot water
and detergent. They were then rinsed with water,
soaked in 50% HCI (GPR grade) for a week,
rinsed again with water, and soaked in 2 M nitric
acid for another week. Finally, the bottles were
rinsed with water, filled with 0.01 M HCI (Aristar

grade, BDH) and stored in resealable bags, ready
for sample collection.

Reagents were Analar Grade (BDH) unless
indicated differently. A borate pH buffer (1 M
boric acid, 0.4 M NaOH) and a sodium acetate
buffer [2 M sodium acetate, 0.5 M hydrochloric
acid (Aristar grade)] were used to buffer sea
water at pH 8.5 and 5.2 respectively. Folic acid
solutions were prepared daily from a 0.1 M stock
solution which was prepared weekly in 0.1 M
sodium hydroxide and kept in the dark at 4°C.

Sea water from Menai Straits (§ = 32.5 p.s.u.)
was used for preliminary experiments; it was
UV-irradiated in fused silica containers (100 ml)
with a 1-kW mercury vapour lamp for 4 h prior to
use.

Samples from the Mersey estuary were col-
lected using a jet-foil vessel (NRA North West)
on July 11, August 21 and September 20, 1990.
The samples were collected at high tide forward
of the slowly moving vessel using a polypropylene
bucket which was deployed and recovered by
hand using a nylon rope. The bucket was rinsed
with freshly collected sea water prior to each
sample collection. The samples were stored in
HDPE bottles in the dark at 4°C and analysed
within one week. The samples were not filtered
but suspended matter was allowed to sediment to
the bottom of the bottles prior to the taking of
subsamples for voltammetric analysis. Sample
analyses were carried out in a random order, and
about half the samples were analysed twice, once
in the beginning of the series and the second time
at the end to test for sample degradation.

Procedure

A 10 ml aliquot of sea water was pipetted into
a glass polarographic cell. Borate or acetate pH
buffer (final concentrations 0.01 M and 0.02 M
respectively) was added and the solution was
purged (8 min) with O,-free nitrogen. A 60 s
preconcentration step was then completed on a
new mercury drop at a potential of —0.2 V whilst
stirring. Subsequently the stirrer was switched off
for a 15 s quiescent period. Finally, a potential
scan was carried out in a negative direction from
—0.2 V. Unless specified differently the differen-
tial pulse modulation was used with a scan rate of
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20 mV /s, a modulation amplitude of 25 mV and on the electrode. An AC-waveform was thereto
a pulse time of 0.1 s. The procedure was repeated superimposed on the slowly scanning potential
after addition of folic acid standard to calibrate (20 mV s~ 1) with an amplitude of 10 mV and a
the sensitivity. frequency of 75 Hz. The phase angle was 90°.

Tensammetry was used to evaluate variations Other conditions were as for differential pulse
in the double-layer capacitance upon adsorption voltammetry.
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Fig. 1. Cyclic voltammetry of 100 nM folic acid (A and B) and 5,8-dihydrofolic acid (E) preceded by 60 s adsorption. (A) pH 5.2; (B)
pH 8.5; (C) peak height of the reduction peak of 200 nM folic acid at pH 8.5 as a function of the scan-rate. (D) Peak height as a
function of the folic acid concentration; note the high concentration range along the x-axis which causes the linear increase at low
folic acid concentrations (< 1 wM) including the maximum in the peak height caused by the capacitance peak at ~ 1 uM folic acid
to appear close to the vertical axis. (E) Cyclic voltammetry at pH 8.5.
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RESULTS AND DISCUSSION

Cyclic voltammetry of folic acid
Cyclic voltammetry was used to investigate the
reaction mechanism of folic acid. Three cathodic

Reaction 1:
“\N '\ —CHr—NH —R
/j\ | +2H+2e =
HN N
Folic acid (I)
Reaction 2:
|
H N c NH —R (H*)
e cnnnlt
HN N \
S ()
Reaction 3:
o
H —
\NYX‘CHZ—NH : +2H +2e ——>
HN )\N T
H
an)
Reaction 4:
[0}
H
N M
/@)g:‘ +2H +2e —>
HN N N
H
()
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peaks were present at pH 5 at —0.5, —0.8 and
—1.2 V whereas no anodic peaks were observed
(Fig. 1A) indicating that the reduction steps were
electrochemically irreversible. A single peak was
obtained at —0.8 V at pH 8.5 (Fig. 1B) corre-

H
|
N N _CH—NH —R
)90y
N7 NN
H 5 8-dihydrofolic acid (Il)

H;:t\ NY'P%@— NH—R

7,8-dihydrofolic acid

0
H
HN )\N T
H

7,8-dihydro-6-methy! pterin (V)

° |
Hw)\ Y
H

5,6,7,8-tetrahydro-6-methyl pterin

)
R= _O_!_NH ___cI:H ——CH,——CH,—COOH

COOH
Fig. 2. Reduction mechanism of folic acid.
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sponding with the peak at —0.5 V at pH 5 but
shifted to a more negative potential as a result of
the pH change. An anodic peak was apparent on
the reverse scan indicating that this reduction
step was reversible at pH 8.5.

The presence of three peaks at pH 5 and a
single peak at pH 8.5 is in agreement with a

reduction mechanism consisting of a two-electron
reduction (reaction 1 in Fig. 2 at —0.5 V at pH 5,
at —0.8 V at pH 8.5) followed by a tautomerisa-
tion (reaction 2) and two irreversible reduction
steps (reactions 3 and 4 in Fig. 2, and peaks at
—0.8and —1.2 V at pH 5 in Fig. 1A)[13,17]. The
tautomerisation is catalysed by protons which ex-

H\N 0 5)/CH2—- NH OC_NH_TH_CH ,—CH,—COOH

COOH
HN Folic acid
NH y—CH——CH,—CH,— COOH
COoH Glutamic acid
o]
H N H N

\N& j \N)i E/COOH

HAN A\N N HAN *\N N4
Pterin Pterin-6-carboxilic acid

)X )/cHz_ NH _O_COOH

Pteroic acid

COOH

o
)ﬁi ZCHZ_NH O_C_NH_TH_.CH ,—CH ,——COOH

7,8-dihydrofolic acid

Fig. 3. Structural formulas for folic acid, precursors and reduction product.
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plains the absence of a further reduction of the
folic acid beyond the first reduction step at pH
8.5 as a result of stabilisation of the reaction
product (5,8-dihydrofolic acid) as the tautomeri-
sation was inhibited at this pH.

The scans in Fig. 1 were preceded by deposi-
tion at —0.4 V. In comparison with scans without
adsorption (not shown) the peaks were much
enhanced indicating that the folic acid was ad-
sorbed on the electrode. The height of the folic
acid reduction peak was much reduced (about
50%) when the cyclic scan was repeated on the
same mercury drop without renewed adsorption
indicating irreversibility either as a result of par-
tial desorption of the reduction product [5,8-dihy-
drofolic acid (5,8-DHF)] or of partial irreversibil-
ity of the redox reaction. The adsorptive precon-
centration greatly enhances the CSV sensitivity
for folic acid.

Variation of the scan-rate between 10 and 500
mV s~ ! showed that the CSV peak height (pre-
ceded by 60 s adsorption) for 200 nM folic acid
increased linearly with the scan rate until 200 mV
s~! and non-linearly thereafter (Fig. 1C). The
linear increase indicates that the reduction cur-
rent is essentially independent of diffusion during
the scan, in accordance with the proposed pro-
cess in which an adsorbed compound (folic acid)
is reduced. The non-linear increase at high scan-
rates indicates that the reduction process be-
comes Kinetically slow in this condition.

Cyclic voltammetry was used to investigate the
electrochemical activity of compounds with a
chemical composition similar to that of folic acid
or to that of components of folic acid in an
attempt to evaluate which part of the molecule is
responsible for the adsorptive process. The chem-
ical composition of precursors of folic acid se-
lected for the comparative experiments [glutamic
acid (R in folic acid, Fig. 2), pterin, pterin-6-
carboxilic acid and pteroic acid] can be compared
in Fig. 3 along with that of the reduction product
of folic acid (5,8-DHF). Pterin, pterin-6-carboxilic
acid, pteroic acid and 5,8-DHF were found to
produce a reduction peak at between —0.7 and
—0.8 V at pH 8.5 corresponding with the peak
for reaction 1 of folic acid, whereas glutamic acid
was electroinactive. However, only pteroic acid

and dihydrofolic acid adsorbed on the HMDE
(analogous with folic acid), indicating that the
adsorption site (common to these compounds and
folic acid but absent in pterin) is located between
atoms N(10) and N(18) in the folic acid molecule
(Fig. 3). It is therefore likely that the benzene
ring is responsible for the folic acid adsorption, in
accordance with the known importance of free
p-orbital electrons to adsorption of organic com-
pounds on the mercury electrode [18,19].

Cyclic voltammetry of 5,8-DHF at pH 8.5 (Fig.
1E) showed a comparatively small peak at the
reduction potential corresponding with that for
folic acid indicating that only part of the 5,8-DHF
was oxidised and adsorbed during the deposition
step at —0.2 V. A second peak was apparent at
—1.25 V presumably corresponding with the re-
duction of 7,8-DHF (tautomerisation product of
5,8-DHF), and a smaller peak at —1.5 V corre-
sponding with the third reduction step (reaction 4
in Fig. 2). Interestingly no reduction peak corre-
sponding with that of folic acid was apparent
upon cyclic voltammetry of 5,8-DHF at pH 5 (not
shown) presumably because of the rapid tau-
tomerisation of the 5,8-DHF at this pH which
rendered the redox process irreversible. How-
ever, the two peaks corresponding with reactions
3 and 4 of folic acid (Fig. 2) were clearly appar-
ent.

The reduction current was determined at in-
creasing concentration of folic acid to evaluate
the maximum adsorption density of folic acid on
the mercury drop. Interestingly the reduction cur-
rent continued to increase with the concentration
of the folic acid concentration (at pH 8.5) and did
not show the curvature characteristic of satura-
tion of the mercury drop at high folic acid con-
centration. However, a sharp and narrow peak
became superimposed on the folic acid peak at
concentrations around 1 uM (adsorption time of
60 s). This superimposed peak disappeared at
longer adsorption times and at higher concentra-
tions of folic acid. Such narrow peaks are usually
associated with capacitive phenomena and can be
due to rearrangement of the adsorbed layer
[19,20]. Folic acid is thought to form a metastable
adsorbed layer which rearranges when a critical
adsorption density of folic acid is reached [14]
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presumably when the electrode is fully covered by
the adsorbed molecules. The rearrangement then
allows higher densities which are stable to high
folic acid concentrations [14]. In accordance with
this scenario the current increased linearly from
low nanomolar folic acid concentrations to ~ 1
wM; the sensitivity then dropped to a lower value
causing the current to increase further in a linear
fashion from 5 to 500 uM (the experiment was
not continued to higher concentrations) (Fig. 1D).
No additional capacitive peaks were observed at
folic acid concentrations above 1 uM indicating
that no further rearrangements occurred in the
adsorbed monolayer of folic acid despite the very
high concentrations.

The adsorption density of folic acid was 3.1 X
107! mol cm™2 at 0.5 uM folic acid, just before
the rearrangement of the adsorbed layer (calcu-
lated using Faraday’s law, using two electrons per
molecule of reduced folic acid). At this density
the surface area ayailable to each folic acid
molecule was 570 {.‘\2, much greater than that
(approximately 71 A?; less if only the benzene

ring adsorbs) occupied by the adsorbed part of
folic acid between the N(10) and the N(18) atoms.
It is therefore likely that the reorganisation of the
adsorbed layer is due to interactions between the
non-adsorbed components of the folic acid
molecule rather than due to interactions between
the adsorbed fractions. Apparently the reorgan-
ised molecules could be compacted to much
higher densities on the electrode surface since no
capacitive effect or curvature of the response was
apparent at concentrations up to 500 uM, albeit
at a reduced (103 X ) sensitivity compared to the
CSV response prior to the collapse of the ad-
sorbed film.

Tensammetry of folic acid

The mechanism of adsorption was further in-
vestigated using tensammetry utilising an AC-
waveform superimposed on a DC scan with 90°
out-of-phase sampling of the capacitance current;
the frequency was 75 Hz. A large suppression of
the capacitive signal at the HMDE was caused by
folic acid in the region between —0.2 and —0.78

I T ¥ T T T T
0.2 0.6 1.0 14

T > E(-V)

Fig. 4. Tensammetry of folic acid in sea water of pH 8.5. (a) no folic acid; (b) 0.5 uM folic acid; (c) 1 uM folic acid. Each scan was

preceded by 60 s adsorption at —0.2 V.
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V at pH 8.5. This suppression increased with the
folic acid concentration until 1 uM folic acid
(Fig. 4). The suppression was cancelled by a peak
at —0.78 V, coinciding with the Faradaic peak,
and was followed by an increase in the capaci-
tance between —0.8 and —1.2 V. The region of
increased capacitance extended from —0.8 V to
—1.2 V and may be a result of either a reorienta-
tion of the adsorbed molecules or to their desorp-
tion. The capacitance current at potentials more
negative than —1.3 V was not affected by varia-
tion in the concentration of folic acid suggesting
that the folic acid was desorbed at this potential
region.

Effect of varying the pH and adsorption poten-
tial on the CSV response of folic acid

Variation of the pH between 3 and 9 showed
that the peak height for folic acid in sea water
increased from 0 nA at pH 3 to 38 nA at pH 9.2
(Fig. 5A). Maximum sensitivity was obtained at
pH values between 8 and 9.5. A pH of 8.5 was
selected to carry out folic acid analyses as it is
close to the natural pH of sea water and is
buffered conveniently using borate pH buffer.
The peak potential increased with the pH at a
rate of 0.07 V/pH unit, rather greater than that
(0.03 V/ pH unit) predicted from the involvement
of 2 protons in the reduction of folic acid (Fig. 2)
suggesting that the folic acid is stabilised more by
the increased pH than its reduction product (di-
hydrofolic acid).

The peak height of folic acid decreased slightly
and gradually when the deposition potential was
varied from —0.1 V to —0.8 V, whilst it de-
creased strongly at deposition potentials more
negative than the reduction potential because the
reduction product did not adsorb on the HMDE
(Fig. 5B). Adsorption potentials between —0.2
and —0.4 V give greatest sensitivity but a more
negative potential can be selected to eliminate
possible adsorption of interfering compounds at
little loss in sensitivity.

Linear range and limit of detection

CSV of increasing concentrations of folic acid
in sea water using an adsorption time of 60 s
indicated that the peak height increased in a

50

40+

30

20+

peak height (nA)

101

peak height (nA)

0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2
adsorption potantial (V)
Fig. 5. A. Effect of varying the pH (A) and the deposition
potential (B) on the CSV response for folic acid in UV-irradi-

ated sea water containing 5 nM folic acid; the adsorption time
was 60 s.

linear fashion until ~ 500 nM folic acid (Fig. 6A).
At this concentration a capacitive peak became
superimposed on the shoulder of the Faradaic
peak interfering with its measurement. This ob-
servation is in accordance with the results ob-
tained with cyclic voltammetry. The capacitance
peak disappeared at higher folic acid concentra-
tions where the faradaic peak increased again
linearly with the folic acid concentration but at a
lower sensitivity.

The limit of detection was calculated from
repeated determinations of a low concentration
of folic acid in sea water using two different
instruments. The Autolab polarograph / Metrohm
electrode combination gave a standard deviation
of 6% (n=10) for 0.5 nM folic acid (using an
adsorption time of 60 s) from which a limit of
detection of 0.09 nM is calculated from 3¢. The
sensitivity was 0.8 nA /nM. The same experiment
using the PAR polarograph/PAR 303 electrode
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Fig. 6. CSV of folic acid in sea water. (A) The peak height as
a function of the folic acid concentration after 60 s adsorp-
tion. (a) Low concentrations (using Autolab polarograph with
Metrohm electrode); (b) high concentrations (PAR polaro-
graphic system). (B) Comparison of differential-pulse (scan a)
and square-wave (scans b and ¢) CSV of 15 nM folic acid
using 60 s deposition; modulation amplitude 25 mV, step
height 2.4 mV. The scans have not been smoothed. scan a:
differential-pulse, 5 pulses s~'; scans b and c: square-wave,
frequencies: 50 Hz (b) and 200 Hz (c).

combination had a greater standard deviation
(11%) giving a calculated limit of detection of 0.3
nM. The lower standard deviation of the comput-
erised Autolab polarographic system may be due
to a lower level of electronic noise and (or) full
automation of the measuring parameters. Scans
for low levels of folic acid in sea water are shown
in Fig. 6B (discussed below).

Variation of the adsorption time showed that
the peak height for 5 nM of folic acid increased
linearly with the adsorption time between 15 s

and 10 min. The limit of detection for folic acid
can therefore be lowered to 0.02 nM by extending
the adsorption time to 5 min. This limit of detec-
tion is similar to that quoted for an electrolyte
solution of sodium perchlorate at pH 4 [14] but
better than that (0.1 nM) quoted for 0.1 M sul-
phuric acid [15] using the same adsorption time.
However, it may not be possible to increase the
sensitivity to this extent with adsorption time
from natural water samples due to interference
by organic surface-active compounds (see below).

Square-wave voltammetry

Comparative measurements of folic acid in sea
water using the square-wave (50 and 200 Hz) and
the differential-pulse (5 Hz) modulations showed
that higher currents were obtained for the reduc-
tion of folic acid as a result of the greater fre-
quency and faster scanning rate of the square-
wave modulation (Fig. 6B). However, the differ-
ence of the peak height between the two modula-
tions was small considering the large increase in
the scan rate. Increasing the square-wave fre-
quency from 50 to 200 Hz caused only little
change (40%) in the sensitivity whereas the peak
became broadened indicating that the reduction
of the folic acid was irreversible at these high
frequencies as a result of slow reduction kinetics.
Greater electronic noise in the scans at the greater
frequencies cancelled out any analytical advan-
tage of the greater peak heights, so the sensitivity
for folic acid could not be improved significantly
by selecting a greater scanning frequency.

Interferences

Potential interferences in adsorptive CSV in-
clude organic compounds occurring in natural
waters which adsorb with or without production
of reduction peaks, and diffusion currents of other
reducible elements present at high concentra-
tions. Such interferences were tested by CSV of
UV-irradiated sea water containing 5 nM of folic
acid to which various organic compounds and
metals were added which were known or sus-
pected to adsorb or produce a voltammetric peak
under the conditions used for folic acid.

Glutathione [22] and various purines {23] are
known to produce peaks by CSV under condi-
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tions similar to those used here. Addition of up
to 1 uM glutathione and uric acid, and 160 nM
guanine did not significantly affect the folic acid
determination, as their reduction peaks appeared
at potentials more positive than that of folic acid.
The height of the folic acid peak decreased by
30% when 0.5 uM of adenine was added, and by
20% when 1 uM of guanine was added, presum-
ably as a result of competitive adsorption of these
compounds. However, the reduction peak of folic
acid is located at a more negative potential than
that for these compounds, so its concentration
can still be evaluated by calibration of the CSV
sensitivity by standard additions of folic acid to
the sample. The folic acid peak decreased by
20% when 1 uM of EDTA was added; this effect
was either caused by impurities as EDTA does
not form a reduction peak, or it indicates that
EDTA adsorbs on the HMDE.

Although several of the precursors and reduc-
tion products of folic acid produced peaks in the
potential range of folic acid only DHF and pteroic
acid adsorbed; the other compounds do not inter-
fere unless present at much higher concentration
than folic acid. The peak potentials of the DHF
and pteroic acid (and of the other compounds)
did not coincide with that of folic acid although
they were near it (within 100 mV), and further-
more the sensitivity for DHF was quite poor.
Verification of the analyte (folic acid) in natural
water samples can therefore be achieved success-
fully from the peak potential and by inspection of
the peak shape using standard additions of folic
acid. .

Surface active matter with an adsorptive effect
comparable to 0.1-3 mg 1-! Triton X-100 (a
non-ionic surfactant) is known to be present in
coastal sea water [24]. An interference test indi-
cated that the peak of 5 nM folic acid was masked
completely by addition of 2 mg 17! Triton X-100
to sea water. Such compounds could therefore
potentially interfere with the determination of
folic acid in sea water.

Interestingly the reduction current of folic acid
was enhanced by addition of humic acid (HA) up
to a concentration of 0.8 mg C 17! This effect
may have been caused by an enhancement of the
adsorption due to either molecular or ionic inter-

actions between the HA and the folic acid. the
folic acid peak height was diminished sharply by
higher concentrations of HA possibly because of
competitive adsorption of the HA or because of
binding of the folic acid by the HA.

Additions were made of several elements to
investigate their potential interference with the
folic acid determination. The elements were se-
lected on basis of their known ability to produce
a voltammetric peak in conditions similar to those
for the determination of folic acid, and the added
concentrations were much higher than those oc-
curring naturally. The folic acid peak was not
affected by additions of 300 nM selenium, 1 uM
copper or 150 nM cadmium to the sea water.
Higher concentrations of cadmium caused the
folic acid peak to decrease. These elemental con-
centrations are 100-1000-fold greater than nor-
mally encountered in clean sea water so it is
unlikely that they will interfere with the determi-
nation of folic acid in this environment.

Sample storage

Sample stability upon storage was investigated
using UV-irradiated sea water containing 1 nM
folic acid in glass (salinity) and HDPE 250-ml
bottles. The bottles were kept in the dark at 4°C,
CSV determinations indicated that the folic acid
concentration decreased with storage time pre-
sumably as a result of adsorption on the bottle
walls: 10% in 4 h, 25% in 5 days, and 45% in 25
days. The decrease was generally larger and
poorly reproducible in the HDPE bottles. Glass
bottles are therefore advisable and were used in
this work for sample storage. Storage in unfil-
tered and un-irradiated sample aliquots was not
tested but this was expected to be subject to
biological activity.

Determination of folic acid in the Mersey estuary

Situated in the North West of England, the
Mersey estuary is surrounded by a large indus-
trial area and is heavily polluted with untreated
sewage. Folic acid was measured in samples col-
lected in August and September 1990 using dif-
ferential pulse CSV. The samples were not fil-
tered but the suspended material was allowed to
sediment to the bottom of the sample bottles for
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and silicate (B) in the estuary of the Mersey in August and
September.

several hours prior to the analyses. The analyses
were carried out in a random order to prevent
possible imposition of systematic errors. Re-
peated analyses (a week later) of samples which
had been analysed early on unexpectedly showed
no significant differences in the detected folic
acid concentrations indicating that the folic acid
concentrations in these samples were quite sta-
ble.

The folic acid concentration in the Mersey
estuary was found to decrease generally with in-
creasing salinity (Fig. 7A), ranging between below
the limit of detection (estimated at about 0.1 nM
in the presence of surfactants in these samples)
to 3.2 nM. The folic acid concentration increased
at intermediate salinity presumably as a result of
local inputs (presumably from sewage) or local
production by bacteria. The folic acid concentra-

tion was higher in August than in September
probably due to a higher folic acid concentration
in the freshwater end-member, but the general
behaviour in the Mersey estuary was similar dur-
ing both sampling periods.

Comparisons of the folic acid concentration
with that of other variables (nutrients, suspended
solids, dissolved oxygen and temperature) showed
that folic acid was inversely correlated with dis-
solved oxygen (r? = 0.87) in September, the folic
acid concentration decreasing with increasing
salinity whereas the dissolved oxygen concentra-
tion increased. This could be explained by the
consumption of oxygen by bacteria while they are
decomposing organic matter including folic acid;
the sea water endmember acting as a source of
oxygen whereas the freshwater endmember acted
as a source of dissolved organic carbon and folic
acid. However, this relationship was not con-
firmed by the data collected in August. Data for
silicate in the Mersey estuary are shown in Fig.
7B to illustrate the distribution of a compound
which behaves generally conservatively in this es-
tuary: comparison shows an almost linear dilution
pattern for the silicate (variations at the freshwa-
ter end are due to variable freshwater input whilst
an intercept with the salinity axis at a salinity
below 35 (average sea water) indicates biological
uptake at the high salinity end during August)
whereas the folic acid has a more varied pattern
due to local inputs, breakdown and/or produc-
tion.

The oceanic distribution of folic acid is to be
investigated using this method in future work.

Assistance with the sample collection from the
Mersey estuary by Peter Jones (NRA North West)
1s gratefully acknowledged. The research of
ACLG was partially supported by a student award
from the NERC.
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Fully automated potentiometric determination
of the free ligand concentration
in complexation titrations:
the system Ag(I) with N-methylethylenediamine
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Abstract

A fully automated potentiometric procedure is presented for the determination of free ligand concentrations of
ternary systems in aqueous solutions. A primary model selection and an estimation of the stability constants of the
ternary system can be obtained from the same data. The automated technique is demonstrated on the complexation
of Ag(I) with N-methylethylenediamine in 1 M NO; medium and the results are compared with the standard ratio

procedure.

Keywords: Potentiometry; Aliphatic diamines; Complexometry; Methylethylenediamine; Silver

A polyfunctional open-chain ligand like eth-
ylenediamine usually forms several species during
complexation with a metal ion in aqueous solu-
tion. The normal procedure to determine the
formation constants of such a ternary system is to
perform pH and if possible pM measurements
over a sufficiently large concentration range of
metal (M), ligand (L) and proton (H), in as many
as possible different metal to ligand ratios, ob-
taining hundreds of points in order to solve the
mass balances for a proposed model. For most
organic molecules no suitable potentiometric sen-
sors exist so that pL values can only be deter-
mined if the model is successfully refined by
non-linear optimization programs. The impor-
tance of the knowledge of pL values is obvious,
e.g., most auxiliary functions such as Leden’s F,

Correspondence to: L.C. Van Poucke, Laboratory of Inorganic
and Physical Chemistry, Limburgs Universitair Centrum, B-
3590 Diepenbeek (Belgium).

functions and Bjerrum’s 7z function need [L] to be
calculated.

One can obtain pL and pM values without any
prior knowledge of the complexating model with
the free ion concentration in solution or FICS
strategy [1,2], using only pH measurements. More
reliability is obtained when both pH and pM
measurements are performed. In that case the
so-called “dilution technique” [3] can be used.
This technique was developed theoretically by
some of the authors [3,4] and has been tested
manually on the complexation of N-methyl sub-
stituted 4-H- and 4-methyldiethylenetriamines
with Ag(D) in nitrate medium [5,6}. These kinds of
experiments are very tedious and time consum-
ing. A procedure for a complete automation of
the dilution technique seemed desirable.

In the continuing study of the complexation of
Ag(I) with aliphatic amines [7,8] this automated
titration technique is tested by a complexation
study of Ag(I) with N-methyl substituted eth-

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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ylenediamines. In order to illustrate the proce-
dure and its possibilities of this type of titrations,
the complexation of the ligand N-methylethyl-
enediamine with Ag(I) is described in some de-
tail.

The validity of these results is tested by per-
forming a second series of experiments where the
standard ratio technique is used. The obtained
potentiometric data are analysed using the least
squares program SUPERQUAD [9-11].

THEORY

The general equilibrium of a metal ion, a
proton and a ligand is usually expressed as:

pM+qL+rH=sM, L H,
, L

r q r

7 MI[L)[H]

The ligand is often a polyprotic acid with j disso-
ciable protons:

L +jH < LH;
[LH,]

Boi;j = P ——
* [LI[H]

Metal hydrolysis might also occur during com-
plexation and should be taken into account:

pM + kOH = M,(OH),
B — [MPH—k]
77k M)P[H] ¢

B,, is the global stability constant of the com-
plex M,L_H,. By,; is the formation constant of
the acid LH; and B,,_, are the possible metal
hydrolysis constants. The charges are omited for
clarity.

The dilution technique is based on several
equations derived from differentiating the Gibbs
function and using the Duhem—Margules relation
in aqueous solution for a ternary system [3]. The
complexity sum Cg (or Sillen sum) [12] can be
determined by solving the following equations
using the appropriate experimental data:

Cs= L[M,L,H,], (1)
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Cs=C—[M] - [L] - [H] - [OH] - ¥ (LH;)

J

()
C—Co= —2.303[["(9-—1-%@) dh]
ho v m,lh mlu
(3)
C—-—Cy=Cy ln% +C ln[[TL]]0
+ "™, d n[H] (4)
In[H],

where m, [ and h are the total number of moles
of metal, ligand and proton, v is the total volume,
C and C, represent the total concentration of all
solutes for two different titration points, Cy, C
and Cy; are the total concentrations of metal,
ligand and proton and [M}, [L] and [H] are the
free concentrations of metal, ligand and proton,
respectively.

The indexes i, j and k denote all possible
metal-ligand—hydrogen complexes, all proto-
nated ligand species without metal, and the metal
hydrolysis products without ligand, respectively.

The subscript 0 denotes a titration point where
no complexation occurs. These points can also be
used for internal calibration of the electrodes.

If [M], [H], C,, Cpy, Cy, the pKy(=Byo_1)
the pK, values of the ligand and the possible
metal hydrolysis constants are known one can
determine C,, C, Cg and [L] for each titration
point.

Some idea of the composition of the com-
plexes in solution can be obtained by calculating
the average stoichiometric coefficients: p (aver-
age bound metalions per complex), g (average
bound ligands per complex) and 7 (average bound
protons per complex) using the following equa-
tions [3]:

5=|Cu—M)- )k:prs,,o_,[Ml”[H]"]/cs
' (5)

¢, - L]~ zqﬁoq,[u"[m’]/cs ®)

|
Il
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F=|Cy—[H] +[OH]
- EerO—r[M]p[H]_r

k

q r
- ZrBqu[L] [H] /Cs (7)
j
As a consequence of obtaining this kind of poten-
tiometric data, the mass balances become a set of
linear equations of the form A -X =B, because
each titration point yields 3 sets of linear equa-

tions.
Cu— [M] - ;poO—r[M]p[H]—r

= ¥ B, [M)[L]'[H] (®)
Cp— [L] - quoqr[L]q[H]r
= L8, [M)’[L]"[H] ©)

Ny o
= vawvea
| S———— |
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Cy - [H] + [OH] - ;rﬁOq,[L]q[H]'

- %‘,rﬁpo_,[M]q[H]—'

= Zi‘,B,,q,[M]p[L]q[H]' (10)

No estimates of the values of the stability con-
stants are needed anymore to calculate a given
model.

EXPERIMENTAL

Reagents

AgNO; (Merck p.a.), KNO, (Merck p.a.) are
used without further purification. KOH and
HNO, solutions are prepared from Titrisol am-
poules (Merck p.a.). KOH solutions are prepared
under a N, atmosphere with freshly boiled dou-
bly distilled, deionized water and are kept under

Ny o
VALVE b
| DO |
Nz 4Ny
rVALVEc Il
[
POTENTIOMETER
5
Hz0 8 e
. 21 POTENTIOMETER
7
L A |
1
a
L APPLE 1IGS
IiTEl COMPUTER
THERMOSTATIC | B} TH]
BOX, 25.0°C e H ¢ i i ;
| ev"® pure”
1 el Lm 1€
oy s G| auf®
1 v
9
/ 8 SAMPLE CONVEYER //
I 7

Fig. 1. Experimental set-up for the dilution method. (1) Ag/Ag,S electrode, (2) reference electrode in a salt bridge, (3) glass
electrode, (4) automatic stirrer, (5) gas bubbler, (6) anti-diffusion burettetip from (I) automatic burette with strong base, (II)
automatic burette with metal solution, (III) automatic burette with ligand solution, (IV) automatic burette with indifferent
electrolyte solution, (7) precision potentiometers, (8) automatic sample changer, (9) lift from the sampler changer.
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a CO,-free atmosphere in a polyethylene bottle
and are used within two weeks of preparation.

The ionic strength of all solutions is kept con-
stant at 1 M NO3 with KNO,.

N-Methylethylenediamine (Aldrich Chem.
99%) is purchased under the amine form and is
neutralized with 2 equivalents HNO,. The corre-
sponding dinitrate salt is purified by repeated
crystallization in ethanol and dry dimethyl ether
and is dried on P,O,, in a vacuum desiccator
until colourless white crystals are obtained.

Calibration

The following electrodes are used: a glass elec-
trode (Ingold pH 0-14 U262-S7), a reference elec-
trode (Ingold Argental 363-S7) in a saltbridge
(Schott-Gerite B511 with ceramic plug) filled with
1.5 M KNO,; and a Ag/Ag,S electrode (Orion
94-16). The emf values are registered through 2
Radiometers PHM-64 or -84 with a resolution of
0.1 mV. The “dilution method” and the standard
ratio technique are performed with the same
electrodes.

The calibration of the glass electrode and the
Ag/Ag,S electrode, the determination of their
characteristics, the determination of the pK,,
(13.775 £ 0.003) and the pK, values of the N-
methylethylenediamine (7.44 + 0.01 and 10.30 +
0.01) are described in a set of previous papers
[8,13,14].

Dilution technique

Setup. The experimental design is shown in
Fig. 1. An Apple II GS microcomputer controls
the Metrohm 637 sample changer, the 4 auto-
matic Schott T 100 piston burettes and the auto-
mated stirrer, reads the 2 precision digital Ra-
diometers, controls the valves for bubbling inert
gas through and above the solution and the valves
for blowing the electrodes dry and washing then
off with doubly distilled water. The entire setup is
placed in a thermostated box at 25°C in a ther-
mostated room. The microcomputer is interfaced
with the burettes, potentiometers and the sample
changer through two 1/0 32 cards.

With some slight modifications in the users
program the setup is also used for the sodium
determination in bread [15], for the iodometric
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determination of Cu™, Cu?* and Cu®* in the
superconductor YBa,Cu,O, [16] and for the de-
termination of sulfur functionalities in fossil fuels
(17].

The sample changer mainly consists of 3 parts:
a conveyer belt, a carroussel, and a lift. Bekers
are placed on the conveyer belt in sets of 3. The
first 2 are for rinsing and drying the electrodes
and the third one for internal calibration and the
actual measurements. There is a specially adapted
double wall holder on the top of the lift which
contains 4 antidiffusion burettetips, the reference
electrode in a saltbridge, the glass electrode and
the Ag/Ag,S electrode. In the double wall holder
are some small concentric openings around the
electrodes for rinsing and blowdrying. The con-
trol program is written in UCSD-Pascal with in-
corporated Assembler subroutines.

Measurements. The C,,/C, ratio is kept con-
stant and set equal to 1/2 as being the most
interesting ratio. The stock solutions for the re-
spective burettes are: Burette I, 5 ml, 0.1 M KOH
in 1.0 M KNOj;; Burette II, 20 ml, 0.01 M AgNO,
in 0.99 M KNO,; Burette III, 20 ml, 0.01 M
LH,(NO,), + 0.002 M HNO; in 0.978 M KNO;;
Burette 1V, 50 ml, 1.0 M KNO,.

The starting solutions consist of 10 ml from
burette II, 20 ml from burette III, 10 ml from
burette IV, x ml from burette I and (5 —x) ml
from burette IV. x is a value between 0 and 5 ml.

The x values are choosen in such a way that
the difference in potential of both the glass elec-
trode and the Ag/Ag,S electrode is less then 15
mV for two successive starting solutions. Simula-
tions have shown that the deviations of the calcu-
lated pL value are less than 0.002 units if the dA
values (see Eqn. 3) are choosen so that the ApH
between two successive curves is less than 0.2-0.3
pH units [3). The extra 10 ml from burette IV is
added to make sure that all electrodes can make
contact with the mixture. Before adding the strong
base, an internal calibration of both the glass
electrode and the Ag/Ag,S electrode is possible
due to the excess of HNO;. At such a low pH no
complexation is expected.

The obtained solution is then diluted with 1 M
KNO; (burette IV) in steps of 5 ml until a total
volume of 165 ml is reached, therefore the name
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“dilution technique”. About a dozen dilution
titrations, each lasting approximately 40 min, can
be performed in a day before the electrodes show
signs of a sluggish response. The carry over of
sitver from one dilution series to another was
tested potentiometrically and is less than the ex-
perimental error (< 0.1%). We expect that this is
the same for ligand and proton.

Ratio technique

Setup. Details of the experimental setup, equi-
librium criteria and estimation of the standard
errors of the burettes and the electrodes are
discussed in a previous paper [8].

Measurements. Because we expect a large di-
versity of complexes, mononuclear, polynuclear
and protonated complexes, several different
Cag/C ratios are employed: 2/1,1/1,1/2,1/4,
1/8.

Two main stock solutions are used. Ligand
solution: 0.01 M LH,(NO,), in 0.98 M KNO,;
silver solution: 0.01 M AgNO; in 0.99 M KNO,.

The ratios 1/1-1/2-1/4-1/8 are obtained by
keeping the number of mmoles ligand constant
and varying the volume of the silver solution
added to the mixture. The initial volume of the
mixture is kept constant by adding 1 M KNO;:
e.g., 1/2 ratio: 20 ml ligand solution + 10 ml
silver solution + 10 ml KNO,, 1/8 ratio: 20 ml
ligand solution + 2.5 ml silver solution + 17.5 ml
KNO;.

The 2/1 ratio is prepared using 20 ml ligand
solution and 40 ml silver solution. The titration is
continued until both protons are liberated from
the ligand or until precipitation from Ag,O be-
comes visible. All titrations are performed at
least in duplicate. The calibration of the glass
electrode and the Ag/Ag,S electrode are per-
formed externally before and after each complex-
ation titration. All solutions are added using pre-
cise burettes instead of pipets.

Calculations

A program written in Fortran 77, “ANAL _DI-
Lut”’, solves Eqns. 1-4 in order to calculate the
Sillen sum and the free ligand concentration [L].
Subsequently p, § and 7 are calculated from
these values using Eqns. 5-7. Several subroutines
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for calculating derivatives of discrete numerical
data are tested, but the smoothing and differenti-
ation subroutine from Gorry [18] based on the
Savitzky—Golay {19] algorithm for equidistant data
seems to obtain the best results. The integrals
were calculated using an algorithm based on the
trapezoidal rule. Standard input files for su-
PERQUAD can also be generated by this program.

Values of the stability constants from data of
the dilution technique are calculated with the
linear regression program sTAcCAL3. The advan-
tage of linear regression in comparison with non-
linear regression is the absence of any arbitrary
convergence criterium. Hence it is possible to list
a considerable number of probable models. An-
other advantage is the fact that in linear regres-
sion well-defined statistics are obtained. Further,
no initial guesses about the values of the stability
constants are needed, and the danger that bad
guesses lead to a local minimum is excluded.
sTAacAL3 solves Eqns. 8—10 using a modified ver-
sion of Bevington’s subroutine REGRES [20]. The
program systematically covers all possible combi-
nations of species for a maximum number of
possible species. As input parameters are needed:
the free concentrations and total concentrations
for all titration points, the acidity constants of the
complexating ligand, the pK,, of the solvent, the
possible metal hydrolysis constants and the stoi-
chiometric coefficients of the possible complexes.
The best models are selected on the basis of the
following tests as defined by Bevington [20]: the
reduced chisquare =

1
Z — (¥ ",Vfit)z
s 2

i i

Chisqr. =
18ar number of degrees of freedom

R;,. = the crystallographic R factor:

1 2
Y —(¥i—¥a)
Rge = %
fac Z yiz
2
i O
R, = multiple linear correlation coefficient:

5~ Siy
R mul — b_-
] S)Z,

j=1
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where b; is defined by the linear equation

n
y=a+ ) byx;
i=1

and
§3 = | Dalyy— < Tl T,
Jy (N—l) - 171 Ni i i

(sample covariance) and

§2= (—Ni—l)[;y?— %(lzy)z]

(sample variance)
vg. = fitted y value and y, =y value. Unit weights
are applied to all data points, i.e., o;=1 mol
dm~3, and on the basis of the species distribu-
tion, where we assume that a meaningful species
should be above the arbitrary value of 3%.

The data from the ratio technique are anal-
ysed using SUPERQUAD. As a starting model, esti-
mates from the complexation model of Ag(I) with
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ethylenediamine [7,21] are used as we expected

N-methylethylenediamine to behave analogously.
Superquad minimizes the error square sum

U=Xw(E — Ef)? with weight

., [%E i 2
w,=1/|ot+ oy

The goodness-of-fit is judged by the overal fit
statistics

(eTwe)
S =
m-—n

where € is a vector of residuals in the potential,
€T its transpose, w is the weight matrix, m is the
number of data points and » is the number of
parameters to be refined. The model selection
criteria used for SUPERQUAD are:

a good overall fit: an S value between 1 and 3
is generally accepted as a good fit [10];

a low standard deviation of the constant;

1/2

4.0
.

T T T )
0.0 2!’].0 46.0 0.0 100.0 120.0 0.0

T
80.0
VOLUME INDIFFERENT ELECTROLYTE (mL)

Fig. 2. (a) pH data from the dilution method vs. volume of added indifferent electrolyte. C 5, = 0.09979 mmol, C; = 0.2000 mmol,
Cy varies from 0.41998 to 0.000 mmol. Full lines are drawn according to the way the data are collected. Three individual titrations
are marked as reference points: (1) Cyy = —0.02 mmol, (2) Cy = 0.14 mmol, (3) Cy; = 0.36 mmol. (b) pAg data from the dilution
method (mass balances same as mentioned above). Full lines are drawn analogously to Fig. 2a. The three individual titrations are

also marked.



R. Garner et al. / Anal. Chim. Acta 282 (1993) 471-484

477
1
2_ ‘ 0.0mL
/
a 60.0 mL
2 120.0mL
o
2
. |
=i
I
o
- Q
2l
3
o] |
Q
@ T T T T Bl
0.0 05 1.0 15 20 25
# BASE EQUIVALENTS
n
0 _
0.0 mL
<
o~ -
e 60.0 mL
o
& -—
>
< 120.0 mL
o
e] ¢
Ime
a
®
n
0 |
o
d T T T T 1
0.0 0.5 20 25

1.0 15
# BASE EQUIVALENTS

Fig. 3. (a) pH data from the dilution method vs. number of base-equivalents. The three individual titrations are marked. Three full
lines connect the data points with the same amount of added volume indifferent electrolyte at respectively 0.0, 60.0 and 120.0 ml.

(b) Relative complexation function 1 = log(Cy/[Ag™ ] vs. number of base-equivalents. The three individual titrations are marked.
The full lines have the same meaning as in Fig. 3a.
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The acidity constants, the pK,, the mass bal-
ances and the electrode parameters are kept con-

stant during model refinement.

a significant % species presence (an arbitrary
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All calculations are done in double precision.
The drawings are made using the Disspla drawing
subroutine library. Listings of all programs, in-
cluding those used for the graphical analysis, are
available from the authors.

RESULTS AND DISCUSSION

Dilution technique

The experimental data resulting from the dilu-
tion procedure are shown in Fig. 2a and b. The
full lines in Fig. 2a and b connect the data points
that are obtained in a single dilution titration.
Three individual titrations are referenced: (1) A
= —0.02 mmol (2) h=0.14 mmol, (3) 4 =036
mmol. A different, but more conventional way of
visualizing the same data, are presented in Fig. 3a
and b. Three full lines connect all data points
with the same amount of added volume indiffer-
ent electrolyte at respectively 0.0, 60.0 and 120.0
ml resulting in the more familiar titration curves.
The isohydric point occurring in the neighbour-
hood of pH 9.5 is probably due to an equilibrium
between a minimum of two non-protonated
species. The same individual tirations referenced
in Fig. 2a and b become vertical lines of dots in
Fig. 3a and b. As can be seen from Fig. 3b the
smaller the spread of data for a given equivalent
the less complexation has occurred. The corre-
sponding pH values also lie very close to each
other. The complexation really starts when the
first proton of the biprotic ligand is neutralized.
The Sillen sum (Fig. 4) decreases as the volume
increases, but increases as the pH rises. The p, g
and 7 curves vs. pH for two different total con-
centrations of metal and ligand are presented in
Fig. 5 so that some idea about the predominant
species can be made. The region where the com-
plexation is the lowest gives unreliable results on
P, q and r. Large errors are also found in the
beginning and at the end of each titration curve.
We can see from Eqn. 2, if the complexation is
low, the Sillen sum will have a large error due to
the additivity of the errors of the individual terms.
Furthermore, calculating accurate numerical
derivatives is known to be difficult at the begin-
and endpoints of curves.
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We therefore use two cutoff values when cal-
culating the average stoichiometric coefficients. If
the Sillen sum was less than 2.0 X 10™* mol dm ™3
or the relative complexation function n [=
log(C,,/[Ag* D] was less than 0.2 the respective
experimental value is not included in the calcula-
tion.

Using Fig. 5 in the pH range 9.5-10.5, p = 1.5,
g=1.7 and r=0 suggest a polynuclear species
Ag,L, and a mononuclear species AgL,. Around
pH=85, p=12, g=1.8 and 7=1 suggesting
the formation of AgL,H, Ag,l.,H and AgLH
and at even lower pH (< 8.0) AgL,H, and AgLH
are expected to be formed. Polynuclear complex
formation starts around pH = 8.0. ¥ does not go
below 0 indicating that there is no evidence that
hydroxy ligand complexes exist in solution in this
ratio. Nevertheless, two hydroxy ligand species
are added to the possible species list because
other investigators [22,23] have detected mixed
ligand hydroxy complexes (Agl.OH) of ethylene-
diamine with Ag(I) pH-metrically.

All possible models containing the following
11 species: AglL.H, Agl.,H,, Agl.,, Agl, AgL,H,
Ag,L,, Ag,L, Ag,L,, Ag,L,H, Agl(OH) and
AgL (OH) were tested using STACAL3.

The number of all theoretically possible mod-
els thus tested runs up to 2047 (= 2!! — 1). Using
sTAacaL3 this only takes 3 h runtime on our CDC
mainframe. With SUPERQUAD, this would have
taken days to do. No successful models consisted
of any of the mixed ligand hydroxy complexes,
confirming the 7 > 0 values.

The formation constants, standard deviations
and respective goodness-of-fit values (R, and
R;,.) of the best model are listed in Table 1. Unit
weights are applied to all data points. A list of
the 4 best models is given in Table 2. Table 2
shows that, despite the fact that models 2, 3 and 4
have more species, no better minimum is found,
contrary to what is generally predicted by non-lin-
ear least squares. The significant difference of
reduced chi-square between model 1 and the
other models makes the choise obvious so that
the best description for complexation in this
Cag/Cy ratio and concentration area can be at-
tributed to model 1.

There is an alternative way of calculating the
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TABLE 1

Best model obtained from the dilution technique ?
Species log (B) S.D. Max % species
AgLH 12.69 0.07 25

AgL,H, 25.47 0.07 16

Agl, 7.30 0.03 27

AglL,H 16.83 0.07 8

Ag,L, 12.05 0.01 79

2 Chisqr. = 6.79 X 107°, R, = 0.991, Ry, = 3.01x1073
Number of titration points = 278. Number of data points =
834.

stability constants from these data using su-
pERQUAD. The pH and pAg data can be analysed
with this program in two ways:

as a collection of constant volume titrations
(coulometric option in SUPERQUAD); or

as a collection of dilution titrations at a con-
stant mass balance of proton.

In both ways, one has the option to weight the
data or not. Since the weights are calculated from
the derivatives of the titration curves one chooses
towards the independent variable, the weights on
the respective titration points will be different.
When no weights are used, both ways give identi-
cal results. The independent variable depends on
the way the data are analysed: at constant volume
o, is dependant on the burette adding the KOH
and at constant mass balance of proton, o, is
dependant on the burette adding the KNO,,.

TABLE 2
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The results of the best models, i.e., the models
with the lowest S value analysed in both ways are
shown in Table 3. A few aspects of Table 3
immediately draw our attention. Weighting the
data according to the dilution titration at con-
stant mass balance of the proton (the way the
data are obtained experimentally) or using unit
weights render the same formation constants and
standard deviations. With hindsight, this is to be
expected as we can see from Fig. 2a and b the pH
and pAg values hardly vary during a dilution
titration (maximum 0.5 log units) so that all points
practically recieve the same weight from su-
PERQUAD. This is not the case when the data are
analysed at constant volume. The high X values
obtained when the weighted option in su-
PERQUAD is used, indicate systematic errors in the
data, which is not very surprising considering the
large amount of manipulations needed to per-
form the dilution technique. Also, one must not
forget that sUPERQUAD was not originally de-
signed to cope with this kind of titrations.
Either way the data are analysed suPERQUAD
ignores one aspect of the titration curves. If the
data are analysed at constant mass balance of
proton the buffer area of the titration curves are
not taken into account and at constant volume
the concentration or dilution aspects will be ne-
glected. Both aspects are taken implicitly into
account when the pL values are calculated with
“ANAL _DILUT” through Eqns. 3 and 4.

Survey of the four most successful models found using stacaLs (The formation constants are tabulated for each model with the
standard deviations on the last digit between brackets, followed by its % species presence)

Species Model 1 % Model 2 % Model 3 % Model 4 %
AgLH 12.68 (7 25 12.62(9) 22
Agl,H, 25.48 (D 16 25.77(3) 28 25.73(2) 29 25.50(7) 17
Agl, 7.30 (3) 27 7.3203) 29 7.33(3) 29 733 (3) 29
Agl,H 16.83 (7) 8 16.83 (9) 20 16.89 (7) 9 16.91 (1) 10
Ag,L, 12.05 (1) 79 11.94 (4) 64 11.94 (1) 64 11.95 (4) 65
Ag,L,H 19.72(2) 7

AgL 4.0 (1) 8 4.0 (1) 22 4.0 (1 20
Ag,L 6.548 4

Chisqr 6.69 X 107° 730 x 10~° 7.45%x10°° 7.49 x 107°

R 0.991 0.990 0.0990 0.992

Re.. 0.0856 0.0887 0.0896 0.0898
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TABLE 3
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List of the best models obtained from the possible ways of analysing pH and pAg data obtained from the dilution technique using

SUPERQUAD

Same pH and pAg data as sTACAL3
Species log B S.D. %

All pH and pAg data

Constant mass balance proton (weighted option): o, = 0.01 ml, Tpag = 0.004, g,y = 0.004

AgL,H, 25.75 0.02 29
AgL, 7.52 0.01 38
Ag,L,H 20.12 0.04 16
Ag,L, 12.029 0.005 78
§=581

Constant volume (weighted option): o, = 0.002 ml, 0,5, = 0.004, o,y = 0.004

AgL,H, 25.77 0.02 30
AgL, 7532 0.009 38
Ag,L,H 20.05 0.04 14
Ag,L, 12.034 0.004 79
§=491

Constant mass balance proton = constant volume (unit weights option)

AgL,H, 25.75 0.02 29
AgL, 752 0.01 38
Ag,L,H 20.11 0.04 16
Ag,L, 12.029 0.005 79
§=138

Species: log B S.D. %
AglLH 11.8 0.1 3
Agl,H, 25.80 0.02 32
AgL, 7.525 0.009 38
Ag,L,H 19.77 0.07 8
Ag,L, 12.041 0.004 80
S=6.14

AgLH 11.97 0.06 5
Agl,H, 25.75 0.02 30
AgL, 7.536 0.008 38
Ag,L,H 19.70 0.07 7
Ag,L, 12.042 0.004 80
S$=4.86

AglH 11.8 0.1 3
Agl,H, 25.80 0.02 32
AgL, 7.525 0.009 38
Ag,L,H 19.77 0.07 8
Ag,L, 12.041 0.004 80
S=145

The four different methods of calculation for a
given data set using SUPERQUAD Yyield the same
model and practically the same formation con-
stants. In comparison with the results of stacaL3
when the limited pH and pAg data set is used
(with cutoff values) the species [AgLH] is re-
moved from the model by supERQUAD due to an
excessive standard deviation of the constant. This
is not surprising if one considers the fact that the
pH and pAg area where this species is predomi-
nant is almost completely removed by the cutoff
values.

It is interesting to note that suPERQuUAD (with
or without cutoff values) prefers the minor spe-
cies {Ag,L,H] above the other minor species
[AgL,H]; the latter was prefered by sTAcAL3.

Ratio technique

The data obtained from this procedure are
shown in Fig. 6a and b. As no pL values are
available sTacaL3 cannot be used so that the data

can only be analysed using SUPERQUAD. Several
models are tested using the weighted option in
SUPERQUAD (0% 4us = 0.2 MV, 0p oy ng,s = 0.1
mV and o, =0.002 ml). The most successful
model is presented in Table 4 together with its
final fit statistic S and the maximum % species
presence for all ratios. The maximuim % species

TABLE 4
Best model obtained from the ratio technique *
Species log B S.D. Max % Max %
species species
(all ratios) (1,2 ratio)
AgLH 12600 0.003 28 24
AglL,H, 25277 0007 21 13
AgL, 7265 0.005 71 25
AgL,H 16.741  0.009 20 7
Ag,L, 11.986  0.001 84 79
Ag,L,H 1942 0.02 5 4

2 Final fit statistic $ = 3.15, Number of titration points = 746,
number of data points = 1492,
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pH
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15

1.0

i

eta = log10(CM/(Ag+))

T T T 1
0.75 ‘I.IOO 125 1.50 175 2.00

# base equivalents

07 100 125 150 175 2.00
# base equivalents

Fig. 6. (a) pH data from the ratio technique vs. number of base-equivalents. The ratios 1/8 (0), 1/4 (a), 1/2(+), 1/1 (x), 2/1
(O) are shown. The full lines are the theoretical values using model 2 from Table 5. (b) pAg data from the ratio technique vs.
number of base-equivalents. The ratios 1/8 (D), 1/4 (a), 1/2 (+), 1/1 (x), 2/1 () are shown. The full lines have the same

meaning as in Fig. 6a.



R. Garner et al. / Anal. Chim. Acta 282 (1993) 471-484 483

TABLE 5

Survey of the most successful models found using SUPERQUAD

[The formation constants are tabulated for each model with the standard deviations on the last digit between brackets, followed by
its % species presence. ® denotes that the standard deviation is less than 0.01 log units. The % species presence is the maximum %
occurrence of the respective species over all ratios and over the entire pH area. The S statistic (goodness-of-fit) is also given for
each model]

Species Model 1 % Model 2 % Model 3 % Model 4 % Model 5 %o
AgLH 12.63 2 29 12.60 @ 28 12.62 @ 29 12.60 @ 28 12.60 # 27
Agl,H, 25.27 ¢ 21 2528 # 21 25.20(D) 18 2530 2 22 25.28 # 21
AgL, 7.26 * 71 7.26 2 71 7154 58 7.26 ® 71 7.24 8 69
AglL,H 16.75 (1) 21 16.74 2 20 16.0 (1) 4 16.79 2 23 16.74 2 21
Ag,L, 11.99 2 85 11.99 @ 84 11.84 (1) 71 11.98 2 84 11.98 @ 84
Ag,L,H 19.42 (2) 5 19.44 (2) 5
AgL 4153) 31
Ag,L 5.98 (2 4
Ag,L4 13.6 (1) 3
A 3.79 3.15 354 332 313
Model 6 % Model 7 %
AglLH 12.60 @ 27 12.56 ® 25
AgL,H, 253972 28 25.39 2 28
AglL, 7.29 @ 74 7.30 2 75
AgL,H
Ag,L, 12.02 2 86 12.02 ® 86
Ag,L,H 19.46 (3) 5
M 5.60 5.14
o
81
[=]
=
o Agoly
8-
Q
S
Q
n 87
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Oo
& 8
n
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o
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o
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o
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° 6.0 65 7.0 75 8.0 8.5 9.0 95 10.0 10.5 1.0 ns

Fig. 7. Species distribution of the model shown in Table 4 in function of pH calculated sing C,, = 0.1 mmol, C; = 0.2 mmol,
Cy = 0.4 mmol. Initial volume: 40 ml.
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presence of the 1/2 ratio is also given in order to
make a comparison between the dilution method
and ratio technique possible. The arbitrary cri-
terium of minimum 3% species presence is used
in the model selection. A list of the most success-
ful models is shown in Table 5. Model 2 is pref-
ered above model 5 due to the large standard
deviation of the formation constant of [Ag,L,]
and is low per cent species presence.

As can be seen from table 4, both Agl,H and
Ag,L,H are accepted. Using the dilution method,
both calculation procedures prefered only these
two species. From the percentage of appearance,
it is clear that both species are of minor impor-
tance.

Conclusion

The best models of both techniques agree fairly
well, although the dilution method covers a large
concentration area but only uses one C,,/C;
ratio whereas the ratio technique covers a limited
concentration area but uses a broad C,,/C; ra-
tio.

The species [Ag,L,H] is not identified in the
dilution technique using stacars. This is under-
standable if the percentage of species presence is
checked for a 1/2 C,,/C ratio using the model
obtained from the ratio technique (Table 4 and
Fig. 7).

The best model found in the dilution tech-
nique agrees with the prediction based on the
average stoichiometric coefficients. We feel confi-
dent that the rigorous model testing in the dilu-
tion technique through the p, g are 7 curves and
stacaL3 forms a sound basis and identifies the
predominant species for further model testing.
The standard deviations on the constants ob-
tained from the dilution technique and sTAcaL3
are of a more realistic magnitude (+0.05) than
obtained from superouaD. If the experimental
conditions in the dilution technique can be im-
proved, both pathways will be comparable. In
view of the results and the more definite model
selection possible with stacars, it should be

R. Garner et al. / Anal. Chim. Acta 282 (1993) 471-484

worthwhile to optimize the dilution technique.
Nevertheless if pL values are not known STACAL3
can not be used. In that case, a program like
SUPERQUAD remains the only alternative.
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Abstract

The use of different cells for pH measurements for the determination of equilibrium constants of metal complexes
is discussed in relation to the liquid junction potential connected with them. The effects of H:q and OH,, on this
quantity are also considered. The literature values for the conversion factor A, representing the difference in pH
value based on the calibration with NBS buffers and that defined in terms of H* concentration, are discussed.

Keywords: Potentiometry; Titrimetry; Metal complexes; Stability constants

A paper [1] concerned with some aspects of
potentiometric pH titrations related to the deter-
mination of equilibrium constants of metal com-
plexes recently appeared in this journal. This
problem is, in general, complex but can be ap-
proached in a reasonable way if the measure-
ments are carried out using solutions that contain
an inert salt in order to maintain a constant ionic
strength. Under these conditions the activity co-
efficients of all species present remain virtually
constant and, therefore, concentrations instead of
activities can be used in the calculations of the
equilibrium constants. In this way the use of more
or less exactly known activity coefficients can be
avoided. As in practice the equilibria often occur
in the presence of a known concentration of inert
salt(s), the quantitative data obtained in this way
are very valuable. These pH measurements de-
mand the use of galvanic cells with a liquid junc-
tion, as the reference electrode (RE) has to be
separated from the investigated solution. This
results in cells with one or two regions in which
two solutions with different composition are sep-
arated by porous glass allowing the ion transport.
Each of these junctions is responsible for an

electrical potential which is added to the required
potential difference of the two electrodes giving
the experimental E or pH values. These junction
potentials, E;, are generally not known and can-
not be calculated exactly. Therefore, one has to
choose cells and solution compositions for which
the pH values being measured are not altered by
junction potentials.

CELLS FOR pH MEASUREMENTS

In the case under discussion, commercially
available combined glass electrodes were used for
such measurements. These electrodes have often
been employed for the measurement of pH val-
ues in the activity scale (pHygg), also using the
commercially available NBS (National Bureau of
Standards) buffer solutions for their calibration.
In the above-mentioned paper [1], only in one
case were two separate electrodes used and, as
the results obtained were very similar to those
with the combined electrodes, the same conclu-
sions were drawn for all cells when taken to-
gether. This agreement is due to the fact that

0003-2670 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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both RE have identical KCl solutions. These
electrodes are made primarily for pH measure-
ments in the activity scale following IUPAC rec-
ommendations [2), but not always with the claimed
KCl concentration (> 3.5 m, Metrohm 3 M KCl,
Beckmann 4 m KCl and Orion 3 m KCI). This
accounts for the claim “that companies selling
combined glass electrodes have a tendency to
state that their electrodes measure the ‘hydrogen
jon activity’” [1]. As the junction potential de-
pends mainly on the concentrations of the two
solutions coming into contact, the use of a satu-
rated KCI solution in the calomel electrode (=
saturated calomel electrode: 4.16 M or 4.8 m KCl
at 25°C) is considered to be the best way for its
minimization, its value being equivalent to 0.02—
0.10 pH units. The choice of this particular salt is
further due to the fact that a factor appearing in
the expression of the junction potential given by
Henderson [3] is the difference in the limiting
ionic conductivity [3] and its value is in this in-
stance fairly low for KCl (2.85 cm? Q~! mol~!
[4D. ! Further errors in E; are expected if the
solutions for the calibration and measurement
have other inert salt compositions, because they
give different E; values and the measured pH
value deviates from its true value by an amount
that corresponds to the difference in E; between
the two solutions. This quantity is called the
residual liquid junction, A E;. For this, the use of
solutions of the same inert salt and at the same
concentrations for all solutions being measured is
the best solution for more exact measurements.
Instead of a saturated calomel electrode one
can use a 0.1 M (KCD) calomel electrode, which,
as mentioned by Bates [5], has some advantages.
If the measurements are carried out in 0.1 M
NaCl one then has a liquid junction between the
two solutions. Also in this instance one could
insert between the two solutions a saturated KCl
bridge. If one considers the junction potential E;:

RE, 0.1 MKCl1[0.1 M NaCl E;=64mV
RE, 0.1 MKCI{3.5 MKCI[0.1 MNaCl E;=0.4mV

On the basis of the limiting ionic conductivities, smaller
differences are obtained for NH,NO; (2.39), CsCl (0.91)
and Csl (0.31 cm? Q! mol~!). Among these three salts
only the first has previously been used for salt bridges.

G. Anderegg / Anal. Chim. Acta 282 (1993) 485-488

on the basis of the data of Milazzo [6], one notes
the effectiveness of the concentrated KCI solu-
tion. For routine measurements this advantage
can be nullified through contamination by chlo-
ride ions of the solution under study. The flow of
KCl in the test solution has only been mentioned
in one paper {7] and was found to be of 0.004 M
h~!. It should depend on the dimensions of the
pores of the sintered glass of the RE and on the
volume of the test solution. This effect can be
much larger if in the test solution chloride ions
are absent and, instead of NaCl, NaNO, is used
as an inert salt. As the reference electrode solu-
tion contains chloride to stabilize Hg,Cl(s) and
the potential of the electrode, the connection
with the test solution can then be made as fol-
lows:

solution with
I=0.1(NaNO;)

M

Solution with
I'=0.1(NaNO,)

Uy

Hg, Hg,Cl,,0.1 MNaCl  |0.1 M NaNO;|

0.09 M NaNO,

He, He2Cla, ) o Mnacl

}|0.1 M NaNO;|

or similar half-cells with other alkali metal ions.
The 0.1 M NaNOj; solution of the bridge can be
changed in order to exclude the chloride ions. If
this solution is combined with the test solution in
0.1 M NaNQOs; then the quantity AE; is negligible
if the molar concentrations of the components
investigated and of the buffer used for calibration
amount to a few per cent (1-5%) of that of the
inert salt. The calibration is made with solutions
with known values of [H*], giving another scale
for these measurements, pH_= —log[H"]. In or-
der to avoid large changes in the ionic strength,
one has to calculate this quantity for all ionic
species present with 1=1/2(3,c;z?) (c;=ion
concentration and z;=ion charge) during the
titration and show that its value is correct in the
volume range in which constants are calculated.
Otherwise, a change in the concentration of the
inert salt is necessary. This last condition is not
always respected and even an exact description of
the experimental conditions cannot increase the
reliability of equilibrium constants, especially if
the ionic strength during the measurements goes
outside the limit / + 0.1/. This is because changes
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in the junction potential and in the activity coeffi-
cients of the species present are then expected.
Particularly the statement of the constancy of the
concentration of the inert salt instead of that of
the ionic strength cannot always ensure reliable
results.

If for the calibration alkalimetric titrations of a
strong acid with a strong base are used, it is very
important to show the influence of H;; and OH
on E;, because of their large ionic mobilities with
respect to those of the other ions, owing to the
different mechanisms of ionic transport [8].

EFFECTS OF H* AND OH™~ ON E;

An examination of the values of E; reported
by Milazzo [6] for solutions in contact with 3.5 M
KCl show clearly that with solutions of strong
acids higher E; values are found with respect to
salt solutions. A similar effect, with E; values of
opposite sign, is found for solutions of strong
bases. This effect can be followed with accuracy
for solutions at constant ionic strengths, for which
a mathematical relationship was obtained more
than 80 years ago [3]. For two solutions in con-
tact, having the same ionic strength (cells I and
II), one containing the electrolyte MX and in the
other this electrolyte is being successively re-
placed with the corresponding strong acid HX,
the junction potential E; can be calculated with
the equation of Henderson:

E,= —59.16 log(1 + d[H*]/I) (1)

where d = (Ayx — Aux)/Aumx. Biedermann and
Sillén [9], using different metal and glass elec-
trodes, obtained for the junction 3 M NaClO, |(3
—x) M NaClIO,, xM HCIO, d = 1.95 instead of
3.3 calculated from the molar conductivities A
and Ayyx. For I=0.1 (NaNO,), with further use
of a mercury electrode, it was found [10] that
Na™ can be completely replaced with H* in one
solution involving E; values that can be obtained
within the errors of the glass and mercury elec-
trodes used (1 mV) from the above expression
using the limiting molar conductivities. The value
of d is 2.55 at 21.7°C. Similar equations are
obtained in strongly basic solutions with d = 0.93
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for I=3 M Na(ClO,, OH) and d = 1.057 for
I=10.1 m Na(CIO,, OH). For low E; values, the
linear expression E;= —a[H*]+b[OH™], with
a=17 and b=8 at =3 [11] and a = 647 and
b =272 at I =0.1 can be used [12].

THE CONVERSION FACTOR A4

For cells with RE of type I and II no problems
are expected in the exact determination of stabil-
ity constants of metal complexes because the
residual junction potential is negligible and cor-
rections for H;, and OH_, can be made exactly.
The calibration was done normally with solutions
of weak acids with known pK values or with
strong acids.

If a commercial combined glass electrode is
used for measurements of stability constants at
constant ionic strength I, one needs a calibration
under the same conditions which gives the pH_ in
addition to the pH g scale discussed earlier for
the same cell. If within both scales the junction
potential of each calibration solution is the same,
the difference A4 = pHygs — pPH, represents
—log y (y = activity coefficient of H") corrected
by AE;. Sigel et al. [1] investigated solutions in
the presence of NaNO; (/=0.1 M) and KNO,
(I=0.1 and 0.5 M) against a concentrated (KCl)
calomel electrode and found in each instance the
same value of 4. They considered that this value
is independent of the ionic strength at 7 =0.1-0.5
and of the inert salt used, although the two
nitrates were used only at I =0.1. They recom-
mended the same value of A4 also for the range
I'=1-2 M. The data on E; in pH units for HCl
solutions in KCI, NaCl and LiCl against satu-
rated. KCI obtained by Harned [13] and discussed
by Feldmann [14] conflict with the above general-
ization, but in the range 0.1-0.5 M MCI (M =K™*
or Na*) differ by only 0.02. This difference in-
creases to 0.05 at I = 3. For LiCl, the E; value is
larger and reaches 0.11 at I = 3. The value of A4
of ca. 0.02 obtained at an ionic strength of 0.1,
practically within the error of the pH measure-
ments (+0.02), is unexpected considering that
under this condition the liquid junction potential
of the solutions investigated should be virtually
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identical [5], within 0.02. Therefore, the expected
value of A should be almost identical with
—log y = 0.10, where ¥y is the activity coefficient
of H* at I=0.1. In this context, one should
remember that the residual liquid junction poten-
tials of the NBS buffer solutions used are never
larger than 0.01 pH unit [15].

Values of A4 close to —log y have been re-
ported for solutions at I=0.04-0.2 [7], at I=
0.05-0.5 (KCI or NaClO, or KNO,) [16] and at
I=0.1 (KNO,) {17], obtaining values around 0.1
and only at I=0.5 did the A4 value deviate
substantially. A comparison of 4 values is more
adequate at I = 0.1, as the NBS buffers also have
a similar ionic strength and therefore a match of
the liquid junction potential is possible, ¥ being
very similar. In the solutions investigated the
ionic strength has not always been maintained at
the given value because of high concentrations of

other components and sometimes the strong acid

present [7] contributes to E; Nevertheless, it
seems improbable that the A values obtained
previously [7,16,17] are a consequence of some
small inadequacies. As mentioned by Covington
[18], the value of E; seems to depend on the
geometry of the liquid junction and only if that is
sufficiently defined is its E; value reproducible.
This is generally achieved by the use for a capil-
lary tube. “Most commercial designs for the for-
mation of liquid junctions are of ill-defined geom-
etry and hence poor reproducibility” {18]. By cor-
rect and repeated calibration this effect can also
be excluded!

Conclusions

For practical reasons and in order to avoid
contamination, the use of cells containing only
solutions at the same ionic strength is considered
to be the most effective way to obtain reliable
potential measurements. Under this condition, in
the presence of H;, and OH_, at high concentra-
tions, a correction is necessary, which can be
determined exactly experimentally.

The variability of the conversion factor 4 from
0.1 to 0.02, assuming no changes or contamina-
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tion of all solutions involved, can be explained by
errors in AE; due to the use of “commercial
combined” glass electrodes with variable KCl
concentration (3—-4.18 m KCl) and calibration of
the cell without checking the junction potentials
for Hy, and OH_, [19]. The above assumption
and these two points can be controlled by the use
of further measurements by those who prefer the
different commercial combined glass electrodes
for equilibrium studies.
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Abstract

Sixteen Schiff’s bases have been prepared from salicylaldehyde and substituted anilines and their stoichiometric
protonation constants have been determined in dioxan-water mixtures of 30, 40, 50 and 60% dioxan (v/v) using a
combined pH electrode at 25°C, under nitrogen atmosphere. The calculation of the constants has been carried out
using a PKAS computer programme. The effects of the substituents on the protonation constants and the additivities
of these effects are discussed. Furthermore, it was found that the log Ky value increases but the log Kyy value
decreases for all Schiff’s bases if the percentage of dioxan is increased.

Keywords: Potentiometry; Titrimetry; Protonation constants; Schiff’s bases

Schiff’s bases are becoming increasingly impor-
tant as analytical, biochemical and antimicrobial
reagents, and in addition they have received much
attention due to their use as liquid crystals and
dyes [1-5]. Because of their diverse uses in sci-
ence, the protonation constants of such com-
pounds are of interest. Although there is a num-
ber of publications on the determination of the
protonation constants of the various Schiff’s bases
in solvent mixtures [6-12], a literature survey
reveals that the protonation constants of Schiff’s
bases prepared from substituted anilines and sali-
cylaldehyde have not been determined systemati-
cally in dioxan-water mixtures. This article,
therefore, deals with the determination of the
stoichiometric protonation constants of salicylide-
neaniline, salicylidene-2-methylaniline, salicylide-
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Faculty of Science, University of Ankara, Ankara (Turkey).

ne-3-methylaniline, salicylidene-4-methylaniline,
salicylidene-2-ethylaniline, salicylidene-3-ethyl-
aniline, salicylidene-4-ethylaniline, salicylidene-2-
methoxyaniline, salicylidene-3-methoxyaniline,
salicylidene-4-methoxyaniline, salicylidene-2,3-di-
methylaniline, salicylidene-2,4-dimethylaniline,
salicylidene-2,5-dimethylaniline, salicylidene-3,4-
dimethylaniline, salicylidene-2,4-dimethoxyaniline
and salicylidene-3,5-dimethoxyaniline. Moreover,
this work reports an investigation aimed at gain-
ing information about the specific effects of the
substituents and the effect of the solvent compo-
sition on the protonation constants of the Schiff’s
bases.

EXPERIMENTAL

The measurements in this study were carried
out at 25.0 £ 0.1°C in aqueous—dioxan media

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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containing 30, 40, 50 and 60% dioxan (v/v). Ionic
strength of media were adjusted to 0.1 M with
sodium perchlorate.

Materials

All Schiff’s bases were prepared by condensing
salicylaldehyde with aniline and substituted ani-
lines. The Schiff’s bases were purified by recrys-
tallisation from ethanol. Stock solutions were
prepared in dioxan. Salicylaldehyde and all sub-
stituted anilines were purchased from Merck (re-
agent grade) and were used as received.

The concentrations of stock solutions of per-
chloric acid (Merck, 70%) and sodium hydroxide
(Merck) were 0.1 M. Acid solutions were stan-
dardised against primary standard sodium car-
bonate (Merck). Alkali solutions were potentio-
metrically standardised against HCIO, by use of
Gran’s plot techniques, allowing determination of
dissolved carbonate impurity [13,14].

Chemically pure sodium perchlorate (Merck)
was used to keep the ionic strength constant.

Dioxan was purchased from Merck and puri-
fied by the method given in Ref. 15.

Potentiometric apparatus and procedure

Potentiometric titrations were carried out in
jacketed glass reaction vessels as described in
Ref. 16. The cell e.m.f. was measured using an
Orion 720 A Model pH-ionmeter equipped with
combined pH electrode (Ingold). The electrode
was modified by replacing its aqueous KCl solu-
tion with 0.01 M NaCl + 0.09 M NaClO, satu-
rated with AgCl.

Titrations were performed in an atmosphere
of nitrogen with carbonate free standard 0.1 M
NaOH on 50 ml solutions containing 0.1 M
NaClO, and (i) 2.5x 107> M HCIO, (for cell
calibration) plus (ii) 2.5 X 1072 M HCIO, + 1.5 X
1073 M Schiff’s base.

Cell calibration

The potentiometric cell was calibrated for use
of the combined pH electrode as a hydrogen ion
concentration probe rather than as an activity
probe. The ionic strength of the test solutions
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used in this study is kept constant; therefore the
e.m.f. of the cell can be written in the form

E . =E%, +E;+k log[H"] (1)

where E2., represents a quantity independent of
[H*] but dependent on the activity of Cl~ in the
filling solution of the electrode and the activity
coefficient of H* in the test solution [17]. The
activity coefficient of H* can be considered to be
constant throughout the titration because the
ionic strength of the solution is almost constant.
E; is the liquid junction potential and the con-
stant k, denoted as electrode calibration slope,
represents the Nernstian factor.
The calibration constants EY, and k were
determined by titration of a 2.5 X 107* M solu-
tion of perchloric acid with 0.1 M sodium hydrox-
ide solution for each medium studied. All solu-
tions for the calibration titrations were made up
to an ionic strength of 0.1 M with NaClO,. In all

TABLE 1

Stoichiometric protonation constants of Schiff’s bases derived
from salicylaldehyde and methyl-substituted anilines at 25.0+
0.1°C, for different dioxan-water mixtures (u =0.1 M
NaClO,) @

log Kpyy log Koy log 8,° Alogk®

30% Dioxan

Reference ¢ 4.35 9.14 13.49 0
2-CH,4 4.30 9.05 13.35 -0.05
3-CH, 4.56 9.08 13.64 0.21
4-CH, 4.87 9.15 14.02 0.52
40% Dioxan

Reference ¢ 4.10 9.00 13.10 0
2-CH, 3.95 9.00 12.95 -0.15
3-CH,4 4.30 9.20 13.51 0.20
4-CH, 4.60 9.25 13.85 0.50
50% Dioxan

Reference ¢ 3.85 9.49 13.34 0
2-CH;4 3.70 9.29 12.99 -0.15
3-CH,4 4,10 9.40 13.52 0.25
4-CH, 4.45 9.50 13.95 0.60
60% Dioxan

Reference ¢ 3.60 9.85 13.45 0
2-CH,4 3.30 9.55 12.85 -0.30
3-CH, 3.90 9.70 13.60 0.30
4-CH, 4.20 9.85 14.05 0.60

a All errors are 0.03 or lower. ® log B, = log Koy +log Ky
A log k = log Ky (ref.)—log Kyy. ¢ Salicylideneaniline.
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titrations, experimental points obtained in the
region 2.2 < pH < 3.0 were used for calibrations,
where pH, represents —log[H*]. Within this
range of pH, the E; is effectively constant [18].
Eqn. 1in the form E_ = E2,; + k log[H*](where
EZy = Egy + E;) was found to reproduce the cali-
bration data to a precision typically of the order
of +1.0 mV.

The standardization of the combined pH elec-
trode was checked in the alkali range too, by the
addition of an excess of NaOH. By assuming the
EZ, value determined in the acidic range to be
reliable and [OH ~ ] = concentration of base added
in excess, we calculated reproducible values of
pK,,, for all the solvent mixtures examined [19,20].

Calculation techniques

The computer programme PKAS was used for
the calculation of the protonation constants of
Schiff’'s bases from potentiometric titration data
[17].

RESULTS AND DISCUSSION

The stoichiometric protonation constants of
Schiff’s bases are presented in Tables 1-4. The
log Koy and log Ky values are related to the
protonation of phenolate and imine nitrogen, re-
spectively, as follows:

CH=N
QLG =
"

R, R,
(L)
CH=N
O v
OH R, R,
(HL)
H
CH=N"
OH R, R,
(H,L™)
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where R, and R, = H, methyl, ethyl and methoxy.
As can be seen from Tables 1 and 2, the protona-
tion constants, log Ky, of salicylideneaniline (as
reference) and its alkylderivatives vary in all the
media investigated like 2-R < reference < 3-R <
4-R. This order can be used as an indication to
the extend of the contributions of the alkyl groups
to the basicity of the azomethine nitrogen. Fur-
thermore electronic and steric effects of the alkyl
groups can also be inferred. Methyl and ethyl
groups are capable of releasing electrons by a
resonance mechanism and are best able to stabi-
lize a positive center when positioned ortho or
para to it. This effect is known as hyperconjuga-
tion [21]. If the hyperconjugation was the only
effect on the basicity of the azomethine nitrogen,
the 2-R derivatives would also be more basic than
the reference. The fact that the reference is more
basic than the 2-R derivatives indicates that the
steric effect is dominant to the resonance effect

TABLE 2

Stoichiometric protonation constants of Schiff’s bases derived
from salicylaldehyde and ethyl-substituted anilines at 25.0 %+
0.1°C, for different dioxan-water mixtures (u =01 M
NaClO,) ?

log Ky log Koy log B,° Alogk®©
30% Dioxan -
Reference ¢ 4.35 9.14 13.49 0
2-C,H; 4.15 9.24 13.39 —-0.20
3-C,H; 4.40 9.40 13.80 0.05
4-C,H; 4.77 9.12 13.89 0.42
40% Dioxan
Reference ¢  4.10 9.00 13.10 0
2-C,Hg 3.90 9.05 12.95 —-0.20
3-C,Hg 4.15 9.30 13.45 0.05
4-C,H; 4.55 9.21 13.76 0.45
50% Dioxan
Reference ¢ 3.85 9.49 13.34 0
2-C,H; 3.60 9.41 13.01 -0.25
3-C,H; 3.94 9.34 13.28 0.09
4-C,H; 4.32 9.53 13.85 0.47
60% Dioxan
Reference ¢ 3.60 9.85 13.45 0
2-C,H;, 3.30 9.72 13.02 —0.30
3-C,H; 3.70 9.70 13.40 0.10
4-C,H; 4.07 9.80 13.87 047

2 All errors are 0.03 or lower. ° log 8, = log Koy +log Kyy.
A log k =log Ky (ref.)—log K. ¢ Salicylideneaniline.
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in the case of o-substitution. The 4-R derivative
is more basic than the 3-R derivative. This is in
agreement with the prediction that the p-alkyl
will contribute more to the electron density of the
azomethine group than the m-alkyl.

A comparison of the basicities of methyl and
ethyl derivatives with the same pattern of substi-
tution shows that the methyl group is a more
powerful electron-releasing group than the ethyl
group. With any pattern of substitution, the order
-CH, > -C,H; always holds in all the media
investigated.

An inspection of the log Ky;; values (Table 3)
for the methoxy derivatives of differing pattern of
substitution reveals that the order is 3-OCH;, <
references < 2-OCH; < 4-OCH,, regardless of
medium. The order 3-OCH; < ref. indicates that
the effect of OCH , is predominantly inductive in
the meta position. On the other hand, the same

TABLE 3

Stoichiometric protonation constants of Schiff’s bases derived
from salicylaldehyde and methyl-substituted anilines at 25.0+
0.1°C, for different dioxan-water mixtures (u =01 M
NaClO,) ?

log Ky log Koy log B,° Alogk©

30% Dioxan

Reference ¢ 4.35 9.14 13.49 0
2-OCH; 4.40 8.99 13.39 0.05
3-OCH; 4.20 9.10 12.30 —-0.15
4-OCH; 4.96 9.20 14.16 0.61
40% Dioxan

Reference ¢ 4.10 9.00 13.10 0
2-OCH, 4.15 9.17 13.32 0.05
3-OCH; 3.80 9.20 13.00 -0.30
4-OCH; 4.80 9.40 14.20 0.70
50% Dioxan

Reference ¢ 3.85 9.49 13.34 0
2-OCH, 4.00 9.17 13.17 0.15
3-OCH; 3.65 9.33 12.98 -0.20
4-OCH; 4.65 9.58 14.23 0.80
60% Dioxan

Reference ¢ 3.60 9.85 13.45 0
2-OCH; 3.65 9.75 13.40 0.05
3-OCH;4 3.28 9.65 12.73 -0.32
4-OCH; 4.50 10.22 14.72 0.90

2 All errors are 0.03 or lower. ® log 8, = log Koy +log Ky
©Alog k =log Ky (ref.)—log Kyy. ¢ Salicylideneaniline.
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TABLE 4

Stoichiometric protonation constants of Schiff’s bases derived
from salicylaldehyde and substituted anilines at 25.0+0.1°C,
for different dioxan—water mixtures (u = 0.1 M NaClO,) *

log Ky log Kny  log Koy log B,°
(exp.) (calc.)

30% Dioxan

Reference ¢  4.35 4.35 9.14 13.49
2,3-diCH 4.50 4.51 9.03 . 13.53
2,4-diCH, 4.70 4.82 9.15 13.85
2,5-diCH, 427 4.51 8.96 13.23
3,4-diCH, 4.90 5.08 9.20 14.10
2,4-diOCH; 4.90 5.01 9.25 14.15
3,5-diOCH; 3.86 4.05 9.18 13.04
40% Dioxan

Reference ¢ 4.10 4.10 9.00 13.10
2,3-diCH 426 4.15 9.05 13.31
2,4-diCH, 4.40 445 9.10 13.50
2,5-diCH 3.95 4.15 8.95 12.90
3,4-diCH, 4.80 4.80 9.40 14.20
2,4-diOCH; 4.80 4.85 9.25 14.05
3,5-diOCH; 355 3.50 9.15 12.70
50% Dioxan

Reference ¢ 3.85 3.85 9.49 13.34
2,3-diCH; 4.15 3.95 9.49 13.64
2,4-diCH , 4.29 4.30 9.20 13.49
2,5-diCH 4 3.85 395 9.46 13.31
3,4-diCH; 4.55 4.70 9.64 14.19
2,4-diOCH; 4.65 4.80 9.49 14.14
3,5-diOCH; 345 3.45 9.29 12.74
60% Dioxan

Reference ¢ 3.60 3.60 9.85 13.45
2,3-diCH 4 391 3.60 9.64 13.55
2,4-diCH, 4.03 3.90 9.87 13.90
2,5-diCH, 3.55 3.60 9.50 13.05
3,4-diCH, 4.40 4.50 10.05 14.45
2,4-diOCH; 441 455 9.87 14.28
3,5-diOCH; 3.14 2.96 9.50 12.64

2 All errors are 0.03 or lower. ° log B, = log Koy +log Kyy.
¢ Salicylideneaniline.

group appears to be acting through resonance
and steric mechanisms when it is in the ortho
position and resonance mechanism in the case of
the para position. The reason why the 2-methoxy,
derivative is less basic than the 4-methoxy isomer
can best be explained on the grounds that induc-
tive electron depletion by oxygen is more pro-
nounced in the o-derivative [21].
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When the basicities of methyl, ethyl and meth-
oxy derivatives of the same substitution pattern
are compared, the following orders can be seen:

2-C,H, < 2-CH, < 2-OCH,
4-C,H, < 4-CH, < 4-OCH,
3-OCH, < 3-C,H, < 3-CH,

These orders are valid in all the media investi-
gated and on the basis of electronic and steric
effects, these are exactly the predicted orders.

Using the same media, the protonation con-
stants of the Schiff’s bases derived from the con-
densation of disubstituted anilines with salicyl-
aldehyde have been found and the relevant data
are given in Table 4. These data can be of use in
judging the additivities of the numeric contribu-
tions of various groups on the protonation con-
stant, log Ky, of the parent Schiff’s base. For
this purpose, the differences (A log k) between
the protonation constants of the reference and of
methyl and methoxy derivatives are listed in Ta-
bles 1 and 3. Using these differences, predictions
have been made for the log Ky of the disubsti-
tuted derivatives. The calculated and experimen-
tal log Ky values are listed in Table 4. An
inspection of these values leads to the conclu-
sions that the basicity contributions of individual
groups are roughly additive and the protonation
constants of these Schiff’s bases can be approxi-
mated to some extend.

As to the log Ky values of the phenolic
moiety of these Schiff’s bases, we have not ob-
served any regularity between the log Koy val-
ues and the type and position of the substituents.
This lack of regularity can probably be attributed
to the fact that the substituents are far from the
OH group.

The effects of the solvent itself on the proto-
nation constants of various compounds have been
studied by several authors [22-26]. For a discus-
sion of the effect of solvent composition on the
protonation constants of Schiff’s bases, the varia-
tion of log Ky, values with the percentage of
dioxan is plotted in Figs. 1-4. These figures show
that the linear relationships exist between
log Ky and the percentage of dioxan for methyl,
ethyl, methoxy and disubstituted derivatives. The
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Fig. 1. The variation of log Kyy values of methyl substituted
Schiff’'s bases against the percent of dioxan. Key: o=
reference; Ao =2-CH;; O =3-CH;; 0 =4-CH,.

inverse relation between the dioxan percentage
and log Kyy values may be related to the varia-
tion of the medium dielectric constant. Log Kyy
values are the formation constants of the ionic
species H,L* from the molecular species HL.
Since the dielectric constant of the medium de-
creases with the increase of dioxan percentage,
solvents of higher percentage of dioxan would
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Fig. 2. The variation of log Kyy values of ethyl substituted
Schiff’s bases against the percent of dioxan. Key: ®=
reference; Ao =2-C,Hs; O =3-C,Hs; 0 =4-C,H;.
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Fig. 3. The variation of log Kyy values of methoxy substi-
tuted Schiff’s bases against the percent of dioxan. Key: @ =
reference; Ao =2-OCH;; O =3-OCHj3; © = 4-OCH,.

solvate HL better than H,L* whereas the oppo-
site would be true for solvent rich in water. As to
the variation of the log Koy values of Schiff’s
bases with the solvent composition, we have ob-
served that these protonation constants increase
with the dioxan percentage except for 30% dioxan
(Tables 1-4). The increase of the log K;; values

5.00
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a a
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¥ rop a
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" —1 S L
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Fig. 4. The variation of log Kyy values of disubstituted
Schiff’s bases against the percent of dioxan. Key: o=
reference; a =2,3-diCH,; O =2,4-diCH,;; a =2,5-diCH3;
B = 3,4-diCH,; 0 =2,4-diOCH 3; @ = 3,5-diOCH .
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with the percentage of dioxan can also be ex-
plained on the same grounds. Of course, changes
in the effective solvation of the charged and
uncharged species involved in going from 30 to
60% dioxan would affect the protonation con-
stants also.

We gratefully acknowledge the financial sup-
port of Ankara University Research Fund (Pro-
ject No. 92-05-04-04).
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Polyaniline-dispersed mercury electrode for the detection
of monochloramine and dichloramine
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Abstract

A novel type of electrochemical detector based on a polyaniline-dispersed mercury-coated glassy carbon chemi-
cally modified electrode was investigated for the detection of monochloramine and dichloramine. A polyaniline
dispersed-mercury modified electrode, which was prepared by coating polyaniline on a thin mercury film electrode
using fast-sweep voltammetry, was developed. The selectivity could be altered using various counter ions incorporated
into the polymer. The results indicated that the use of a conducting polymer-based electrochemical sensor for the

selective determination of chloramine is a feasible approach.

Keywords: Amperometry; Voltammetry; Chloramine; Electrochemical detection; Polyaniline-dispersed mercury elec-

trode

It has been demonstrated that the use of con-
ducting polymer coatings for modified surfaces
provides advantages in chemical analysis [1-3].
Electrochemistry provides a simple, clean, and
efficient route to polymer synthesis. The use of
conducting polymers to modify the selectivity of
electrochemical sensors has been explored [4-6].
The most extensively employed conducting poly-
mer for this purpose is that based on polypyrrole
[1]. Different counter ions (C™) are readily incor-
porated during the polymer synthesis and there-
fore the chemical selectivity (activity) of the poly-
mer is readily adjusted. The incorporation of
metallic centres into the polymer coating results
in enhanced electrochemical properties. In the
case of a conductive electroactive polymer, it can
be achieved by incorporating the metal species
electrochemically to form metallic centres [7-9].

Correspondence to: E. Wang, Laboratory of Electroanalytical
Chemistry, Changchun Institute of Applied Chemistry, Chi-
nese Academy of Sciences, Changchun, Jilin 130022 (China)

Alternatively, the metal can be predeposited on
the substrate to be used for electropolymeriza-
tion, using a transient (pulsed, fast cycle) wave-
form, metal nucleation and polymer formation
can be initiated according to the following reac-
tion [10]:

+E
MO

app ~Eupp

Mn+ MO

+

I I n e
N M+C™ N n.C_

Wallace and co-workers [4-6,10,11] have stud-
ied polypyrrole-dispersed mercury-coated glassy
carbon electrodes systematically. The most recent
work was to investigate the use of polypyrrole
coatings to modify the selectivity of the ampero-
metric response to chloramines for developing a
specific dichloramine sensor [11].

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved



498 A. Liu and E. Wang / Anal. Chim. Acta 282 (1993) 497-503
TABLE 1
Conditions employed for synthesis of polyaniline
Type of Solution Potential scan ‘Scan rate No. of
polyaniline (aqueous) range (V) (mVs™h) potential
cycles
PAn/Cl 0.1 M PAn + 1.0 M HCI —-02to +1.1 100 10
PAn/SO, 0.1 M PAn + 1.0 M H,SO, —-02to +1.1 100 10
PAn/NO, 0.1 M PAn + 1.0 M HNO, —~02to +1.1 100 10

It is well known that water chlorination pro-
ceeds according to the following reactions [12]:

NH, + HOCI - NH,Cl + H,0
NH,Cl + HOCI - NHCI, + H,0
NHCI, + HOCl - NCl, + H,0

The relative amount of each chloramine formed
depends on the pH. As phosphate buffer (pH 5.0)
is employed, NH,Cl and NHCI, are formed at
this pH [13). It has been recognized that the
specific form of the chloramines, in particular the
presence of dichloramine, has a dramatic effect
on taste and odour problems in drinking water.
Chloramines have been determined using amper-
ometric and UV detection [14]. All of chlor-
amines respond indicating no selectivity for their
individual detection.

In this work, a novel approach to the prepara-
tion of a polyaniline polymer and a polyaniline
dispersed-mercury modified electrode was inves-
tigated. Electropolymerization of a conducting
polymer proceeds according to

>

O w5 OO
oxidation H

The direct incorporation of species into polyani-
line-based polymers is not so easily achieved.
Polyaniline must usually be grown from acidic
media to ensure the formation of a conductive
polymer. The insoluble layers produced are con-
ductive and electroactive, and this process in-
volves the incorporation of counter ions into the
polymer matrix during synthesis, where X~ is an
anion in the monomer solution. When this pro-
cess is induced at a mercury film substrate, the
mercury is predeposited on the substrate to be
used for electropolymerization, by fast-sweep
voltammetry, and then the mercury can be oxi-
dized at potentials required for the polymeriza-
tion. However, if the potential is switched rapidly
to a negative potential to reduce the mercury
before all of it has diffused away from the elec-
trode surface, then the mercury will be rede-
posited. Simultaneously, a layer of polyaniline
polymer is formed on the electrode surface. The
procedure is such that a series of counter ions
X7, such as CI7, SO;~ and NOj, may be incor-
porated during the polymerization process. The

X

+
H
y 1-y

TABLE 2

Conditions employed for coating polyaniline on the mercury film electrode

Electrode Solution Potential scan Scan rate No. of
range (V) Vs potential

cycles 2

PAn/Cl 0.1 M PAn + 1.0 M HCI -02to +0.8 1.0 15

PAn/SO, 0.1 M PAn + 1.0 M H,S0, -02t0 +0.8 1.0 15

PAn/NO; 0.1 M PAn + 1.0 M HNO, —02to +0.8 1.0 15

a 15 cycles fast-sweep scan of 1.0 V s~ ! between —0.2 and +0.8 V on the mercury film electrode.
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purpose of this work was to investigate the selec-
tivity effect for chloramine detection by incorpo-
rating different ions on the polyaniline-dispersed
mercury electrode.

EXPERIMENTAL

Reagent and solutions

All reagents were of analytical-reagent grade,
unless stated otherwise, and distilled water was
employed throughout. Analytical-reagent grade
aniline was obtained from Beijing Chemicals. The
solutions used for polymer synthesis were freshly
prepared by mixing the monomer solutions with a
suitable acid solution before polymerization. Am-
monium sulphate and sodium hypochlorite (Beij-
ing Chemicals) were dissolved in distilled water
to obtain 0.1 mol 17! stock solutions. Phosphate
buffer were prepared from 0.01 mol 17! K,HPO,
and 0.01 mol 1-! KH,PO,, adjusting the pH to
5.0. This buffer solution was also used as the
eluent. Chloramine solutions were prepared as
described [13].

Apparatus

Cyclic voltammetry (CV) was performed with a
laboratory-built potentiostat [15] with a three-
electrode cell containing a silver /silver chloride
(saturated with potassium chloride) and a plat-
inum-wire reference and counter electrode, re-
spectively. A glassy carbon electrode (area 0.12
cm?) was employed as the substrate for the
polyaniline-modified electrode.

All liquid chromatographic (LC) experiments
were done using a Model 510 pump, a U6K
injection valve (Waters) and a 7-um particle size
Nucleosil C,4 column (200 mm X 4.0 mm i.d.) as
an analytical column. A glassy carbon electrode
(area 0.071 cm?) was employed as the substrate
for the polyaniline-modified electrode. A UV-
visible spectrophotometer (Model 481, BAS) was
also used for the detection of chloramines.

Preparation of polyaniline-modified electrode.
Polyaniline (PAN) electrodes incorporating vari-
ous anions were prepared by cylic voltammetric
(CV) electropolymerization on to the glassy car-
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bon electrode from an acidic solution containing
aniline monomer and the anion chosen. The ex-
perimental conditions are summarized in Table 1.

A polyaniline-cated mercury film electrode was
prepared as follows. First, a prepared thin mer-
cury film was plated at an applied potential of
—0.5 V on a glassy carbon electrode from a
stirred 100 pwg ml~! Hg(NO,), solution for 60 s.
Second, polyaniline was coated on to the mercury
film electrode by potential scanning at a scan rate
of 1.0 V s~ ! between —0.2 and 0.8 V for 10-20
cycles in the solution. The conditions for each
counter ion are summarized in Table 2.

RESULTS AND DISCUSSION

Electrochemistry :
Cyclic voltammograms were recorded in 0.0
M KH,PO,-0.01 M K,HPO, (pH 5.0) base elec-
trolyte. From CV experiments, we observed that
chloramine had different responses on the glassy
carbon (GC) and polymer-based electrodes.
Chloramine showed a feeble oxidation reaction at
the GC electrode within potential window (Fig.
1A) and an oxidation peak on the GC-Hg elec-
trode at a potential of ca. —0.6 V (vs. Ag/AgCl)
(Fig. 1B). Cyclic voltammograms of polyaniline in
base electrolyte are shown in Fig. 1C; a poor
oxidation—reduction response was observed ow-
ing to the base electrolyte of intermediate acidity.

The presence of chloramine increased the
polyaniline background current and gave a varied
peak shape because of the ClI~ doping and un-
doping from the polyaniline film (Fig. 1C). Fi-
nally, a clear oxidation peak appeared with the
polyaniline-dispersed mercury electrode at a po-
tential of ca. —0.5 V (vs. Ag/AgCD and the peak
height was directly proportional to the sample
concentration (Fig. 1D). This was due to the
oxidation—reduction process of the polyaniline
film at ca. —0.5 V, the transition making the
conducting polymer favourable for chloramine ox-
idation on the GC-Hg-PAn electrode. This re-
sult provided information for chloramine liquid
chromatographic—electrochemical (.C-EC) sep-
aration and detection.
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The effect of the mercury film thickness was
studied. The responses observed for chloramine
at the GC-Hg electrode were constant with mer-
cury plating times of 60, 120 and 180 s in 100 ug
ml~! Hg(NO,), solution at an applied potential
of —0.5 V. However, the background current
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increased with increasing plating times of mer-
cury and consequently a plating time of 60 s was
adopted.

The effect of the thickness of the conducting
polymer layer on the deposited mercury film was
then investigated. With thick polymers, the ratio

E V (vs. Ag/AgCl)

Fig. 1. Cyclic voltammograms for the chloramine sample at GC and polymer-dispersed GC electrodes. Base electrolyte, 0.01 M
K,HPO,-0.01 M KH,PO, (pH 5.0); scan rate, 100 mV s~ !, potential range, ~0.9 to —0.0 V (vs. Ag/AgCl); chloramine sample,
0.01 M NaClO + 0.01 M (NH ,),SO,. Dashed lines, CVs of blank solution (base electrolyte); solid lines, CVs of chloramine sample
in base electrolyte. (A) At GC electrode; (B) at GC-HG electrode; (C) at GC-PAn /SO, electrode; (D) at GC-HG-PAn/SO,
electrode. (1) 0.01 mol 1! chloramine sample; (2) 0.03 mol 1~! chloramine sample.
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of mercury to polymer on the electrode surface
decreased and thus the metal ions had less chance
to access the substrate, particularly at more nega-
tive potentials, where the polyaniline coating were
inherently less conductive. A detailed discussion
is given in the next section.

LC with electrochemical detection

The selectivity factor is defined as the ratio of
the responses of di- and monochloramine. All
experimental conditions in this instance were
constant except for the applied potential and the
coating on the working electrode.

GC and GC-Hg electrode. The effect of ap-
plied potential on the response factor obtained
using glassy carbon was studied and it was found
that the selectivity factor decreased at more nega-
tive potentials. Figure 2A shows the mono- and
dichloramine responses at the GC electrode. The
mercury film electrode was found to increase the
chloramine response considerably compared with
the bare glassy carbon electrode. Figure 2B shows
the increase in the responses at the GC-Hg
electrode.

Polyaniline-coated electrode. The use of a
polyaniline-coated electrode was considered. The
polyaniline-coated glassy carbon electrode was
found to be more sensitive for dichloramine. At
—0.7 V, the dichloramine response was higher
than that at 0.0 V (Table 3), because polyaniline
is more hydrophobic when it is reduced at nega-
tive potentials. This is favourable for the detec-
tion of dichloramine, as it is more hydrophobic
than monochloramine.

At 0.0 V the polymer is in the oxidized state
and is more polar. At —0.5 V the polymer is in
the transition stage between the oxidized and
reduced states, and at —0.7 V the polymer is in
the reduced (neutral charge) state. Table 3 indi-
cates that dichloramine has the best response at
—0.5 V; probably in this instance polyaniline is in
the transition stage between the oxidized and
reduced states, and it is favourable for deinterca-
lation of the counter anions to the film at this
negative applied potential. The response de-
creased at a more negative potential (—0.7 V)
because at this potential the polyaniline was in
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Fig. 2. Chloramine separation. Eluent, 0.01 M K,HPO,-0.01
M KH,PO, (pH 5.0); flow-rate, 1.0 ml min~?!; UV detection
at 221 nm; electrochemical detection, E,pp=—050 V (vs.
SCE); sample injection, 20 1 of 1X 1073 M NaCIO+1x 1073
M (NH,),S0, in eluent. Response: (1) NH,Cl; (2) NHCl,.
(A) At GC electrode; (B) at GC-Hg electrode; (C) at GC-
Hg-PAn/NO, electrode.

TABLE 3

Effect of incorporated counter ions on chloramine electro-
chemical response (nA) at polyaniline electrodes ?

Electrode Chloramine Eqpp (V)
0.0 -05 -0.7
GC-PAn/Cl NHCI, 44 148 82
NH,Cl 0.0 110 0.0
NHCl, /NH,Cl - 13 -
GC-PAn/SO, NHCI, 28 132 54
NH,CI 00 73 0.0
NHCl, /NH,Cl - 1.8 -
GC-PAn/NO, NHCI, 88 188 125
NH,CI 00 65 0.0
NHCI, /NH,Cl - 29 -

#* Eluent, 0.01 M KH,PO, —-0.01 M K,HPO,; flow-rate, 1.0
ml min ~%; sample injection, 20 pl of 1X10~3 M NaCIO + 1 x
1073 M (NH,),SO, in eluent; polymer deposition, 0.01 M
polyaniline + 1.0 M counter ion; polymer coating, 10 cycles;
scan rate of 100 mV s~ ! between 0.0 and +1.1 V on GC
electrode.
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TABLE 4

Comparison of chloramine detection with GC, GC-Hg and
GC-Hg-PAn electrodes ?

A. Liu and E. Wang / Anal. Chim. Acta 282 (1993) 497-503

TABLE 5

Detection limits and linear range for NH,Cl and NHCI, at
the polyaniline-dispersed mercury film electrode

Electrode Detector response NHCIl, /NH,Cl Electrode Linear range Detection limit
(nA) selectivity (uM) (uM)
NHCI, NH,Cl factor NH,C1 NHCl, NH,Cl NHCl,
GC-Hg 88 220 0.4 GC-Hg-PAn/Cl 0.2-100 50-100 0.1 32
GC-Hg-PAn/Cl 132 380 0.3 GC-Hg-PAn/NO; 10-100 1-25 8.0 0.8

GC-Hg-PAn/SO, 130 320 0.4
GC-Hg-PAn/NO, 280 116 24

% Eppp=—0.50 V for amperometric detection; polymer coat-
ing, 15 cycles fast scan of 1.0 V s~! between —0.2 and +0.8
V for polyaniline-dispersed mercury electrode; other condi-
tions as Table 3.

uv
o
&
2 11 2 11
1
5 min
2
]
8
I :

V J
A B

Fig. 3. Selective chloramine detection at polyaniline-dispersed
mercury film electrode. Other conditions as in Fig. 2. (A) At
GC-Hg-PAn/NOj electrode; (B) at GC-Hg-PAn/Cl elec-
trode.

the neutral state and no counter anion intercala-
tion was possible.

As expected, the counter ion that was incorpo-
rated into the polymer influenced the chloramine
responses (Table 3); of the three polyaniline elec-
trodes investigated, the PAn/NO;-coated glassy
carbon electrode showed the highest selectivity
for dichloramine (Fig. 2C).

Polyaniline-coated mercury film electrode. The
ability of a polyaniline-coated mercury film to
alter the chloramine selectivity was investigated
with three polyaniline-coated mercury film elec-
trodes (Table 4). The highest dichloramine re-
sponse was observed with the GC-Hg-Pan/NO,
and the highest monochloramine response with
the GC-Hg-PAn/Cl electrode (Fig. 3). All re-
sults reported were obtained at an applied poten-
tial of —0.5 V; the response was not improved at
more negative potentials.

The effect of the polymer thickness on the
deposited mercury film for detection of dichlor-
amine was investigated. The procedure involved
3-30 potential scan cycles for preparing a GC-
Hg-PAn electrode. It was found that 10-15 scan
cycles at a scan rate of 1.0 V s~! gave adequate
sensitivity and improved mechanical stability.
Thin polymers showed unstable responses owing
to the poor reproducibility and thicker polymers
showed increased background current and de-
creased responses owing to the increased resis-
tance of the polymer.

The linear range for determination and the
detection limit of mono- and dichloramine using
both GC-Hg-PAn/Cl and GC-Hg-PAn/NO,
electrodes are summarized in Table 5.
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Conclusion

A polyaniline-modified electrode was devel-
oped that gave improved selectivity and adequate
sensitivity and chemical stability for the detection
of chloramines. The polyaniline film electrode
increases the response factors for dichloramine in
all instances. A mercury film on the polymer
electrode increases the monochloramine response
in all instances studied except with the GC-Hg-
PAn/NO, electrode. The highest response for
monochloramine was obtained with the GC-Hg-
PAn /Cl and that for dichloramine with the GC-
Hg-PAn/NO, electrode.

Perhaps the most interesting aspect is that the
selectivity could be altered by incorporating vari-
ous counter ions in the polyaniline. Incorporating
various counter ions during the polymerization
process is responsible for the chemical selectivity
of the polyaniline. In particular, the selectivity of
the polyaniline is associated with the passage of
the anion sample plugs through the polymer to
the electrode surface as a major factor in the
signals obtained. The loose polyaniline film, ob-
tained by incorporating NO3 during the polymer-
ization process, is favourable for dichloramine
determination. The PAn/Cl polymer is more
compact than the PAn/NO,; polymer, so the
GC-Hg-PAn/Cl electrode is beneficial for
monochloramine determination.

Comparing polyaniline and polypyrrole poly-
mer electrodes, it seems that the modes of action
of both electrode systems are similar, The
polyaniline electrode appears to have distinct ad-
vantages for use in analytical applications. In
particular, the polyaniline film is chemically very
stable. In this work, the electrodes were found to
be extremely durable. Usually the same electrode
surface could be used for CV and LC studies for
periods of 2 weeks and longer with no evidence
of chemical or mechanical deterioration. In addi-
tion, the oxidation of the polyaniline occurs at a
lower potential than does that of polypyrrole, and
the incorporation of anionic samples into the
polyaniline film is very rapid.
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The lower sensitivity of these new electrodes is
an important problem for polymer-dispersed
electrode that needs to be improved. This prob-
lem also occurs with polypyrrole film electrodes.
To increase the sensitivity of these new elec-
trodes attention is currently being paid to speed-
ing up the electrode transfer rate to increase the
percentage of species involved in the electro-
chemical analysis step.

This project was supported by the National
Natural Science Foundation of China.
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Acoustic network analysis and equivalent circuit
simulation of the thickness-shear mode acoustic wave
sensor in the liquid phase
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Abstract

Network analysis of the behavior of the thickness-shear mode (TSM) acoustic wave sensor is validated and the
ability of the Butterworth—Van Dyke (BVD) equivalent circuit to describe the electrical characteristics of the sensor
was examined under various conditions. The results demonstrate that the impedance of the quartz crystal can be
measured when one or both sides of the device are immersed in a viscous liquid or a conductive solution. The
equivalent circuit is satisfactory in simulating the impedance characteristics of the TSM sensor in the liquid phase
under most conditions except for total immersion of the sensor in highly viscous or conductive liquids. It is shown that
the frequency response of the TSM device depends on individual crystals and experimental configurations.

Keywords: Sensors; Piezoelectric sensors; Acoustic wave sensors; Equivalent circuit; Network analysis;

The piezoelectric quartz crystal is an elec-
tromechanical transducer which converts electri-
cal energy to mechanical energy, and vice versa.
The electromechanical coupling and stresses re-
sulting from an applied electric field depend on
the crystal symmetry, angle of cut of the crystal
substrate, and configuration of the excitation
electrodes used to apply the electric field across
the crystal. The various modes of electromechani-
cal coupling result in different types of acoustic
waves, modes of propagation, and particle dis-
placements. AT-cut quartz is obtained by cutting
wafers of quartz at an angle of 35°15' to the
z-axis. Application of an alternating field across
the thickness of an AT-cut quartz crystal by two
excitation electrodes on opposite sides of the
crystal results in shear vibration in the x-axis

Correspondence to: M. Thompson, Department of Chemistry,
University of Toronto, 80 St. George Street, Toronto, Ontario
MSS 1A1 (Canada).

direction parallel to the electric field and propa-
gation of a transverse wave through the crystal in
the thickness direction. The thickness-shear mode
(TSM) acoustic wave sensor has been used in a
number of studies involving the liquid phase,
including the development of chemical and
biosensors [1] and the investigation of electro-
chemical processes [2—-4].

The most common method employed to study
the TSM sensor is the oscillator method [5-7], in
which the series resonant frequency of the quartz
crystal is measured. This method suffers from
some serious limitations due to the active role of
the quartz device in the oscillating circuit [1,6].
More recently, the network analysis method has
been developed to more completely characterize
the TSM sensor in the liquid phase [8-11]. The
responses of the TSM sensor, including the reso-
nant frequencies, the impedance characteristics,
and the equivalent circuit elements, have been
related to the bulk properties of the contacting

0003-2670/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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liquid as well as the interfacial properties of the
sensor—liquid interface [10-13].

Physically, the impedance of a quartz crystal
can be measured from the ratio of the applied
voltage across the crystal and the current flowing
through the crystal for a large number of fre-
quencies in the resonant frequency region. The
experimental values of the magnitude and phase
of impedance can be calculated at each frequency
and plotted against the frequency to give the
impedance—frequency curves. The prominent
characteristics from the impedance (magnitude
and phase) measurements are the frequencies at
the minimum and maximum magnitudes of
impedance and the corresponding values of the
magnitude of impedance, the frequencies at zero
phase, and the value of maximum phase. The
piezoelectric resonator can be represented by the
Butterworth—Van Dyke (BVD) circuit of the se-
ries combination of a capacitor (C_,), an inductor
(L), and a resistor (R ) in parallel with a capac-
itor (C,) (Fig. 1) [14,15]. The subscript m is used
to denote the fact that the RLC series is associ-
ated with the motion of the quartz plate. The
equivalent circuit responds to an applied voltage
in the same way as the quartz crystal itself. The
impedance of each circuit element is also given in
Fig. 1, where o is the angular frequency (in rad
s~ 1). The values of the equivalent circuit parame-
ters can be calculated from the impedance-
frequency curves by circuit analysis. However, the
BVD circuit is typically used to describe a lossless
resonator (without mass or liquid loading). In this
study, a series of experiments was performed in
order to examine the validity of the network
analysis method in characterizing the TSM sensor
and to verify the ability of the BVD equivalent
circuit to describe the electrical behavior of a
liquid-loaded TSM sensor.

EXPERIMENTAL

Reagents

All liquids were of analytical-reagent grade
and used as received. Potassium chloride (BDH,
Toronto) was dissolved in doubly distilled water
to prepare standard KCl solutions.
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Fig. 1. Butterworth—-Van Dyke (BVD) equivalent electrical
circuit of the thickness-shear mode acoustic wave sensor: (a)
circuit parameters; (b) impedance of circuit elements.

Apparatus

AT-cut quartz piezoelectric crystals coated with
gold electrodes were supplied by International
Crystal Manufacturing, Oklahoma City. The in-
strument used to characterize the TSM devices
was an HP 4195A Network/Spectrum Analyzer
(Hewlett-Packard). An HP 41951A impedance
test kit and HP 16092A spring clip fixture were
used to make impedance measurements directly.
The values of the equivalent circuit elements of
the quartz crystal are calculated internally by the
HP 4195A from the measured data.

Procedures
Prior to the impedance measurements, the
crystals were rinsed with acetone, ethanol, and



M. Yang and M. Thompson / Anal. Chim. Acta 282 (1993) 505-515

water and subjected to high rf in a PD-3XG
plasma cleaner (Harrick). Advancing contact an-
gles were measured to ensure the surfaces were
completely wetted by water. The TSM device was
clamped in a cell with O-rings on both sides. One
side of the crystal was immersed in about 50 ul
liquid. The cell was connected to the network
analyzer and allowed to stabilize until reaching a
constant frequency reading. The network ana-
lyzer scanned 401 points at a centre frequency of
9 MHz (with 120 KHz bandwidth).

RESULTS AND DISCUSSION

Impedance measurement and equivalent circuit
simulation

Ideally, the equivalent circuit should simulate
the electrical characteristics of the TSM sensor
over a range of frequencies near resonance. A
comparison between the experimental impedance
measurement and the equivalent circuit simula-
tion will determine if the circuit model can be
employed to describe the impedance behavior of
the TSM sensor under various conditions.

One side immersed in liquid. The magnitude
and phase of the impedance of a 9-MHz TSM
device were measured with one side of the crystal
immersed in a series of organic liquids and water.
Figure 2 shows the impedance measurements
(points) and the equivalent circuit simulations
(lines) for methanol, water, and cyclohexanol. As
the viscosity of the liquid increases, the impedance
curves become diminished and broadened while
moving towards lower frequency. The results of
this are that the maximum magnitude, Z_,,, and
the maximum phase angle, 6,,,,, of the impedance
decrease while the minimum magnitude of the
impedance, Z,;,, increases as the viscosity of the
liquid increases. The maximum phase of the
impedance becomes negative when cyclohexanol
is being studied. Therefore, the series and paral-
lel resonant frequencies (frequencies at zero
phase) cease to exist. The most important feature
of Fig. 2 is that very good agreement is obtained
between the impedance measurements and the
equivalent circuit simulations for a wide range of
liquids within the frequency span.
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Fig. 2. Impedance measurements (points) and equivalent cir-
cuit simulations (lines) of the magnitude (] Z|) and phase
angle (8) of impedance for a 9-MHz uncoated gold electrode
TSM device. One side of the crystal was in contact with
methanol (a), water (0), and cyclohexanol (W) while the .
other side was under nitrogen.

When one side of the TSM sensor is immersed
in a highly viscous liquid, such as glycerol, viscous
loading causes damping and broadening of the
resonant peaks (Fig. 3). Under this condition, the
equivalent circuit model becomes less satisfactory
in describing the impedance behavior of the
quartz crystal. As depicted in Fig. 3, the circuit
simulations do not fit exactly to the impedance
curves, although the shapes of the simulation
curves still resemble those of the experimental
peaks.

In conductive liquids, the damping of the
impedance peaks is caused by the energy dissipa-
tion due to acoustoelectrical coupling between
the surface potential associated with the quartz
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crystal and the ionic and dipolar species, and by
the energy transfer from the quartz dielectric to
the electrical double layer. The impedance curves
and the equivalent circuit simulations for a 9-MHz
TSM sensor with one side under a KCI (0.01 M)
solution are shown in Fig. 4. It is apparent that
the equivalent circuit provides a reasonable de-
scription of the impedance measurements, al-
though the value of the maximum impedance is
overestimated because of additional capacitive
effects from field fringing and cell mounting. The
impedance curves show a small peak at higher
frequency (but not at a harmonic frequency),
indicating the generation of a different mode of
acoustic wave.

3.46

3.444

3.421

3.41

3.381

3.361

LOG (Magnitude of Impedance) (chm)

Phase (degree)
g &3 3 @

&
IS

8 &

92 894 896 898 9 902 904 906
Frequency (MHz)

Fig. 3. Impedance measurements (heavy solid) and equivalent

circuit simulations (solid) of the magnitude (] Z|) and phase

angle () of impedance for a 9-MHz uncoated gold electrode

TSM device. One side of the crystal was in contact with

glycerol.
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Fig. 4. Impedance measurements (heavy solid) and equivalent
circuit simulations (dotted) of the magnitude (| Z|) and phase
angle (8) of impedance for a 9-MHz uncoated gold electrode
TSM device. One side of the crystal was in contact with 0.01
M KCL

Two sides immersed in liquid. The magnitude
and phase of the impedance of a 9-MHz TSM
device were measured with both sides of the
crystal immersed in a series of organic liquids and
water. Figure 5 illustrates the impedance mea-
surements (solid lines) and the equivalent circuit
simulations (dotted lines) for methanol and wa-
ter. It can be seen that the circuit simulations are
in good agreement with the experimental values.
The maximum phase angle of the impedance is
less than zero under water, which prevents the
measurement of the frequencies at zero phase for
liquids with similar or higher viscosity.

The deviation between the circuit simulation
and the experimental measurement becomes
more obvious when the TSM sensor is totally
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immersed in viscous liquids. As shown in Fig. 6,
the simulation does not fit the measurements
when the crystal is totally immersed in cyclohex-
anol. The inconsistency is most severe with the
total immersion of the crystal in glycerol (Fig. 7).
In addition, the highly viscous loading of glycerol
results in the broadening of the impedance peaks
beyond the frequency span so that a part of the
impedance curves is not measured. This can be
avoided by increasing the scanning frequency
span.

When both sides of the TSM device are im-
mersed in a conductive solution, the result is the
complete damping of the resonant peaks due to
onset of the conduction current in the solution.
Nevertheless, the impedance curves of the system

3.41

LOG (Magnitude of Impedance) (chm)

Phase (degree)

88 894 898 902 = 906 91
i Frequency (MHz)

Fig. 5. Impedance measurements (solid) and equivalent circuit

simulations (dotted) of the magnitude (| Z|) and phase angle

(8) of impedance for a 9-MHz uncoated gold electrode TSM

device. Both sides of the crystal were immersed in methanol

(A, 8, > 0) and water (B, 0,,,,, <0).
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Fig. 6. Impedance measurements (heavy solid) and equivalent
circuit simulations (solid) of the magnitude (| Z|) and phase
angle () of impedance for a 9-MHz uncoated gold electrode
TSM device. Both sides of the crystal were immersed in
cyclohexanol.

can still be measured (Fig. 8), although the char-
acteristics of the magnitude and phase of the
impedance are totally different from those under
non-conductive liquids. The existence of such be-
havior likely arises from the resistance compo-
nent (ion-ion and ion-dipole interactions) and
the reactance component (ion mobility and relax-
ation) of the conductive solution. Note that the
scales of the impedance measurements are much
smaller compared to those under non-conductive
conditions. In addition, the BVD circuit com-
pletely fails to simulate the impedance curves in
these conditions.

TSM devices and experimental configuration
The ability of the network analysis method to
describe the behavior of the TSM sensor in the
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liquid phase has been verified by the impedance~
frequency measurements. The BVD equivalent
circuit provides a good representation of the TSM
device when one side of the device is immersed in
liquids with viscosities less than 100 cP. In order
to establish the relationship between the TSM
sensor response and the properties of the con-
tacting liquid, characteristic parameters will have
to be extracted from the impedance measure-
ments and the equivalent circuit. The perfor-
mance of the TSM sensor also depends on the
individual devices and the experimental configu-
rations. The TSM sensor response was examined
by comparing the behavior of crystals with the
same fundamental frequency, crystals with differ-
ent fundamental frequencies, and crystals with
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Fig. 7. Impedance measurements (heavy solid) and equivalent
circuit simulations (solid) of the magnitude (| Z|) and phase
angle (8) of impedance for a 9-MHz uncoated gold electrode
TSM device. Both sides of the crystal were immersed in
glycerol.
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Fig. 8. Impedance measurements (heavy solid) and equivalent
circuit simulations (solid) of the magnitude (| Z|) and phase
angle (0) of impedance for a 9-MHz uncoated gold electrode
TSM device. Both sides of the crystal were immersed in 0.01
M KCL

one side or both sides immersed in liquid. For
this purpose, three parameters were chosen as
probes to study the TSM sensor response due to
their different properties. These are the series
resonant frequency, f,, the maximum phase angle
of the impedance, 8,,,,, and the motional resis-
tance of the equivalent circuit, R,. The fre-
quency shift reflects the velocity change of the
acoustic wave; a change in the motional resis-
tance represents the power attenuation of the
quartz device; and the phase angle depicts the
overall shape of the impedance peaks. Further-
more, the viscosity—density product of the bulk
liquid is used as the variable since it is considered
to be the dominant factor affecting the sensor
response for non-conducting liquids [16,17].
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TSM sensors with the same fundamental fre-
quency. The impedance curves and the equivalent
circuit parameters were measured for several
clean, 9-MHz gold electrode TSM devices with
one side immersed in a series of alcohols and
water. The shifts in the series resonant frequency,
Af,, were calculated based on the decrease of f,
relative to air. Under identical conditions, it is
expected that the TSM sensors with the same
fundamental frequency will give similar responses
within experimental error. However, the results
show that although similar Af, values were ob-
tained for some crystals, there are obvious differ-
ences for others. As shown in Fig. 9, two 9-MHz
gold electrode TSM devices exhibit different Af,
under the same conditions. The Af, to pym.
plots for both crystals show a similar slope. The
proportional increase of Af, with increasing vis-
cosity—density product, (p;7,), of the liquid is
consistent with the theoretical predictions [16]

3/2
Af=— 0 PiML (1)

2m | ok

On the other hand, the values of Af, are dis-
placed by several hundreds of Hertz. This clearly
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demonstrates the dependence of the frequency
response on individual crystals. The difference in
Af, may arise from different mechanical stress
applied to the TSM sensor when it was mounted
into the cell fixture. Differences in morphology
between the electrode surfaces may also result in
a change in Af,. One way to circumvent this
problem is to calculate Af, based on the changes
in f, relative to a particular liquid, which may
reduce the difference resulting from the different
intercepts. It should be pointed out that Af, for
water deviates from the alcohols in both plots.
This could be due to the presence of trace
amounts of ionic species in distilled water and /or
the different interfacial structure of water
molecules.

As shown in Fig. 2, the maximum phase angle
becomes negative when the viscosity of a liquid
reaches a certain value. Thus, the series resonant
frequency does not exist. However, the impedance
of the TSM sensor and its equivalent circuit pa-
rameters can still be measured. Figure 10 shows
the responses of the maximum phase of the
impedance and the motional resistance of the
equivalent circuit under the same conditions as in
Fig. 9. The shifts in both 8_,, and R are calcu-
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Fig. 9. Responses of the series resonant frequency, f;, of two 9-MHz bare gold electrode TSM devices with one side immersed in
liquid. Af; is plotted against the viscosity—density product of the bulk liquid. The testing liquids are: (1) methanol; (2) ethanol; (3)
water; (4) n-propanol; (5) n-butanol; (6) n-hexanol; and (7) ethylene glycol.
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lated relative to air. It is clear that 6,,, and R
cover a greater p;m range than f,. The most
important feature of Fig. 10 is that the shifts in
0. and R for the two TSM devices are identi-
cal under the same conditions. In addition, the
shifts in 8,,, and R, for other 9-MHz devices
with either gold or silver electrodes are in agree-
ment with the plotted values. This seems to indi-
cate that even though f, may be sensitive to
other factors, the responses of the impedance
characteristics of the TSM device are dominated
by the properties of the contacting liquids.
Similar behavior is observed when comparing
several 5-MHz gold electrode TSM devices and
9-MHz silver electrode TSM devices. Provided
that the electrode surfaces are sufficiently clean,
Af, may differ under the same conditions for

1001 $

emaxShml (degree)

P} 1 10 100 1000 10000
P

Fig. 10. Responses of (top) the maximum phase angle of the
impedance and (bottom) the motional resistance of the equiv-
alent circuit of two 9-MHz bare gold-electrode TSM devices
upon liquid loadings. One side of each crystals is immersed in:
labels 1-7, same as in Fig. 9; label 8, cyciohexanol; and label
9, glycerol.

M. Yang and M. Thompson / Anal. Chim. Acta 282 (1993) 505-515

crystals with the same fundamental frequency,
but the values of 6,,, and R, are always the
same within experimental error.

TSM sensors with different fundamental fre-
quencies. The shifts in f, for a 5-MHz silver
electrode TSM sensor with one side immersed in
various liquids are illustrated in Fig. 11. For
comparison, the values of Af, for a 9-MHz silver
electrode device under the same conditions are
also plotted in Fig. 11. In general, the trends in
Af, for both 5- and 9-MHz devices are in agree-
ment with the prediction that A f, increases with
increasing p;7n,. The ratio of the slopes of the
plots between 9- and 5-MHz devices is about 2.5,
similar to that predicted by Eqn. 1, (foyy,/
f SMH2)3/2 =(9/5y/2=24.

The changes in 6,_,, and R,, for both devices
are shown in Fig. 12. The shifts in 6,,,, are almost
identical for both 9- and 5-MHz devices. This is
expected since the phase of the impedance is
determined by the ratio of the reactance (imagin-
ary part) and the resistance (real part) of the
impedance rather than the absolute values of
each device. On the other hand, the shifts in R
for the 5-MHz device are about twice of those for
the 9-MHz device. This is similar to the ratio of
the geometric areas of the electrodes between
5-MHz TSM devices (0.38 ¢cm?) and 9-MHz de-
vices (0.20 cm?). (In reality, the actual surface
areas of the electrodes are larger than the geo-
metric areas because of the surface roughness
factor.) Since R, is related to the energy dissipa-
tion of the TSM sensor in the liquid phase, there
is greater energy loss for the 5-MHz crystal than
for the 9-MHz crystal due to the different elec-
trode areas.

Total immersion of the TSM sensor in a liquid.
When both sides of the crystal were immersed in
a liquid, f, ceases to exist under most conditions.
However, impedance characteristics and the
equivalent circuit parameters are still available.
The changes in 6,,,, and R, are depicted in Fig.
13 for a 9-MHz gold electrode TSM sensor totally
immersed in different liquids. For comparison,
the shifts in 6, and R for the same crystal
with only one side immersed in the same liquids
are also shown in Fig. 13. As demonstrated in
Figs. 6 and 7, total immersion of the TSM sensor
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Fig. 11. Responses of the series resonant frequency, f, of a 9-MHz (circles) and a 5-MHz (triangles) bare gold electrode TSM
device with one side immersed in liquid. Af, is plotted against the viscosity—density product of the bulk liquid. Same conditions as

in Fig. 9.

in viscous liquids results in severe damping of the
impedance peaks. This can be seen from the
shifts in 6,,,,, in which the maximum phase angle
of the impedance (6,,, = 90° in air) decreases
rapidly and reaches a minimum at a much lower
pLny, value when both sides were immersed than
when only one side was immersed. However, it is
interesting to note that the changes in R, under
total immersion show a proportional increase with
increasing p,m, values. Even though the equiva-
lent circuit is not suitable for describing the
impedance behavior of the TSM sensor under
these conditions (Figs. 6 and 7), it seems the R
values still reflect the energy dissipation pro-
cesses of the system.

Conclusions

The network analysis method is employed in
the study of the performance of the TSM sensor
in the liquid phase. This method can be applied
to characterize the behavior of the TSM sensor
under virtually all conditions. The impedance of
the quartz crystal can be measured when one or
both sides of the device is immersed in a liquid.
For the latter experiments a large frequency span

is required to cover the broadened impedance
peaks.

The BVD equivalent circuit can be used to
describe the electrical characteristics of the
impedance of the TSM sensor when one side of
the device is immersed in the liquid phase, al-
though some deviation is observed under ex-
tremely viscous liquid loading. The circuit model
can also simulate the impedance behavior of the
crystal when both sides of the device are im-
mersed in a less viscous liquid such as methanol
and water. However, the equivalent circuit model
is inadequate in describing the electrical charac-
teristics of the impedance with total immersion in
viscous liquids and conductive solutions. The
breakdown of the BVD model when the energy
losses are high suggests that equivalent circuits
with more than four parameters are required to
deal with the complex acoustic coupling at the
solid-liquid interface.

The series resonant frequency of the TSM
sensor is affected by a number of factors such as
the surface stress and surface roughness. Differ-
ent responses may be observed under similar
conditions for crystals with the same fundamental
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frequency. Thus, caution should be taken when
comparing the results obtained from different
devices and experimental configurations. On the
other hand, the sensitivity of f, towards changing
surface conditions may be exploited as a probe to
study the interfacial processes. The series reso-
nant frequency can not be measured with the
network analyzer when one side of the TSM
sensor is immersed in highly viscous liquids and
when both sides of the sensor are immersed in
viscous liquids and conductive solutions.

Other parameters obtained from the imped-
ance analysis, such as the maximum phase angle
of the impedance, and the equivalent circuit ele-
ments, such as the motional resistance, are less
sensitive towards the factors arising from differ-
ent TSM devices and cell fixtures. Thus, these
parameters may provide unequivocal information
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Fig. 12. Responses of (top) the maximum phase angle of the
impedance, 6,,,,, and (bottom) the motional resistance of the
equivalent circuit, R, of a 9-MHz (circles) and a 5-MHz
(triangles) bare gold-electrode TSM device upon liquid load-
ing. Same conditions as in Fig. 10.
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Fig. 13. Responses of (top) the maximum phase angle of the
impedance, 6,,,,, and (bottom) the motional resistance of the
equivalent circuit, R, of a 9-MHz bare gold electrode TSM
device with one side (circles) and both sides (squares) of the
crystal immersed in liquid. Same conditions as in Fig. 10.

regarding the sensor-liquid interactions. In addi-
tion, these parameters are available for liquids
with a much greater range of p, 5, than f..
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Biosensor based on direct detection of membrane
potential induced by immobilized hydrolytic enzymes
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Abstract

A potentiometric investigation of solid-state enzyme electrodes prepared by electropolymerization of hydrolytic
enzymes (acetylcholinesterase, urease and arginase) on the surface of inert electrodes is reported. The theoretical
description of the membrane potential is based on the Donnan effect and diffusion potential. It is shown that the
ionic strength, pH and nature of the electrolyte influence the magnitude and sign of the membrane potential. At high
pH and at high ionic strength the membrane potential is mainly a function of the diffusion potential. The mechanism
of direct transformation of enzymatic reactions into an electric signal is considered in detail with the example of an
acetylcholinesterase sensor. The solid-state enzyme electrode was tested in the determination of acetylcholine, urea
and arginine. Typical calibration graphs for these substrates showed a linear response over the range 10~4-1073 M.
The solid-state enzyme electrodes presented here do not require the specific introduction of an internal reference

system.

Keywords: Biosensors; Enzymatic methods; Potentiometry; Enzyme electrodes; Membranes

Electrochemical biosensors have attracted
much attention over the past two decades owing
to their potential for high sensitivity and selectiv-
ity, low cost and ease of use [1-6]. These devices
are based, in principle, on the conjugation of
biomolecules, such as enzymes, and an electro-
chemical detector. A biocatalyst recognizes the
corresponding substrate and specifically converts
it into the product by an enzymatic reaction.

Two general types of detectors can be recog-
nized in potentiometric biosensors: ion-selective
and redox sensors. The potential signal is given
by the expressions

E = constant + (RT/zF) In ay+ (1)
E = constant + ( RT/nF) In([ox] /[red]) (2)
Correspondence to: D.M. Ivnitskii, Microbiology and Biotech-

nology, Faculty of Life Sciences, Tel-Aviv University, Ramat-
Aviv 69978 (Israel)

where z is the charge on the detected ionic
species, n the electron exchanges by the redox
couple, a,+ the activity of the species involved
and the other symbols have their usual meanings.

As natural electroactive substrates and prod-
ucts of different enzyme systems are different,
e.g., oxygen, hydrogen, peroxide, ammonium and
phenol, each enzyme system requires the devel-
opment of individual electrochemical biosensors.
The ideal situation, when using potentiometric
biosensors, would be to adopt a universal (generic)
approach of direct (unmediated) transformation
of the enzymatic reactions into an electric signal.
This makes attractive the idea of constructing
solid-state biosensors which are based on the
transmembrane ion-current modulation caused by
enzyme-substrate, antigen—antibody or ligand-
receptor selective interactions. In such elec-
trodes, a relationship exists between the electro-
static effect at a membrane surface and the elec-

0003-2670,/93 /306.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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trochemical description of the transmembrane
potential which can be considered to be based on
the Donnan effect. The resulting change of the
membrane potential could be specifically moni-
tored by the transducing element without the use
of other reagents.

The concept used in solid-state potentiometric
biosensors, i.e., the complexation of an enzymatic
reaction with transmembrane ion current modu-
lation, has the following potential advantages.
This approach provided the direct transformation
of the biochemical reaction into an electric signal
for different biosystems. It may be the general
approach for designing sensors for other biologi-
cally active substances, including non-electroac-
tive species, e.g., selectivity of the enzyme mem-
brane for one substance over others can be al-
tered simply by changing the kind of enzyme in
the membrane. The potentiometric response does
not depend on the size of the active area of the
sensor. This has the advantage of the possibility
of proving measurements in extremely small vol-
umes and in vivo. The procedure and apparatus
are very simple. Such devices can offer the advan-
tages of miniaturization and the capability of
including multiple sensors on a single chip.

Electrostatic effects at the membrane / solution
interface of solid-state sensors can be well de-
scribed by the surface diffusion potential theory
[7,8]. This model connects the electrostatic and
electrochemical values at a membrane surface
and can be applied to establish the mechanism of
the generation of transmembrane potential.

There are a number of papers related to these
subjects [9-15], and many of the investigations
concern the detection of immunoreactions.
Collins and Janata [9] gave a critical evaluation of
the mechanism of potential response with PVC
membranes containing a mixture of cardiolipin,
lecithin and cholesterol. These membranes ap-
peared to respond to some specific proteins by
changing the surface potential. Lee et al. [10]
demonstrated a model system based on the use of
a protein A-IgG complex. Binding of IgG to
protein A will create an additional electric field
around protein A. Recently the requirements for
the construction of an immunological field-effect
transistor, based on the direct potentiometric
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sensing of protein charges, were discussed [11-
13]. A theoretical approach was given based on
the Donnan equilibrium description. The basic
underlying electrical effects are the protein-mod-
ulated dielectric constant, conductivity, electrical
potential, ion permeability and ion mobility. Gen-
eration of a membrane potential by the enzyme—
substrate complex was recently reported [14,15].

The purpose of this paper is to consider some
basic factors that modulate membrane potential
in solid-state potentiometric biosensors based on
hydrolytic enzymes.

Enzyme electrodes were prepared by elec-
tropolymerization of hydrolytic enzymes on inert
electrodes, which has a number of advantages
[16-18]. First, the spatial distribution of the im-
mobilization of proteins can be readily controlled.
Second, the thickness of the protein films can be
varied and is easily controlled. Third, it should be
simple to build up multi-layer structures using
different proteins. Finally, it should be possible to
modulate the properties and structure of electro-
generated polymers by controlling the electrolysis
conditions.

The process of electrodeposition of enzymes
on the surface of electrodes in the presence of
glutaraldehyde may be written as follows [19]:

(|3HO
Prot-NH, + ----CH=C-(CH,),-CH="--
HC=N-Prot
—— -+ —CH=C-(CH,),~CH=--- (3)

followed by an electrochemical process in which
ethylenic double bonds are involved:

R-CH=CH, + e~ —— R-CH — CH, -
R-CH,-CH, + nR-CH=CH, ——

protein membrane 4

EXPERIMENTAL

Purified acetylcholinesterase (AChE) (EC
3.1.1.7, 1000 U mg~!, from electric eel), urease
(EC 3.5.1.5, 12000 U mg~!, from jack beans),
arginase (EC 3.5.3.1, 150 U mg~!, from bovine
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liver), acetylcholine chloride (ACh), urea, argi-
nine and chicken egg albumin were obtained from
Sigma and glutaraldehyde (50%) from Aldrich.
Dialysis membranes were obtained from Spec-
tra/ por (Houston, TX). All other chemicals were
of analytical-reagent grade.

Preparation of the enzyme membrane electrode

A PAR Model 273 potentiostat—-galvanostat
was employed for the electrochemical deposition
of the enzymes. Enzyme-modified electrodes were
obtained galvanostatically at a stationary plat-
inum and glassy carbon disc electrode at a cur-
rent density of 0.50 mA cm~? for 45 s without
stirring of the electrolyte. Working electrodes
were cleaned by hand polishing with 0.3-um alu-
mina slurry and washed copiously.

The solution for electrodeposition of the en-
zyme membrane contained 0.4 ml of enzyme (4
mg ml~ 1), 0.02 ml of glutaraldehyde (25%), 0.02
ml of ethanol and 0.02 ml of HCI (0.01 M). The
enzyme solution was dialysed against a large vol-
ume of distilled water (pH 7.0) for 12 h to remove
salts in the enzyme sample.

The deposition of the enzyme membrane on
the electrodes was followed by washing in 5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid (HEPES) buffer solution (pH 6.79) for 15
min to remove any weakly bound enzyme.

The enzyme membranes produced under these
conditions were physically stable, did not crack,
completely covered the electrode and were ad-
herent to the electrode surface under both wet
and dry conditions. The thickness of the enzyme
membrane was controlled by the time of the
electrodeposition and was estimated to be 0.1 um
[20].

Dialysis Membrane
Protein Membrane
Membrane N Cell

Glass Body

Wire

Fig. 1. Layout of the enzymatic biosensor.
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Scanning electron microscopy

Electron microscopy was performed with a
JEOL-840a scanning electron microscope with an
accelerating voltage of 25 kV, a magnification of
5000 and an objective aperture of 1 um. Nega-
tively stained AChE membranes were prepared
according to the procedure of Karnovsky and
Roots [21].

Measurement of potential

All the potential measurements were made in
a cell with a working volume of 3 ml, equipped
with a magnetic stirrer and thermostated at 25°C.
The potential was recorded with a Radiometer
PHM 64 pH connected to a Sefran SRD 429
recorder. The reference electrode was a Ra-
diometer saturated calomel electrode (SCE). The
potential measurements were carried out in a
solution of 5 mM HEPES buffer (pH 6.8) con-
taining 0.2 mM NaCl. The enzyme and reference
electrodes were placed in the reaction cell con-
taining 3 ml of the buffer solution and the base-
line potential was recorded. Following the estab-
lishment of a steady baseline potential (several
minutes), various concentrations of the substrate
were added and the potential change was
recorded.

A series of measurements were also made as
differential measurements with the biosensor
supported vertically (Fig. 1). In this set of experi-
ments the working and reference electrodes were
made by electrodeposition of enzyme and albu-
min on two platinum wires (diameter 0.5 mm).
The analysis involved injection of 20 ul of ACh
solution into the cell of the AChE sensor with a
working volume of HEPES buffer of 0.2 ml, with-
out stirring.

RESULTS AND DISCUSSION

Figure 2 shows a scanning electron micrograph
of the AChE membrane surface. The thio-
choline—hexacyanoferrate(III) method was used
for the investigative localization of active acetyl-
cholinesterase [21]. Thiocholine reduces the hexa-
cyanoferrate(III) and copper(II) ions of this
medium competitively, giving simultaneously cop-
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Fig. 2. Scanning electron micrograph of AChE membrane.

per(II) hexacyanoferrate(I11) and copper(l) thio-
choline iodide. The present results were obtained
when the enzyme membrane was treated with an
incubation medium consisting of 9.15 ml of 0.1 M
citrate buffer (pH 5.0), 0.25 ml of 0.1 M CuCl,
(2.5 mM), 0.5 ml of 0.1 M potassium hexacyano-
ferrate(111) (5 mM), and 0.1 ml of 0.1 M acetylth-
iocholine iodide (1 mM). A heterogeneous dense
microstructure of the AChE membrane, with ag-
gregates of protein microparticles (ca. 0.3-0.6
um in diameter) was observed. Strong evidence
has accumulated that molecules of acetyl-
cholinesterase in the process of electrodeposition
are fixed in orientation respect to the electrode
surface. Measurements of the electric resistance
of the AChE membranes showed that it is ca.
2.5 % 10% Q. This means that on the surface of
the platinum electrode the AChE membrane may
act partially as a dielectric layer between the
metal surface and the electrolyte. In aqueous
solutions AChE molecules have dissociable
groups which either release positive or negative
ions, and these disassociated groups themselves
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become ionized forms depending on the H;O*
concentration and on the concentrations of the
ions dissociable from the molecular groups. The
properties at the membrane surface are inti-
mately related to the electrical potential originat-
ing from the fixed charge or electrical polariza-
tion of the membrane constituents.

Figure 3 shows response curves of the ACh
sensor as a function of ACh concentration. The
ACh sensor was formed on the platinum elec-
trode as described under Experimental. Solutions
of ACh with different concentrations in 5 mM
HEPES buffer (pH 6.79) were stirred at 25°C and
the potential change was measured continuously.
After injection of acetylcholine the potential
shifted in the positive direction and constant val-
ues were reached within 8—10 min. Potentiomet-
ric responses within the 0.01-1 mM ACh concen-
tration range were found to be completely re-
versible. Enough enzyme was immobilized on the
ACh sensor that the amount of substrate could
be rate limiting. The maximum response was ob-
tained in 5 mM HEPES buffer (pH 6.79) contain-
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ing 0.2 mM NaCl. The higher the concentration
of buffer, the lower was the potential change
observed.

To investigate non-specific phenomena, the re-
sponse of the electrodes modified by albumin
membranes in place of the AChE membrane
were examined in the acetylcholine solution. The
sensor surface with immobilized albumin pro-
duced a change in membrane potential of 2%, as
compared with the AChE electrode, owing to
non-specific binding of ACh. Hence the potentio-
metric response results only from the enzymatic
reaction in the enzymatic membrane. The poten-
tiometric change is coupled with a disturbance of
the Donnan equilibrium and redistribution of ions
in the protein membrane and at the membrane /
solution interface.

The ionic strength and pH of the solution
influence the magnitude of the membrane poten-
tial of the ACh sensor [7). The effect of ionic
strength was examined in the presence of 0.1 mM
ACh with 5 mM HEPES buffer at 25°C. Figure 4
shows the relationship between the potential
change of the ACh sensor and salt concentration.
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Fig. 3. Response curves of the AChE sensor. ACh was mea-
sured in 5 mM HEPES buffer (pH 6.79) containing 0.2 mM
NaCl at 25°C. Final concentration of ACh: (1) 0.02; (2) 0.10;
(3) 0.26; (4) 1.30 mM.
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Fig. 4. Effect of ionic strength on the response of the AChE
sensor in 5 mM HEPES buffer (pH 6.79) containing 0.1 mM
acetylcholine at 25°C. Concentration of NaCl: (1) 0.1; (2) 0.6;
(3) 3.0; (4) 6.0; (5) 100 mM.

The potentiometric curves obtained indicated two
effects. As can be seen from Fig. 4, curves 1-4, at
low concentrations of NaCl (<6 mM) in 5 mM
HEPES buffer, the ACh addition changes the
membrane potential momentarily. Under these
conditions it is assumed that the main factor
contributing to the membrane potential is the
Donnan potential and not the diffusion potential.
The response of the ACh sensor decreases with
increasing concentration of electrolyte, NaCl or
KCI. At high electrolyte concentrations it is prob-
able that ions of both signs enter the enzyme
membrane and the Donnan ratio is smaller. Fig-
ure 4, curve 5, shows that the ACh-induced elec-
tric response in 5 mM HEPES buffer containing
100 mM NaCl changes both the size and the sign
of the membrane potential. These potential
changes are associated with the diffusion poten-
tial. Unlike the first effect, here the initial rate of
the change in membrane potential is slow. In this
instance the membrane potential depends mainly
on the relative permeabilities of ions and prod-
ucts of enzymatic reaction, and also on the de-
gree of binding of ions with the charged groups of
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Fig. 5. Effect of pH on the response of a glassy carbon AChE
sensor in 5 mM HEPES buffer containing 0.2 mM NaCl and
0.1 mM acetylcholine at 25°C.

the AChE membrane. The effect of solution pH
on the membrane potential of the ACh sensor
was examined in the presence of 0.1 mM ACh
with 5 mM HEPES buffer, containing 0.2 mM
NaCl (Fig. 5).

As the protein charges in the AChE mem-
brane are a function of pH, it is necessary to
consider the ionic product of the AChE reaction,
acetic acid, because it may generate local pH
changes in the inner and surface regions of the
membrane. Such a pH change in the membrane
was measured with a glass pH electrode [22]. The
rate of change of pH depends on the concentra-
tion of ACh in the reaction cell. Hence the fixed
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>
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charge density of the AChE membrane is ex-
pected to be affected by the acetic acid.

The results of investigations using the differen-
tial mode (Fig. 1) with an acetylcholinesterase
sensor at higher ionic strength (0.1 M NaCl) and
at pH 8.5 are shown in Fig. 6. It was observed
that the potential difference between AchE- and
albumin-modified electrodes after 10-12 min be-
gins to shift towards the negative direction. As at
high pH and ionic strength of the solution the
Donnan potential decreases, this potential shift is
associated with the diffusion potential. In this
instance the selectivity of the enzyme membrane
is dependent mainly on the mobility of the
charged complexes in the membrane, their parti-
tion coefficients and the equilibrium binding con-
stants of the ions with the carriers in the mem-
brane phase. This may be the reason for the
change not only in the direction but also in the
shape of the responses of the potentiometric sen-
sor (Fig. 6).

Analogous effects were also observed with
solid-state enzyme sensors based on urease and
arginase. Urease and arginase electrodes were
prepared by electrodeposition on the glassy car-
bon electrodes, as described under Experimental.
The investigation showed that urease and arginase
electrodes in the process of the enzymatic reac-
tion produce significant changes in the membrane
potential during a time scale of several minutes.
The ionic strength, pH of the solution and nature
of the electrolyte influence the magnitude of the
membrane potential similarly to when ACh was
used. Typical calibration graphs for the urea,
acetylcholine and arginine electrodes are shown

Fig. 6. Shift of the membrane potential of the AChE sensor caused by the addition of acetylcholine to 5 mM HEPES buffer (pH

8.5) containing 0.1 M NaCl at 25°C.
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Fig. 7. Calibration graph for the (1) urea and (2) acetylcholine
sensors. Urea was measured in 1 mM Tris—-HCI buffer (pH

7.3) and ACh in 5 mM HEPES buffer (pH 6.79) containing 0.2
mM NacCl at 25°C.

in Figs. 7 and 8. The urea electrode displayed a
linear response with a slope of 11 mV min~! per
decade in the range 5x 107°-5 x 10~% M. Fig-
ure 8 shows the dependence of the response of
the arginase electrode on the concentration of
arginine in the (1) presence and (2) absence of
Mn?*,
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Fig. 8. Calibration graph for the arginine sensor. Measure-
ments were made in 0.01 M glycine-NaOH buffer (pH 9.5) at
25°C, (1) in the presence of 1xX 1078 M Mn?™; and (2) in the
absence of Mn2™.
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The stability of the enzyme electrodes was
investigated by measuring the effect of time on
the calibration graphs. In a typical experiment,
the operational stability of AChE electrode was
tested over a 24-h period under the optimum
conditions defined above. After 8 h of continuous
use the decrease in the electrode sensitivity was
no more than 5%; after storage for 1 week in 5
mM HEPES buffer (pH 7.5), or in air under
refrigeration at 4°C, the tensor still retained 68%
of its initial sensitivity and 55% activity remained
after 1 month. The storage stability of the urease
electrode showed a decline of about 20% of the
slope obtained for calibration graphs obtained
with the urease electrode during a period of 1
month. The stability of the arginase electrode was
not investigated.

The reproducibility of the AChE electrode was
studied in 5 mM HEPES buffer (pH 6.8). The
relative standard deviations of six repetitive mea-
surements were 5.3%, 5.0% and 4.8% for solu-
tions of 0.1, 0.5 and 1.0 mM ACh, respectively.

The all-solid-state enzyme electrodes pre-
sented here do not require the specific introduc-
tion of an internal reference. The source of the
potential response is a change in the proton po-
tential gradient in the membrane (and other ions)
and not a change in the Nernst equilibrium of an
electroactive reference. Experiments conducted
in the presence of a low concentration (< 1 mM)
of a redox couple that is pH dependent, such as
quinone—-hydroquinone, showed that the poten-
tial changes observed are considerably higher.
The presence of the quinone~hydroquinone also
changes the shape of the response curves. On the
other hand, the presence of a redox couple such
as Fe(CN); -Fe(CN)¢~ did not affect the re-
sponse of the enzyme electrode at low concentra-
tions (< 1 mM). In the absence of these media-
tors, the only redox system that might be present
and affect the measured potential is the O,-H,0
couple. However, experiments under an argon
atmosphere showed similar responses (within 2-3
mV) to those under an oxygen atmosphere.

An AChE membrane on a platinum electrode
at a pH higher than the isoelectric point of AChE
(pI 4.0-4.5) may be regarded as a cation ex-
changer with fixed negative charges. It is pre-
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sumed that part of the fixed charges in the mem-
brane are inside the active centre of the enzyme.
According to Nolte et al. [23], there are about six
negatively charged carboxylic groups in the active
centre of AChE which bind electrostatically with
cation groups of ACh*. Therefore, the active
centres of AChE are complexing agents of ACh*.
The process of enzymatic hydrolysis of acetyl-
choline (ACh™) to choline (Ch™) and acetic acid
(Ac) is given in the following scheme [24]):

K, K,.Ch* K,
E+ ACht == EACh* — E-Ac——
K_, H,0
E+Ac +H?*

where E = free enzyme, EACh* = enzyme-
acetylcholine complex, E-Ac = acetylated en-
zyme and the constants K;, K_;, K, and K,
have their usual meanings.

Assuming that the process of enzyme-sub-
strate complexation is accompanied by the con-
formational perturbation of membrane-embed-
ded acetylcholinesterase and orientation changes
of dipolar molecules, a modification of trans-
membrane ion transfer is expected. The reorgani-
zation of chemical species and charge in the
interfacial regions leads to the depolarization of
the AChE membrane and the modulation of the
membrane potential. A scheme illustrating the
mechanism of the generation of membrane po-
tential by membrane-embedded AChE is given in
Fig. 9. It involves the formation of a proton
electrochemical potential gradient (SuH) be-
tween the internal compartment of the AChE
membrane and the external solution. The concen-
tration gradient of H* in the membrane may be
the driving force for the exit of protons to the
solution and entry of Na* ions into the AChE
membrane. The pH gradient in the membrane is
of the order of 1-2 units [12] and it is also
assumed that the basic form of Ch* remains in
the acidic compartment of the AChE membrane,
while the protonated form of the acetic acid
moves across the AChE membrane into the bulk
solution.

It is concluded that ion exchange of H* and
Na* (or K*) across the membrane / aqueous in-
terfaces and diffusion of Ac and Ch* across the
AChE membrane are the origins of the changes
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Fig. 9. Scheme illustrating the generation of membrane poten-
tial in AChE membrane. ACh* = acetylcholine; Ch* =
choline; [EACh] = acetylcholinesterase—acetylcholine com-
plex; AC = acetate acid.

in the membrane potential. Ion-exchange pro-
cesses and mobility of ions in the enzyme mem-
brane can also be associated with conformation
perturbation of the AChE in the membrane. The
response of the ACh sensor is interrelated to the
interfacial charge, the ionic strength and pH of
the solution. At high pH and ionic strength of the
solution the Donnan potential decreases and the
membrane potential in the sensor is mainly a
function of the diffusion potential. As the enzy-
matic reaction takes place on the surface of the
AChE sensor there is certain directionality. The
vectorial characteristic of the membrane trans-
port also contributes to the electrical signal of the
biosensors.

In summary, preliminary considerations of
some basic factors that modulate the membrane
potential in solid-state potentiometric biosensors
indicate that a direct transformation of enzymatic
reactions into an electrical signal based on the
transmembrane ion current modulation is possi-
ble. It is believed that this could be a general
approach for designing potentiometric biosensors
capable of detecting different enzyme reactions
and substances. Moreover, a detailed understand-
ing of the induced changes in membrane poten-
tial during an enzymatic reaction will contribute
to the resolution of fundamental questions, such
as the charge transport mechanism in protein
membranes and at the membrane / solution inter-
faces.
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Finally, sensors based on thin-film enzyme
membranes should be easy to miniaturize and
there is a prospect of using a single sensor body
to make multiple biosensors.
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Abstract

This work reports the electrochemical transduction of an immunological interaction by use of bilayer lipid
membranes (BLMs) which were prepared from mixtures of egg phosphatidylcholine (PC) and dipalmitoyl phospha-
tidic acid (DPPA). Thyroxin (T4)/anti-rabbit T4 was used as a representative immunological reaction for these
studies. Antibody—antigen complexation caused transient ion current signals due to dynamic changes of the
clectrostatic fields at the surface of such membranes. The mechanism of signal generation is based on the
perturbation of the electrical double layer and surface structure of the BLMs. The transient charging signals occurred
as singular or multiple events which lasted for a period on the order of seconds. The magnitude of these transient ion
current signals was directly related to the concentration of the antigen in bulk solution, which could be determined
over a range of nM to mM levels in a period of seconds to minutes. Investigation of the effects of lipid composition of
BLMs, pH and the presence of Ca®™ in bulk electrolyte solution indicated that the response could be optimized for

sensitivity and speed.

Keywords: Biosensors; Antibody—antigen; Bilayer lipid membranes; Immunological reaction

An imaginative array of analytical methods has
been developed to create and amplify analytical
signals from antibody—antigen interactions, viz.
sandwich assays, competitive binding assays and
enzyme labelling [1]. Generally, these methods
are sensitive and selective, but often have serious
deficiencies in terms of biosensor development
on the basis of speed, the need for separation
steps, the requirement of secondary labelling and

Correspondence to: U.J. Krull, Chemical Sensors Group, De-
partment of Chemistry, Erindale Campus, University of
Toronto, 3359 Mississauga Road North, Mississauga, Ontario
L5L 1C6 (Canada).

the introduction of secondary reactants. Recently
a number of investigations have reported direct
electrical monitoring of an immunological reac-
tion [2—7]. The direct monitoring of antibody—an-
tigen binding and the construction of an immuno-
logical biosensor based on the determination of
an intrinsic property of the protein (charge den-
sity, molecular mass, dielectric constant, refrac-
tive index, etc.) is an attractive alternative to
enzyme-linked or radiometric immunoassays if
comparable sensitivity and speed can be achieved.

Bilayer lipid membranes (BLMs) can provide
the basis for the development of immunological
biosensors for the direct monitoring of antibody

0003-2670 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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—antigen binding [8]. The use of BLMs to directly
monitor immunological reactions was first
demonstrated years ago by Del Castillo, and tran-
sient electrical phenomena involving changes in
membrane conductance were observed [9,10].
Further studies of the use of ion current through
BLMs as a basts for transduction of antibody-an-
tigen and lectin—saccharide interactions indicated
that signals appeared as multiple transients with
ion current alterations of variable magnitude and
frequency [11,12]. Of significance was that signal
frequency and magnitude data accumulated for
any one BLM over a period of an hour could be
correlated semi-quantitatively with analyte con-
centration, and that the multiple transient events
were due to electrostatic alterations at the mem-
brane surface. Such a transduction method for
concentration determinations is inherently lim-
ited by the length of time required for analysis,
and by the use of statistical probabilities to iden-
tify concentrations by analyzing frequency of re-
sponse. The goal of the present work was to
identify whether the structure of BLMs could be
designed so that transduction of antibody-anti-
gen interactions was based on the magnitude of a
single signal.

The interactions of hydronium and calcium
ions with BLMs composed of egg PC and DPPA
have recently been studied by an electrochemical
method [13,14]. The results have shown that the
surface charge density and phase structure of
these membranes depends on the composition of
BLMs, the hydronium activity and the presence
of calcium ions in the electrolyte solution. En-
zyme—substrate interactions which modify the
charge density at the surface of these BLMs can
generate analytically useful signals by perturba-
tion of the electrostatic fields and phase structure
of membranes [15]. Alteration of an electrical
double layer which can be made to exist at a
BLM-solution interface is a process which has
been observed to provide rapid response charac-
teristics for acetylcholine-acetylcholinesterase re-
action (seconds for uM detection).

In the present work the analytical utility of
BLMs as electrochemical transducers for im-
munoreactions which modulate the electrostatic
charge at the membrane surface is presented.
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The thyroxin (T4)/anti-rabbit T4 interaction was
chosen as the immunoreaction, owing to the clini-
cal significance of T4 [16]. The BLMs provided
transduction by alterations of the charging of the
double layer which was modified by the im-
munoreaction. By appropriate selection of lipid
composition and solution conditions it was possi-
ble to transduce the selective antibody—antigen
interaction as a single transient charging current
signal, which phenomenologically had an appear-
ance similar to a gated process but without a
quantized magnitude (i.e., an electrochemical
switch).

EXPERIMENTAL

Materials and apparatus

The materials and equipment used throughout
this study were essentially identical to those de-
scribed previously [13,17]. The lipids that were
used were lyophilized egg phosphatidylcholine
(PC; Avanti Polar Lipids, Birmingham, AL) and
dipalmitoyl phosphatidic acid (DPPA; Sigma, St.
Louis, MO). HEPES (N-2-hydroxyethylpipera-
zine-N ’-2-ethanosulfonic acid) which was used for
the pH adjustment and thyroxin were also pur-
chased from Sigma. Rabbit antiserum to T4 was
supplied from UCB Bioproducts (Braine-I’Al-
leud, Belgium). Water was purified by passage
through a Milli-Q cartridge filtering system
(Milli-Q, Millipore, El Passo, TX) and had a
minimum resistivity of 18 Mohm cm. All other
chemicals were of analytical-reagent grade.

Solventless BLMs were formed in a circular
aperture of 0.32 mm diameter, which was located
in a Saran-Wrap™ partition (10 wm thickness)
that was used to separate two identical solution
cell compartments. Each plexiglass solution
chamber had a volume of ca. 10 ml and an
air /electrolyte interface area of 3 cm?. An exter-
nal voltage of 25 mV d.c. was applied across the
membrane between two Ag/AgCl reference elec-
trodes. A digital electrometer (Model 614, Keith-
ley Instruments, Cleveland, OH) was used as a
current-to-voltage converter. The electrochemical
cell and the electronic equipment were isolated
in a grounded Faraday cage.



D.P. Nikolelis et al. / Anal. Chim. Acta 282 (1993) 527-534

Procedures

The dilute lipid solution used for the forma-
tion of the solventless BLMs contained 0.2 mg
ml~! total lipid and was composed of 0, 15 and
35% (w/w) DPPA,; these solutions were prepared
daily from stock solutions of PC (2.5 mg ml~1!)
and DPPA (2.5 mg ml™!) in n-hexane—absolute
ethanol (80 + 20). The stock lipid solutions were
stored in the dark in a nitrogen atmosphere at
—4°C. The BLMs were supported in a 0.1 M KCI
electrolyte solution which contained HEPES as a
buffer.

The antiserum had a volume of 1.6 ml (protein
concentration 17.5 mg ml~!) and was diluted to
10.0 ml with a 0.02 M phosphate buffer pH 7.4.
Samples of 100 ul volume were removed on a
daily basis and were used for the deposition of
the protein onto the air/electrolyte interface in
the electrochemical cell. The stock solution of
thyroxin (0.1 mg ml~!) was prepared daily just
before use.

The process of membrane formation by a mod-
ified “monolayer folding” technique was de-
scribed previously [13,17]. Lipid solution (10 ul)
was added dropwise from a microliter syringe to
the water surface in one cell compartment near
the partition. A volume of 3 ul of the protein
solution was applied to the same air /water inter-
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face subsequent to the deposition of lipid. The
level of the electrolyte was dropped below the
aperture and then raised again within a few sec-
onds. The formation of a membrane was verified
by the magnitude of the ion current, and by the
electrical properties of the membranes. When the
ion current stabilized (over a period of 20 min)
and no more transient ion current changes oc-
cured, the antigen was injected in bulk solution.
All solutions were gently stirred and all experi-
ments were done at 25 + 1°C.

RESULTS AND DISCUSSION

The antibody was deposited directly onto egg
PC-DPPA mixtures at the air /water interface of
one solution cell compartment. This promoted
incorporation of the protein into the lipid layer
and maximized the loading of the protein when
BLMs were formed. Data on immunoglobulin
interactions with lipids have been reported [18,19],
but specific data for anti-rabbit T4 has not been
given. Therefore experiments were done to deter-
mine the maximum loading of protein that can be
inserted in the BLM structure without inducing
permanent permeability changes, and to estimate
the time required for association of the IgG with
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Fig. 1. Recording obtained at pH 6.0 (0.1 M KCl, 10 mM HEPES and in the absence of Ca?*) with membranes composed of 15%
(w/w) DPPA with anti-rabbit T4 in the BLM structure and without antigen present in the bulk solution. A volume of 3 ul of
antibody solution was deposited onto the air/water interface subsequent to the lipid deposition. The recording begins after BLM
has thinned to a bilayer structure and stabilization of the baseline has occurred (e.g., 3 min after membrane formation).
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the PC/DPPA BLMs. Various volumes of the
solution containing antibody were deposited onto
the air/water interface after the deposition of
lipid (15% DPPA, pH 6.0). Volumes of anti-rab-
bit T4 solution less than or equal to 3 ul did not
alter the residual ion current (background signal)
associated with conductivity through these BLMs.
Such additions did result in the appearance of
random transient signals as the BLMs stabilized
(Fig. 1) reminiscent of ion-channel gating events
[20]. Similar results were obtained with BLMs
composed of only PC or 35% DPPA, and when
the electrolyte solution contained 1.0 mM Ca?*.
The time for stabilization of the BLMs which
contained antibody was less than 20 min and
injection of antigen in bulk solution was done
after this time. An instability of ion current with
time was noticed for volumes of antibody solution
that were larger than 3 ul; e.g., the ion current
was initially as observed in Fig. 1 when a volume
of 5 ul of antibody solution was deposited onto
the air/water interface, but it increased over a
period of 7 min to 100 pA and after a total of 10
min to 1 nA.
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Some models of the association of antibodies
with BLMs have been proposed [19,21]. The re-
sults presented herein indicate that it is unlikely
that the protein spans the membrane to form a
conductive pore since permanent alterations of
ion current were not observed when using signifi-
cant but lower concentrations of antibody (i.e., 3
unl volumes or less). The destabilizing effect of
larger quantities of protein is likely due to con-
current protein-lipid and protein-protein inter-
actions which tend to disrupt the continuum of
lipid interactions on one side of a BLM. A perti-
nent analogy can be drawn here to the function
of a detergent, and the electrochemical results do
indicate that a critical concentration of protein
exists beyond which BLM destabilization and fail-
ure occurs. The IgG likely exists at the mem-
brane—solution interface [19] with a substantial
protrusion of the functional F,; and F, groups
into the electrochemical double layer. Aggrega-
tive events associated with increasing concentra-
tions of the protein in a BLM could readily cause
disruption of a double layer, and the rapid reor-
ganization of the double layer would be observed

10
O e A“ A L e
) 5 10
- 10
<
N L 1 N e | el
o ©° . .
i 15 20
$ 10
3
!Eh h A i .
2 o mtmtne - - "
E 25 30 35
T 10f
H
LS
3 c 1 J i — I va——
.
5 40 45
1of
o
.

50
Time (min)

Fig. 2. Experimental resuits obtained at pH 6.0 (0.1 M KCl, 10 mM HEPES and 1.0 mM Ca®*) with membranes consisting of 35%
(w/w) DPPA when a volume of 3 ul of antibody solution were co-deposited onto the air /water interface and the concentration of

T4 in bulk solution was 1.12 X 1077 M.
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Fig. 3. Experimental results obtained at pH 6.0 (0.1 M KCl, 10 mM HEPES and in the absence of Ca?>*) with BLMs composed of
15% (w/w) DPPA when 3 nl of antibody stock solution was co-deposited onto the air /water interface. Thyroxine concentrations;
(A) 112X 107° M; (B) 1.12x 10~ M; (C) 3.36 X 10™8 M; (D) 1.12x 10~7 M; (E) 1.12 X 10~® M. Arrow indicates injection of

antigen.

as a transient current signal. In addition the
aggregation of charged protein molecules, and
interactions with the charged lipid component of
the BLMs (protein binding to hydrogen bond
accepting sites of DPPA [22]) can induce electro-
static field gradients at a BLM surface [23]. These
processes should reduce in frequency and then
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Fig. 4. Calibration of the analytical signal from the experimen-
tal results that are shown in Fig. 3.

terminate as an equilibrium concentration of pro-
tein and subsequent equilibrium of aggregation at
the membrane-solution interface was reached,
and occurred in a period of up to 20 min in our
experiments.

Figure 2 shows recordings of the signals ob-
tained at pH 6.0 (in the presence of calcium ions)
with BLMs composed of 35% DPPA. It can be
seen that the immunological interactions that oc-
cur at the membrane surface produce multiple
transient events of the form that has previously
been shown to relate frequency to concentration
[11,12]. Similar results were obtained at different
experimental conditions, such as in the absence
of calcium ions in the bulk electrolyte solution
and with BLMs consisting of 0% (w/w) DPPA.
Figure 3 shows recordings of the signals obtained
at pH 6.0 (in the absence of Ca?*) for different
concentrations of thyroxin with membranes com-
posed of 15% DPPA. This lipid composition and
electrolyte composition was the only one (using
the stated lipids and salts) which was found to
provide single current transients. The magnitude
of the transient responses is in direct proportion
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to the concentration of antigen in bulk solution as
can be seen in Fig. 4. Control experiments involv-
ing the use of antigen alone and non-selective
protein interactions were completed to demon-
strate that the transient ion current signals were
due to selective interactions.

Previous studies have shown that ion conduc-
tion through BLMs depends on the phase struc-
ture and/or the surface potential, which directly
depend on the concentration and the degree of
ionization of DPPA [13], and on the presence of
Ca’* in bulk electrolyte solution [14]. The most
significant difference between these previous ex-
periments and those reported in the present work
is that the former experiments report permanent
alterations of ion conductivity by concurrently
adjusting the electrostatic charge on both sides of
BLMs, while the latter provides surface charge
alterations only at the one membrane interface
(exposed to the antibody). The results indicate
that it is possible to control the structure and /or
electrostatic fields of one leaflet of a BLM with-
out disturbing the opposite surface (over rela-
tively short periods), as recently shown by the
generation of transient signals based on pH varia-
tions caused by hydrolytic enzyme-substrate re-
actions at BLMs prepared from PC/DPPA [15].

The transient signals shown in Fig. 3 are in-
triguing due to the reproducibility and speed of
signal development at even low concentrations of
antigen. The transient currents have a duration of
seconds or less and are indicative of a rapid
reorganization of charge at the surface of mem-
branes. Rabbit antithyroxin antiserum is poly-
clonal and is composed of a mixture of antibodies
with isoelectric points (p/) in the range 6.3 to 9.0
[24,25]. The antigen T4 has a pl of 5.0 [25].
Electrostatic forces are important in the mecha-
nism of formation of the antibody—antigen com-
plex [25]. At pH 6.0 the formation of the complex
would result in partial neutralization of the net
positive charge of the antibody by the net nega-
tive charge of the antigen.

Electrostatic changes induced by the anti-
body-antigen interaction on one side of a BLM
would be expected to cause a slow (many min-
utes) non-linear double layer reorganization to
occur, which would provide a slow transient
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change of signal (it is unknown whether the kinet-
ics of the antibody-antigen reaction, or associa-
tions of the immunocomplexes, or diffusion of the
antigen to the membrane surface is rate limiting).
The appearance of a rapid transient current after
a substantial time delay (i.e., much longer than
mixing or diffusion times) therefore suggests that
a capacitive charging current develops when some
critical magnitude of surface charge is achieved,
which results in a transition of membrane struc-
ture from one form to another. This was the case
for hydrolytic enzyme-substrate reactions, and
related the time required for the appearance of a
transient current of constant magnitude to differ-
ent concentrations of substrate [15]. However, the
results for the antibody-antigen experiments of
Figs. 3 and 4 indicate the evolution of a transient
signal with a relatively constant time correlation,
and varying magnitudes which are directly related
to antigen concentration. The relatively constant
delay times for transient current evolution for
widely varying concentrations of antigen indicate
that the mechanism responsible for the transient
is not directly related to the charge associated
with varying quantities of antigen at the BLM
surface.

The process of formation of BLMs requires
variable times, and antigen additions have been
done at different times after membrane forma-
tion and stabilization. Only after addition of T4
were the transient currents of Fig. 3 observed,
confirming that the transients were not associated
with a spontaneous structural relaxation of the
BLMs. This undefined singular structural transi-
tion is furthermore unique in that it only has
been observed to occur for the experimental con-
ditions listed for Fig. 3. The magnitude of the
transient currents are consistent with the pro-
posed capacitive charging events and are related
to the concentration changes of ions of the dou-
ble layer as follows; the concentration of univa-
lent ions at the membrane-solution interface,
C/(x), is given by the Boltzmann relation:

Ci(x)=C,; exp[ —ze¥,/kT] (1)
where C; is the electrolyte concentration in bulk

solution, z, e, k and T have their usual meanings
and V¥, is the surface potential. The magnitude of
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TABLE 1

Summary of responses for different compositions of BLMs and electrolyte solution
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%0 (w/w) [Ca%*] pH Signal appearance Max. signal Effect of [antigen] Average delay
DPPA (mM) (average) (pA) increase to first signal (min)
in BLMs
35 1 6 Multiple spikes, 10 Increased spike freq. 3
3-4pA and magnitude
35 none 6 Multiple spikes, 4 Increased spike freq. 1.5
2-3 pA and magnitude
15 1 6 Multiple spikes, 4 Increased spike freq. 10
2-3 pA and magnitude
15 none 6 Single transient dep. [antigen] Increased spike mag. 1.5
(e.g., 21 pA for
1.12x1077 M)
15 none 8 Single transient dep. [antigen] Increased spike mag. 1.5

(e.g., 10 pA for
1.12x 1077 M)

the transient charging signals is observed to ap-
proximately follow a logarithmic dependence of
T4 concentration.

The signal profile of Figs. 3 and 4 indicates an
interesting opportunity for development of a sen-
sor that can act as a modulator or switching
device. More generally, Table 1 summarizes the
results from experiments which provide current
transients based on the chemical composition and
environment of BLMs. The magnitudes of the
multiple signals and therefore the sensitivity for
antigen calibration depends on the quantity and
extent of ionization of DPPA. The signal magni-
tude is increased when the quantity of the acidic
lipid in the membrane decreases. A continuation
of this trend is not evident for membranes con-
sisting only of PC. The results indicate that the
phase structure of the lipid membrane is a pre-
dominant factor that sets the magnitude of the
current alterations. The time for appearance of
the first of a series of multiple transient signals
does not substantially alter as the concentration
of DPPA is changed. An increase of the pH of
bulk electrolyte solution (e.g., pH 8.0) which in-
creases the degree of ionization of DPPA and
reduces the net charge of the antibody resuits in
a decrease of the signal magnitude. This may be
due to the properties of the membrane, but the
binding activity and attractive electrostatic inter-
actions between antibody and antigen are also

reduced [25,26]. The presence of Ca?* in bulk
solution generally delays the time of appearance
of the multiple transients. BLMs can therefore be
designed to provide fast, sensitive transduction of
interactions of charged antibodies with antigens;
the example shown here having a detection limit
for determination of T4 near 10~° M of thyroxin
(for S/N =2 when based on the experimental
noise level of 0.5 to 0.7 pA, and using a time
window based on the full range of experimentally
observed times of responses from 50 to 120 s).
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Piezoelectric quartz crystal with separated electrode
for the simultaneous determination of atropine sulphate
and sodium chloride
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Abstract

A piezoelectric quartz crystal with one separated electrode that could be immersed in liquid was applied to the
simultaneous determination of atropine sulphate and sodium chloride in atropine sulphate eye drops. The average
relative errors were 4.0% for atropine sulphate and 2.7% for sodium chloride.

Keywords: Piezoelectric sensors; Atropine sulphate; Pharmaceuticals; Sodium chloride

The piezoelectric quartz crystal (PQC) sensor
has attracted increasing interest and applications
since it was introduced in 1964. For multi-compo-
nent analysis in gaseous phases, the use of piezo-
electric crystal arrays has also been proposed.
Carey et al. [1] used a piezoelectric crystal array
modified by different coating films. Chang et al.
[2] identified odorants with a piezoelectric crystal
array through neural-network pattern recogni-
tion. For the analysis of liquid samples, a multi-
calibration technique has been established for the
simultaneous determination of micro amounts of
o- and m-cresol using a liquid piezoelectric array
[3] and a method for the simultaneous determina-
tion of aspirin and salicylic acid using an unmodi-
fied piezoelectric sensor has also been suggested
[4].

Recently, a new type of piezoelectric sensor
for gases and liquids, the electrode-separated
piezoelectric quartz crystal, has been reported

Correspondence to: Shouzhuo Yao, Department of Chemistry
and Chemical Engineering, Hunan University, Changsha
410082 (China).

[5-8]. These sensors have been investigated with
regard to solution properties, density, viscosity,
specific conductance, permittivity, and mass, and
applied to chromatographic detection. In this
work, a piezoelectric quartz crystal sensor with
one separated electrode (PCSE) was designed
that can be inserted in liquids like the normal
piezoelectric quartz crystal (PQC). The sensor
was constructed with a piezoelectric crystal and a
silver rod. It was found that this PCSE sensor
shows a high response sensitivity to changes in
the specific conductance of solutions under cer-
tain conditions. Using this device, we carried out
the simultaneous determination of atropine sul-
fate and sodium chloride in guttae atropini sul-
phatis (atropine sulphate eye drops) with the help
of a calibration technique. The results showed
that the PCSE is more sensitive than the conven-
tional PQC detector; in addition, it is simple to
operate and has a rapid response owing to the
lack of a need for an inconvenient flowing system,
and can be applied to determine the traces of
several components in pharmaceutical systems si-
multaneously and rapidly.

0003-2670 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved



536

EXPERIMENTAL

Apparatus and reagents

An AT-cut, 9-MHz piezoelectric quartz crystal
(12.5 mm diameter, having two coated silver elec-
trodes) was obtained commercially (Peking). One
electrode of the piezoelectric crystal was dis-
solved away with aqua regia, and then the crystal
was washed with water and acetone and dried. A
silver rod of diameter 0.5 mm was ground with
sand paper, washed with water and acetone be-
fore drying and then fixed to the crystal. Lead
wires were soldered on the silver rod.

The PCSE designed here is shown in Fig. 1.
The silver rod electrode faced the electrodeless
surface of the crystal. The PCSE can be im-
mersed in liquid like a normal PQC. The PCSE,
holder and detection cell were placed in a ther-
mostated water-bath. In contrast with a device
reported by Nomura et al. [6], the surrounding of
the piezoelectric quartz crystal and the separated
electrode were entirely filled with a same kind of
solution. Both sides of the crystal were in contact
with liquid. The distance between the silver rod
and the crystal was about 0.5 mm and the volume
of the detection cell was about 10 ml.

The lead wires soldered to electrodes were
connected to a TTL oscillator made in this labo-
ratory. The frequency change was monitored by
an SS3320 frequency counter (Shijiazhuang Elec-
tronic 4th Factory) and the power was supplied
by a JY-30B d.c. voltage regulator (Shijiazhuang
Electronic 4th Factory). A Model 78-1 magnetic
stirrer (Shanghai Nanhui Telecommunications

V¢

L

—_ -
AN

/SN

Fig. 1. Configuration of the PCSE. (a) Lead wire; (b) quartz
crystal disc; (c) coated silver electrode; (d) silver rod elec-
trode; (e) solution; (f) water-jacket; (g) magnetic stirrer.
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Equipment Factory) was used to mix the solution.
The temperature was controlled by a Model
CS501 thermostat (Chonggin Trial Equipment
Factory). A microsyringe and a medical injector
(Shanghai Medical Injector Factory) were used to
add sample solution and remove waste solution.

All solutions were prepared from analytical-re-
agent grade chemicals. Atropine sulphate was of
pharmaceutical purity. Doubly distilled water was
used throughout.

Measurements

First, the PCSE device was immersed in 10 ml
of water which was thermostated at 25 + 0.2°C
and stirred at a constant rate. The stable oscilla-
tion frequency, f,, was recorded. After adding
electrolyte solution, the stable frequency, f, was
again recorded, giving the frequency shift, Af=f
—~fo- In order to ensure reproducility of the
measurements, the detection system was kept in
place throughout the determinations. The waste
solution was removed with medical injector. The
detection cell was then blown dry after washing
with water and acetone.

Suitable amounts of atropine sulphate and
sodium chloride were weighed accurately and dis-
solved in water to give standard solutions.

The sensor was immersed in the detection cell
containing 10 ml of freshly prepared 1.5 mM
NaOH solution (25 + 0.2°C; constant stirring
rate). To avoid the possibility of the dilute sodium
hydroxide reacting with atmospheric CO,, lead-
ing to frequency drift, the detection cell was
sealed with a cover in which a small hole was left
to insert a microsyringe. The stable frequency
response, f,, was measured. After injecting a
certain amount of atropine sulphate and NaCl,
the initial reaction time was registered immedi-
ately and the frequency values at different times,
f(1), were recorded. The frequency shift, Af(t)
= f,(t) — f,, was measured twice and the average
was used as the response of the PCSE.

Data analysis
Multiple linear regression (MLR) was used to
predict concentrations:

[C]b><n = [P]me[R]an (1)
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where [C] is a concentration matrix, [P] is a coef-
ficient matrix, [R] is a response matrix and b, m
and n are the numbers of components, time
windows and samples, respectively. The [P] ma-
trix can be estimated via a calibration set with
known concentrations and measured frequency
responses.

The program was written in BASIC and the
computer used was an' AST 286.

RESULTS AND DISCUSSION

Characteristics of PCSE

It was found that this type of PCSE sensor
could oscillate stably in gas and liquid environ-
ments in the same way as a normal PQC. For the
PCSE in air, the two separated electrodes have
the function of a capacitor, so an alternating
electric field can be exerted in the piezoelectric
quartz crystal and make it oscillate. The oscilla-
tion frequency is higher than that for a normal
PQC in air. With the PCSE in a liquid, it can
bring about stable oscillation with the help of the
properties of solutions. In contrast to the results
of Nomura et al. [6], this PCSE resonator can
oscillate stably in non-electrolyte-containing lig-
uids such as water and ethanol.

The equivalent circuit of the proposed PCSE is
shown in Fig. 2. R, L,, C, and C, are the
dynamic resistance, dynamic inductance, dynamic
capacitance and static capacitance of the piezo-
electric quartz crystal in a liquid, respectively. R,
and C, are the solution resistance and solution
capacitance. R; and C, are also solution resis-
tance and capacitance, but different to R, and
C,. It can be seen that the circuit becomes more
complicated than that of a normal PQC [9] be-

R, L| CI R;
C Cs
Y
REN
Ry
—{
¢
_* '_.__

Fig. 2. Equivalent circuit of PCSE.
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cause of the separated electrode and the two
sides of the crystal in contact with solution.

With the present system the specific conduc-
tance changes were investigated, but the influ-
ence of permittivity, density and viscosity of solu-
tion can be ignored. As shown in Fig. 3, when the
concentration of the electrolyte solution in-
creases, i.e., the specific conductance increases,
the resonant frequency becomes more negative.
The frequency shift is proportional approximately
to the concentration of electrolyte within a cer-
tain range. The slope of the frequency change
increases gradually. If the electrolyte concentra-
tion is too high, e.g. more than 5 X 10~3 M sodium
chloride, the PCSE resonator will stop oscillating
owing to the too large frequency shift (the fre-
quency is too low to oscillate stably). If the elec-
trolyte is added continuously, the frequency will
increase slowly and the resonator will restore
oscillation gradually in concentrated electrolyte
solution (about 2 X 1072 M), and when the con-
centration is up to certain value the frequency
will not change with variation of the electrolyte
concentration. In the range of experimental con-
centrations used, the frequency shift of the PCSE
resonator is several time larger than that of the
normal PQC [10,11].

A suitable volume of water was transferred to
the PCSE detection cell so that the level of the
water reached the centre of the coated silver
electrode of the piezoelectric quartz crystal. The
stable frequency (f') was recorded. Other stable
frequencies (f”) were monitored after adding
50-u1 aliquots of water. The relationship between
the oscillation frequency shift and the volume of
water is shown in Fig. 4. It can be seen that with
the addition of water the frequency decreases
and the influence of the depth of solution gradu-
ally weakens. When the surface of the liquid is
above the top of coated silver electrode, despite
the separated electrode of the quartz crystal, the
influence of the depth of liquid on the frequency
change is restricted to a few Hz, which corre-
sponds to the flat part of the curve. This result is
similar to that with a normal PQC. As the area of
the unseparated silver electrode is much larger
than that of the separated electrode, the effect on
the silver rod electrode frequency is slight com-
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Fig. 3. Correlation of frequency shift and concentration for
PCSE in (a) NaCl and (e) MgSO,.

pared with the coated silver electrode. Hence the
influence of depth can be neglected provided that
the coated silver electrode of the crystal is fully
immersed in solution. In this work, the distance
between the surface of the liquid and the top of
coated silver electrode was kept at about 1 mm.
Additionally, the size and shape of the detector
cell and the stirring rate were kept constant.

As shown in Figs. 3 and 5, if the water is
regarded as the reference solution, then the rela-
tionship between frequency shift and concentra-
tion of the electrolyte over a large range is not
strictly linear. However, under certain conditions,
for example, relative to the most dilute elec-
trolyte solution (e.g., 2 X 10~* M), the frequency
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Fig. 4. Influence of depth, i.e., volume of liquid added.

change is proportional to the electrolyte concen-
tration, i.e., the specific conductance. It was found
that the background electrolyte had a large influ-
ence on the determination. The presence of a
large amount of background electrolyte makes
the sensitivity of the frequency response increase
considerably and improves the linear relationship
between the frequency shift and concentration. In
this work, the analyses of the calibration set and
the unknown sample set were carried out in a
certain background electrolyte (1.5 mM NaOH)
and, moreover, the frequency shift was relatively
small (a few hundred Hz), in order to ensure that
the frequency shift response was restricted strictly
to the linear range.

- Af (KHZ)
A [ ]
30k
b )
A
20}
10t
1 x107“M
L |
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Fig. 5. Linear relationships between frequency shift and concentration. (a) NaCl. ® =2 X 10~* M sodium chloride background;
X =1.5x 103 M sodium hydroxide background. (b) NaOH. ® =2 X 10~* M sodium hydroxide background; a =2x 10> M

sodium chloride background.
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Fig. 6. Influence of distance, d, on NaCl (calibration). a =
<0.5 mm; X =0.5 mm; ®=1.5 mm. 2x10~* M NaCl back-
ground.

It was found that the greater the distance
between the rod electrode and the silver-coated
electrode of the crystal, the higher is the oscillat-
ing frequency. Figure 6 indicates that an increase
in the distance, d, is slightly advantageous for
improving the response sensitivity. However, the
effect is small, i.e., the cell constant does not
influence the slope of the frequency shift signifi-
cantly. Hence the measurement shows little de-
pendence on the distance, d, if the change is not
too large (0.5-1.5 mm). An increase in this dis-
tance, however, eventually makes the resonant
frequency unstable, and may even cause the res-
onator not to oscillate (e.g., more than 3 mm in
water). The suitable distance between the piezo-
electric crystal and the separated electrode was
selected as 0.5 mm and was maintained in all
subsequent experiments.

Simultaneous determination of atropine sulphate
and sodium chloride

Similarly to the normal PQC resonator, the
frequency shift (A f) of PCSE varies linearly with
the change in specific conductance (Ak) over a
limited concentration range, as has been dis-
cussed:

Af=S_Ax (2)
where S, is the sensor sensitivity for the specific
conductance. Denoting the equivalent concentra-

tion as C,; and equivalent conductance as A;, Eqn.
2 becomes

A Se
f= 1000

T ACA, (3)

i
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In the general experimental case, the value of S,
is about 2 X 10° Hz Q m, greater than the slope
of a normal PQC.

If an acid, HA, whose dissociation constant is
not very small is added to a large amount of base
(BOH), the frequency shift resulting from the
change of conductance is

Af=S(IA-_ lOH")CHA 4)

[ is the equivalent ionic conductance. For n acids,
then

Af=S Z (IA,-‘ _IOH‘)CHA,- (5)
i=1

Atropine sulphate [(C,;H,;NO,),-H,SO,"
H,0] is a belladonna alkaloid. As an antispas-
modic anticholine drug, it is widely used in clini-
cal treatment. There are many methods for its
determination, including non-aqueous titrimetry
[12].

Guttae atropini sulphatis is a hospital prepara-
tion in common use, sodium chloride being added
to obtain an isotonic solution. The stability of
atropine sulphate is dependent on the solution
pH. In alkaline solution, the atropine will dissoci-
ate:

CH,OH

l
H
o
OH

CH,OH
+ ~00C—CH

(a”)

This is a second-order reaction. For simplifica-
tion, a large excess of base is used, making the
reaction quasi-first order. Also, the large amount
of base in solution acts as a background elec-
trolyte. This is advantageous for the PCSE sensor
because it makes the response of the frequency
shift of the sensor more sensitive and linear.

At a certain temperature, the Kkinetic equation
of the quasi-first-order reaction is

C(t)=Cye™*
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Hence, for atropine sulphate, the frequency shift
that changes with time in basic solution is

Afi(#) = S[(lon-—1,-)Co e ™
+1,-Cy _IOH‘CO]
=5(1)Co (6)

where C, is the initial concentration of atropine
sulphate and k is the rate constant (independent
on the concentration).

For sodium chloride, the frequency shift is

Afy=S[(Inar+1c1-) Cnaal] = $2Cnact (7)
Hence the total frequency change Af is
Af=Af(t) +Af,
= S{[(IOH“— l-) e M+ l,-— lon*]co
+(Ina+t lCl_)CNaCl}
=5()Co+ 5:Cnacr (8

With progress of the reaction, Af,(z) changes
with time, but Af, does not. Therefore, quantita-
tive difference information on atropine sulphate
and sodium chloride can be obtained through
recording the frequency shift response at differ-
ent times, then carry out the simultaneous deter-
mination of the two components by a suitable
calibration technique.

The relationship between the response of the
frequency shift and the reaction time when vari-
ous concentrations of atropine sulphate were
added to excess of sodium hydroxide is shown in
Fig. 7. On account of the consumption of OH~
by the scopolic acid produced in the hydrolysis,
the osillation frequency of PCSE increases with
reaction time. The shapes of the curves at differ-
ent concentrations all approximate to first-order
decay graphs. Also, the frequency shifts at differ-
ent times are proportional to initial concentra-
tion. Hence the selective determination of at-
ropine sulphate in the mixture could be carried
out conveniently by linear calibration. This
method can remove the interference of non-hy-
drolysable substances. Figure 8 shows the plots of
frequency shift against reaction time for atropine
sulphate and sodium chloride. The two linear
response models are obviously different. More-
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Fig. 7. Frequency shift of PCSE for different concentrations
of atropine sulphate at different times (min). ® =0.01 mM;
A =002 mM; & =0.04 mM.

over, the curve for the frequency shift of the
mixed solution is the sum of the frequency shifts
of two components, indicating that the response
of the sensor to the specific conductance of the
solution possesses linear additability.

Sample analysis
Nine mixed solutions of atropine sulphate and
sodium chloride of various concentration were

Af (Hz)
-800¢} ) ) - i
-400r \\\

ok

[}

400r \\
\.\.

8005 5 0 8 T(min)

Fig. 8. Frequency shift patterns for atropine sulphate and
sodium chloride. ® =0.03 mM atropine sulphate; B =0.15
mM sodium chloride; a = sum of 0.03 mM atropine sulphate
and 0.15 mM sodium chloride.
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TABLE 1

Regression coefficients of [P] matrix

t (min) 1 4 7 10 15

A? -1.148 -0.572 +0.158 +0.825 +1.364
B2 —-2.001 +0.152 —-2447 +3.755 -0.089

2 A = atropine sulphate; B = sodium chloride.

TABLE 2

Multivariate determination of atropine sulphate and sodium
chloride ®

Sample Actual Found Relative error
No. concentration concentration (%)
-5 -5 - @

(107> M) (10° M) A B

A B A B
1 1.00 1000 097 1005 -3.01 0.50
2 1.50 6.00 1.52 6.28 0.97 4.72
3 2.50 5.00 263 4.90 512 -1.99
4 3.00 4.00 281 414 —-633 3.43
5 2.00 500 191 486 —447 -272

Average 3.98 2.67

2 A = atropine sulphate; B = sodium chloride.

prepared as a calibration set. The frequency shift
responses were determined according to the mea-
surement procedure. The coefficients of the ma-
trix which was evaluated based on Eqn. 1 are
listed in Table 1. Five other mixed solutions con-
taining 1 X 107°-3 X 107> M atropine sulphate
and 4 X 107°-10 X 1073 M sodium chloride were
prepared as unknown samples and measured un-
der the same experimental conditions.

The predicted concentration results are given
in Table 2. The average relative errors are 4.0%
for atropine sulphate and 2.7% for sodium chlo-
ride. The lowest concentration that can be deter-
mined with the PCSE device is 1 X 107> M, which
is much lower than is possible with the normal
PQC [4].
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Conclusion

The simultaneous determination of atropine
sulphate and sodium chloride can be carried out
with the proposed piezoelectric sensor (PCSE)
using an MLR calibration method. It shows a
higher sensitivity to specific conductance than the
normal PQC. This type of PCSE does not need
complex flowing devices, in contrast to others
that have been reported [5,6,8], so it is much
simpler to operate. This PCSE, immersed in solu-
tion like a normal unmodified PQC, can also be
used in frequency titrations, for example, and
should have wider applications.

This work was supported by the Natural Sci-
ence Foundation and the Education Commission
Foundation of China.
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Flow-injection derivative Fourier transform infrared
determination of methyl tert-butyl ether in gasolines
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Abstract

A procedure was developed for the flow-injection Fourier transform (FT) infrared spectrometric determination of
methyl fert-butyl ether (MTBE) in unleaded gasolines. The method is based on the use of first-order derivative
measurements in a flow system. The experimental procedure requires only the dilution of samples with hexane and
the injection of a 320-ul volume into a carrier flow of hexane. The FT-IR spectra are continuously recorded and the
first-order derivative obtained. The flow-injection peaks are established from the variation with time of the d 4 /dF
values found between 1209 and 1201 cm~!. Using a micro flow cell with a 0.117 mm path length and a carrier
flow-rate of 0.45 ml min !, the limit of detection of the method corresponds to 0.025% (v /V). The recovery of MTBE
varies from 98.2 to 102% and the relative standard deviation is 0.6% for samples containing 0.8% (v/v) MTBE.
Results obtained in the analysis of real unleaded gasoline samples compare well with those found by gas
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chromatography.

Keywords: Infrared spectrometry; Flow injection; Derivative spectroscopy; Gasoline; Methyl tert-butyl ether

The development of flow-injection (FI) proce-
dures for the analysis by infrared (IR) spectrome-
try, and especially Fourier transform (FT) IR
spectrometry, has helped to solve some of the
main problems [1-3] of quantitative determina-
tions by FT-IR methods. The use of FI-FT-IR
decreases the consumption of reagents, provides
rapid sampling and easy cleaning of the flow cell,
permits the continuous monitoring of the base-
line of spectra and enhances the simultaneous
determination of several components in the same
sample [4-13].

However, the determination of organic com-
pounds in complex matrices suffers from serious
limitations owing to the overlapping of ab-
sorbance bands, which prevents the direct deter-

Correspondence to: M. de la Guardia, Department of Analyti-
cal Chemistry, University of Valencia, 50 Dr. Moliner Street,
46100 Burjassot, Valencia (Spain).

mination of a series of compounds and causes
strong matrix interferences.

The use of derivative techniques in spectrome-
try has opened up new possibilities for the resolu-
tion of mixtures and compensation for matrix
interferences [14-17]. Several methods have been
developed in derivative IR spectrometry [18,19].

Methyl tert-butyl ether (MTBE) is an anti-
knock agent commonly employed in unleaded
gasolines. The additive is frequently determined
by gas chromatography (GC) in gasolines [20-25],
in synthetic products [26] and in estuarine waters
and sediments [27]. Spectrometric techniques
have also been employed for the determination of
MTBE in gasolines. A nuclear magnetic reso-
nance spectrometric method, which provides a
detection limit of 0.1% (v/v), has been developed
[28], and a near-infrared method has been ap-
plied to the direct measurement of MTBE in
gasolines with an associated standard error of

0003-2670/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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0.1% (v/v) by using the second overtone near-IR
region [29].

Only one reference was found to the FI-IR
determination of MTBE, namely a batch method
for determination of MTBE in gasolines based on
direct absorbance measurement at 851 cm~! by
using attenuated total reflectance, which provides
poor sensitivity and a relative standard deviation
between 1 and 1.6% for the analysis of samples
containing 7% (v/v) of MTBE [30].

The aim of this work was to develop a proce-
dure for the direct determination of MTBE in
gasolines by Fl-derivative FT-IR spectrometry.

EXPERIMENTAL

Apparatus and reagents

A Perkin-Elmer Model 1750 Fourier transform
infrared spectrometer, with an FR-DTGS tem-
perature-stabilized coated detector and equipped
with a Series 7700 data station, was employed for
absorbance measurements, with a nominal reso-
lution of 4 cm ™!, using a Specac (Orpington, UK)
micro flow cell with KBr windows and a path
length of 0.117 mm.

The manifold employed for FI measurements
and for stopped-flow experiments was essentially
the same described previously for the determina-
tion of carbaryl in pesticide formulations [13] and
benzene [11] in gasolines.

Analytical-reagent grade MTBE supplied by
Repsol (Cartagena, Spain) and hexane from Pan-
reac (Barcelona, Spain) were used as received.

Software

A series of computer programs were devel-
oped in order to carry out FI measurements and
the software package developed for the continu-
ous monitoring of the absorbance spectra, as a
function of time, has been described previously
[9,12). This previous software was modified in
order to obtain and store the peak-height ab-
sorbance values, taking into account the selected
baseline and the exact position of the absorbance
maxima, and to determine the derivative spectra
and establish the corresponding FI peaks in the
derivative mode.

M. de la Guardia et al. / Anal. Chim. Acta 282 (1993) 543-550

The second part of the software was developed
for this study and from the program CALCU-
LAR.oy (written in OBEY). It combines the pos-
sibilities of the data station to carry out the
mathematical treatment of the IR spectra and
those of the developed software to select and
store the IR data. The data obtained by this
modified program (at present called PROC-
ESS.oy) are employed in the program FIA-
GRAMA bas (written in BASIC) to record, as a
function of time, the derivative values of the
absorbance spectra, in a similar way to that de-
scribed previously [9] for zero-order spectra.

General procedure

To develop the FI-FT-IR procedure, the IR
spectra of real gasoline samples and standard
solutions of MTBE in hexane were studied in the
range 1350-800 cm™!, carrying out direct ab-
sorbance measurements in the zero-order and
different derivative order modes to obtain the
most appropriate conditions for the determina-
tion of MTBE in gasolines without any sample
pretreatment. Subsequently effect of flow-injec-
tion parameters was studied in order to deter-
mine the analytical figures of merit under the
most convenient conditions. Several experiments
were also carried out in the stopped-flow mode in
order to improve the limit of detection by means
of the accumulation of a series of spectra.

FI derivative FT-IR analysis

Dilute 10 ml of gasoline to 25 ml with hexane
and inject 320 wl of this solution into a 0.45 ml
min~! carrier stream of pure hexane. Solutions of
MTBE in hexane, in a concentration range from
0.035 to 1.5% (v/v) and containing also 40%
(v/v) of a leaded gasoline without MTBE, were
employed as standards. Record the FT-IR spec-
tra of samples and standards, using a nominal
resolution of 4 cm ™! between 1350 and 800 cm ™!,
calculate the first-order derivative and determine
the derivative values between 1209 and 1201
cm ™. From these data construct the FI peaks for
each solution. Determine the peak heights and,
from the measurement obtained for standards,
adjust the corresponding calibration line by the
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least-squares method. Interpolate the peak-height
values of samples in the above regression line.

MTBE standards in pure hexane provide, in
the derivative mode, a calibration line similar
than that obtained in the presence of a leaded
gasoline matrix, so this kind of standard can also
be employed.

Alternatively, gasoline samples were analysed
by using the zero-order absorbance spectra, work-
ing at 1088 cm~! with a baseline established
between 1154 and 985 cm ™!, both directly and by
the standard addition method. In the latter in-
stance, known volumes of a stock solution of 5%
(v/v) MTBE in hexane were added to 5-ml vol-
umes of gasoline and the volume was completed
to 25 ml with hexane.

Gas chromatographic analysis

Using the ASTM procedure [20], commercial
samples of gasoline were analyzed by an indepen-
dent laboratory (British Petroleum, Castellén,
Spain).

The standard test method consists of in adding
tert-amyl alcohol, as an internal standard, to the
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gasoline samples, which are then injected (3 nl)
into a gas chromatograph equipped with a polar
1,2,3-tris-2-cyanoethoxypropane (TCEP) liquid-
phase column, a non-polar wall-coated open
tubular methylsilicone capillary column and a col-
umn-switching valve.

RESULTS AND DISCUSSION

FT-IR spectra of MTBE

Figure 1 shows the transmittance spectrum of
a film of pure MTBE compared with the spec-
trum of hexane. The additive shows a series of
well defined bands in the wavenumber range
1350-800 cm™!, so these bands could be em-
ployed for the determination of MTBE in paraf-
finic solutions. However, when the spectra of
different types of gasolines are recordered in the
above-mentioned wavenumber range (see Fig. 2),
strong matrix interferences can be seen.

Figure 3 demonstrates that the absorbance
spectra of hexane solutions containing MTBE,
measured in a micro flow cell with a spacer of
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Fig. 1. Transmittance spectra, obtained in film for (A) pure MTBE and (B) hexane.
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Fig. 2. Transmittance spectra of (A) MTBE, (C) a gasoline

sample containing MTBE and (B) a gasoline without MTBE.
All the spectra were obtained in film.
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0.117 mm, provides two strong bands at 1205 and
1088 cm ™! and a less intense band at 853 cm™?.
These bands overlap the matrix bands (see the
spectrum of a leaded gasoline without MTBE),
but could be employed to determine the additive
in real gasoline samples, as can be seen in Fig. 4.
Figure 4 shows the spectra of a 1% (v/v) MTBE
in hexane solution, a hexane solution of a real
gasoline sample containing MTBE and the same
sample fortified with an additional concentration
of MTBE, and it can be seen that probably an
appropriate selection of the spectral baseline and
the use of the standard addition technique could
provide good results in the analysis of real gaso-
lines.

Direct determination of MTBE in gasolines

Attempts were made to determine MTBE in
real gasoline samples by using the highest sensi-
tivity band, at 1088 cm~!. Volumes of 320 ul of
different standards of pure MTBE in hexane
(from 0.035 to 1.5%, v/v) were injected into a
hexane carrier flow of 0.45 ml min~! and the
absorbance at 1088 cm~! was recordered as a

~
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Fig. 3. Absorbance spectra, obtained in a micro flow cell with a 0.117-mm spacer, of: (1) hexane and 40% (v/v) gasoline in hexane

solutions both (2) without and (3) with MTBE.
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Fig. 4. Absorbance spectra of (4) a 1% (v/v) MTBE solution in hexane, (3) a 40% (v/v) gasoline solution and (5) the same solution
of gasoline fortified with an additional 1% (v/v) of MTBE. Reference: hexane (1).

function of time. A baseline between 1154 and
985 cm ! was employed. .

The least-squares fitting of the absorbance val-
ues (A) versus MTBE concentration [C (%, v/V)]
provides the following regression line:

A=0.0018 + 0.2510C

with a regression coefficient R = 0.99989 (n = 7),
which is similar to that obtained by the standard
addition method for the analysis of an unleaded
sample:

A =0.300+ 0.2536C

However, analysis of a sample containing 1.78%
(v/v) MTBE gave a result of 2.94% (v/v) by the
direct procedure and 2.90% (v /v) by the standard
addition method, indicating that the band at 1088
cm~! is strongly affected by spectral interfer-
ences from the matrix. Similar results were ob-
tained when the same study was carried out at
1205 cm ™! using different baselines. On the other
hand, low values of MTBE in leaded gasolines
(which do not contain the additive) were obtained
by direct FT-IR measurements at 1088 and 1205

cm™!, also indicating the presence of spectral

interferences from the matrix.
For the band at 853 cm™!, the following cali-
bration line could be established:

A =0.000, + 0.0645C

which shows a considerably decreased sensitivity
and makes it necessary to prepare standard solu-
tions of MTBE in a leaded gasoline matrix (not
containing MTBE) in order to define an appro-
priate baseline between 865 and 840 cm ™.

By using the above-mentioned calibration line,
values of the same order as the real values ones
could be obtained for unleaded gasolines. A con-
centration of 0.38% (v/v) was obtained for a
gasoline sample actually containing 0.46% (v/v)
of MTBE.

Derivative spectra of MTBE

Figure 5 shows the zeroth-, first-, second-,
third- and fourth-order derivative absorbance
spectra of a 40% (v/v) solution in hexane of a
gasoline without additive, a 1% MTBE solution
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Fig. 5. Zeroth-, first-, second-, third- and fourth-order derivative spectra of MTBE at (A) 1088, (B) 1205 and (C) 853 cm ™. Spectra
(a) correspond to a real matrix of leaded gasoline diluted 40% (v/v) in hexane, spectra (b) were obtained for 1% (v/v) MTBE in
hexane solutions and spectra (c) for the same solutions in the presence of 40% (v/v) of a real gasoline not containing the additive.

in hexane and the same solution in the presence
of a 40% (v/v) real gasoline matrix and it can be
seen that the matrix strongly affects the most
important bands of MTBE (1088 and 1205 cm ™ 1).
However, the use of derivatives provides greater
similarity between MTBE signals both in the
presence and absence of the matrix, especially at
the 1205 cm ™. Therefore, for the direct determi-
nation of MTBE in real gasolines, the use of the
first-order derivative spectra at 1205 cm ™! can be
recommended. For the band at 853 cm™! poorer
results were found (see Fig. 5C) owing to the low
sensitivity of the MTBE determination at this
wavenumber.

All the spectra in Fig. 5 correspond to the
same concentration of MTBE and the sequence
of the different order derivative spectra indicates
that the spectrometer changes the ordinate scale,
in order to compensate for the loss of sensitivity
caused by the use of derivatives. However, there
is an increase in noise, as evidenced by the signals
obtained for blank solutions. Hence, it is prefer-
able to use low derivative orders for the determi-
nation of MTBE by FT-IR spectrometry.

In this study, peak-to-peak measurement be-
tween 1209 and 1201 cm™! in the first-order
derivative spectra was selected, which permits an
analytical sensitivity comparable to that obtained
by using zero-order absorbance values to be ob-
tained.

Effect of the derivative window on the FT-IR
determination of MTBE

To work in the derivative mode it is necessary
to select the derivative window of the spectrome-
ter. As can be see in Fig. 6, the increase in the
size of the window provides a decrease of sensi-
tivity and this parameter must be optimized. A
sensitivity value (expressed as the slope of the
calibration line) of 0.3518 “derivative units” per
% (v/v) of MTBE was found for a derivative
window of five points. Under the same conditions
a limit of detection of 0.035% (v/v) for MTBE
and a relative standard deviation of 0.6%, for five
independent measurements of a sample contain-
ing 0.8% (v/v) of MTBE, were found.

The above figures of merit compare well with
those obtained by direct measurement of the
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Fig. 6. Effect of the derivative window on the calibration lines
obtained for the derivative spectra of MTBE solutions. Win-
dows values of (0) 5, (0) 9 and () 13 data points were
assayed for a reading interval of 1 cm~! and a resolution of
4ecm™ L

absorbance at 1205 cm™!, because in this in-
stance a sensitivity of 0.1881 absorbance per %
(v/v) and a limit of detection of 0.025% were
found.

To check the accuracy of the derivative FT-IR
determination of MTBE, the recovery of MTBE
added to leaded gasolines not containing the ad-
ditive was measured. The results in Table 1 indi-
cate that the method provides a recovery between
98.2 and 101.2%.

FI-derivative FT-IR determination of MTBE in
real gasoline samples

Based on the above, the first-order derivative
FT-IR spectra measured between 1209 and 1201
em~! can be selected for the determination of
MTBE in gasoline using hexane as the carrier
and diluent of samples. The FI parameters were
chosen in the same way as in previous studies
[9-13] in order to obtain a good sensitivity and a
high sample throughput.

TABLE 1

Recoveries of MTBE obtained by the derivative FT-IR analy-
sis of gasoline samples

MTBE added MTBE found Recovery (%)
(%, v/v) (%, v/v)

0.400 0.395 98.8

0.800 0.810 101.2

1.200 1.180 98.3
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TABLE 2

Results obtained for the GC and FI-derivative FT-IR analy-
ses of commercial gasoline samples for MTBE

Sample MTBE found (%, v/v)

No. GC FT-derivative FT-IR ?
1 0.38 0.39+0.02

2 1.78 1.77+0.03

3 0 Below detection limit
4 0.82 0.83+0.01

5 0 Below detection limit
6 4.4 46 +0.1

2 Mean+S.D. (n=5).

An injection volume of 320 pl assumes only an
8% decrease in the sensitivity obtained when
working in the batch mode. The use of a carrier
flow-rate of 0.45 ml min~! provides a 45 injec-
tions per hour sample throughput. Under these
conditions each FI peak can be defined from
three FT-IR spectra (taking into account that the
instrument employed permits only one spectrum
to be obtained and stored every 19 s).

Under the above conditions, and using the
procedure described under Experimental, a series
of real gasolines samples were analysed. Table 2
summarizes the results obtained by the proposed
FI-derivative FT-IR method and also those ob-
tained for the GC determination of MTBE, car-
ried out by a control laboratory in the petroleum
industry. As can be seen, the developed proce-
dure provides the same results as the ASTM GC
procedure [20).

A typical equation of the calibration line ob-
tained by FI-FT-IR is

dA/dr=0.000, + 0.3524C

with a regression coefficient R =0.9998 (n=7)
when standards were prepared in hexane and

dA/dr=0.000, + 0.3518C

with a regression coefficient R =0.9998 (n=7)
when standards were prepared in leaded gasoline
not containing MTBE.

In order to improve the limit of detection of
the FI-derivative FT-Ir determination of MTBE,
a series of experiments were carried out in the
stopped-flow mode. Under these conditions good
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calibration lines were obtained with a typical
equation

dA/dr =0.000, + 0.3830C

with a regression coefficient R =0.9998 (n =7),
which provides a small increase in sensitivity and
a limit of detection of 0.025% (v/v), which is
lower than that obtained in the FI mode. Under
these conditions the relative standard deviation
for five measurements of a sample containing
0.8% (v/v) of MTBE was 0.2%.
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Abstract

Flow analysis methodology is presented for the determination of morphine in process streams. Detection is
achieved by monitoring the resultant chemiluminescence (CL) emission from the reaction of morphine and acidic
potassium permanganate in the presence of tetraphosphoric acid. Calibration graphs are linear over two orders of
magnitude of concentration with a detection limit (3:1 signal-to-noise ratio) of 5 X 10~® M and relative standard
deviation of 0.4% at 1.4 X 10~* M. Interferences from other alkaloids in the extract are negligible due either to lack
of CL response or to low concentrations of the concomitants. Some discussion regarding the nature of the emitting
species is presented based on CL spectra from morphine and other structurally related alkaloids. The analytical
results obtained on process samples compared most favourably with results from a validated liquid chromatographic

method.

Keywords: Chemiluminescence; Flow injection; Morphine

Analytical interest in chemiluminescence (CL)
has increased considerably in the last few years as
shown in the review of CL by Townshend [1]
which indicated the selectivity and sensitivity pos-
sible with this mode of detection. It has been
assumed that the oxidation of morphine to its
dimer (pseudomorphine) directly produces CL,
with the use of acidic permanganate and te-
traphosphoric acid giving the greatest intensity
[1,2]. Abbott et al. [2] employed this reaction with
flow-injection analysis (FIA) to produce a screen-
ing method for forensic purposes.

Morphine is extracted from Papaver som-
niferum (opium poppies) by a proprietary process

Correspondence to: N.W. Barnett, School of Biological and
Chemical Sciences, Deakin University, Geelong, Victoria 3217
(Australia).

involving a series of alkaline, acidic and solvent
extraction procedures. Two aqueous process
streams were studied and are designated here as
extract A and extract B. Control of the concen-
tration of morphine in these process streams in-
fluences directly manufacturing capacity and effi-
ciency. Therefore rapid measurement of the mor-
phine concentration allows adjustment of process
control parameters (e.g., extraction ratios, flow-
rates) to allow continual system optimisation.
Historically the analysis of these streams has been
performed using variants of colorimetric tech-
niques [3], radioimmunoassay [4] and liquid chro-
matography (LC) [5]. On-line analysis has been
performed on the above process with segmented
flow analysis (SFA) [6] using oxidation of mor-
phine to pseudomorphine followed by fluores-
cence detection. The disadvantages of this ap-
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proach are the need for the removal of fluores-
cent interferences by solvent extraction, long
analysis times (20 min per determination), high
cost of reagents and the intrinsic limitations of
process SFA. The typical aqueous process stream
from morphine manufacture presents a number
of challenges to the design of a system for on-line
analysis. The process liquors are characterised by
a pH between 9.0 to 12.6 and a large organic
content containing a mixture of organic acids,
sugars, as well as complex aromatic and aliphatic
species including the presence of other alkaloids
related structurally to morphine. The major alka-
loids present in extracts of Australian P. som-
niferum are morphine, codeine, thebaine, pa-
paverine, pseudomorphine and oripavine [7] with
morphine concentrations typically 100 times
greater than the other alkaloids [8].

This paper describes the modification and util-
isation of a FIA-CL method [2] for the determi-
nation of morphine in aqueous solutions obtained
during the full-scale process extraction of alka-
loids from P. somniferum. Quantitative data are
compared with results using established reversed-
phase LC methodology [9]. CL emission spectra
were recorded for morphine, pseudomorphine
and oripavine with a view to elucidating the pos-
sible nature of the emitting species.

EXPERIMENTAL

Instrumentation

A simple two-line FIA manifold was employed
with no reaction coil required, reagent and car-
rier solutions were pumped at flow-rates between
1-4 ml min~! by a peristaltic pump (Technicon
AA?2). Samples and standards were injected into
the carrier stream via a six port valve (Waters)
with a 100-ul sample loop. PTFE tubing (0.8 mm
i.d.) was used to connect the reagent streams to a
T-piece with 0.9 mm i.d. The CL emission was
detected with a modified Millipore (Waters)
Model 420 fluorescence detector with the flow
cell and lamp removed and a replacement flow
cell consisting of a coil of PTFE tubing placed
directly in front of the PMT, as described previ-
ously [1,2]. The cell housing was covered to pre-
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vent entry of stray light to the PMT. The detector
response was recorded on a Millipore (Waters)
Model 745 computing integrator. The CL inten-
sity time profile was measured on a modified
Beckman DB-G spectrophotometer. The light
source was removed, the reference beam blocked
and a microswitch added to permit synchronisa-
tion of injection time. CL spectra were obtained
by continuously pumping solutions of alkaloids
(0.1%) and potassium permanganate (1.2 X 1073
M) in sodium hexametaphosphate solution at pH
1.2 into a mixing T-piece positioned immediately
prior to the flow cell of a spectrofluorimeter
(Perkin Elmer Model 204A). The respective
flow-rates of the two streams were 2.5 ml min~!
and 0.7 ml min~!. The spectrofluorimeter was
operated with the excitation source shutter closed
and in scanning made from 220 nm to 780 nm at
60 nm min ~!. The resultant spectra were recorded
on a computing integrator (Perkin Elmer 740).
31p NMR measurements were made on a Jeol
Model INM-GX270 FT-NMR spectrometer.

Reagents

Analytical-reagent grade chemicals were used
throughout with the exception of sodium hexam-
etaphosphate technical grade (Albright and Wil-
son, Melbourne). Solutions were prepared in high
purity deionised water (Millipore, MilliQ Water
System, Bedford, MA). Morphine and other alka-
loid standards were obtained from Glaxo Aus-
tralia and solutions were prepared by dissolving
the free base in dilute sulfuric acid and diluting
as required. The potassium permanganate solu-
tion was kept in a light-tight bottle at a concen-
tration of 6 X 10~* M and the sulfuric acid car-
rier solution was maintained at 0.1 M except for
the experiments with sodium hexametaphosphate
at varying pH values.

RESULT AND DISCUSSION

Preliminary experiments

Approximately 2 ml of various alkaloid solu-
tions (5 X 10™* M) in tetraphosphoric acid (0.1
M) were injected into test tubes containing 2 ml
of potassium permanganate solution (6 X 104 M
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Fig. 1. A typical CL intensity-time profile resulting from the
mixing of morphine (5X 10™* M) in tetraphosphoric acid (0.1
M) with potassium permanganate (6 10~* M, pH 1.2).

at pH 1.2). This was carried out in a darkened
room in order to visually observe any resultant
CL emission. A rapid flash of bright red-orange
light was observed for morphine, pseudomor-
phine and oripavine, however no light was seen
upon introduction of either codeine or thebaine
solutions. These qualitative tests were transferred
to the modified Beckman DB-G spectrophotome-
ter so as to investigate the intensity versus time
profiles of the CL reactions. Figure 1 shows a
typical response for morphine with the maximum
occurring around 0.9 s after injection. While less
intense, response profiles for the other alkaloids
which exhibited CL were similar. To complement
the visual observations, CL emission spectra were
obtained for morphine, pseudomorphine and ori-
pavine (Fig. 2). The poor signal-to-noise ratio
(SNR) characteristics of these spectra result from
insufficient damping of the LC pump pulsations.
However, within the limits of the SNR the three
spectra are essentially the same with respect to
wavelength, all exhibiting emission maxima in the
range 608 to 611 nm. The magnitude of the
change in CL intensities from morphine to ori-
pavine to pseudomorphine is quantified in the
following section. The high degree of coincidence
of the three spectra shown in Fig. 2 together with
the observed kinetic similarity implies that the
emitting species in each case is the same or
closely related. Tsaplev [10] has shown that acidic
potassium permanganate solutions will generate
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red-orange CL from compounds including ascor-
bic acid, hydroquinone and p-phenylenediamine
as well as morphine. Both in this study [10] and in
the work of Abbott et al. [2] the presence of
Mn?* was shown to enhance the CL resulting
from the reaction of morphine with acidic KMnO,
in orthophosphate solution. Tsaplev [10] uses this
observation to propose a mechanism for the gen-

morphine

oripavine

RELATIVE CHEMILUMINESCENCE INTENSITY

pseudomorphine

AN

T T T T |
220 340 460 580 700 820

Wavelength (nm)

Fig. 2. CL emission spectra of the three alkaloids which gave a
positive visual response. All three alkaloid solutions were
0.1% and the spectra were recorded at the same attenuation.
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eration of CL that involves the reduction of man-
ganese(III) ions to electronically excited man-
ganese(Il) ions which subsequently emit orange
photons to return to the ground state. This path-
way is not unreasonable since Mn(III) is relatively
stable in acidic solution and can be obtained
by either oxidation of Mn(II) or reduction of
Mn(VID) [11].

We should like to extend this proposed mecha-
nism [10] by considering some common structural
features of the molecules studied here and by
others [2,10). Many of the compounds investi-
gated by ourselves and Abbott et al. [2] are struc-
turally related as illustrated below by the six
major alkaloids from P. somniferum [7] with pa-
paravine being the obvious exception.

H,CO 0 OH

Oripavine

Pseudomorphine is the dimer of morphine joined
at carbon-2.

HO o) OCH,

\

N

|
CH,

Codeine
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OCH,

Papaverine

The only molecules which gave analytically
useful CL in either the present study or that of
Abbott et al. [2] were those possessing the pheno-
lic-OH group at carbon-3 and the furan bridge
between carbons-4 and -5.

It is feasible that the manganese(II) may be
complexed via the furan and phenolic oxygens;
two or three suitable molecules may form the
complex. It is known [11] that manganese(I)
complexes can be oxidised to manganese(III)
species using acidic potassium permanganate. It
is our postulate that the manganese(III)-alkaloid
complex is subsequently reduced (possibly via the
tertiary amine between carbon-9 and -16) to an
electronically excited manganese(II) complex
which then emits a photon. The proposed path-
way is analogous to the generation of CL from
the reduction of ruthenium(I1I) chelates [12]. The
computer generated structure of morphine shown
in Fig. 3 is instructive for visualising how the
Mn?* ion might coordinate with the oxygen atoms
thus forming a rigid complex, which is most desir-
able for all types of luminescence [13]. The varia-
tion in CL intensity between compounds (see Fig.
2) probably reflects the relative ease of forming
the manganese(I) complex. Given the size of
pseudomorphine it is reasonable to expect that it
may be sterically hindered in forming a chelate
with Mn?* relative to morphine and/or ori-
pavine and this is reflected in the relative FIA
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Fig. 3. A computer generated structure of morphine showing
the positions of the chelating oxygens and the rigid nature of
benzene and furan rings.

responses observed. It is also clear from our study
and the work of others [2] that the large “poly-
phosphate” anions play a role in the generation
of CL. However what is not understood is their
actual function which may be either as a complex-
ing ligand or as a media organiser (similar to a
micelle).

Method development

The geometry of the modified fluorescence
detector restricted the positioning of the mixing
T-piece (which joined the reagent and carrier
tubes) to a minimum distance of 15 mm from the
flow cell. CL response for a 3.5 X 10™* M mor-
phine standard was monitored with the T-piece at
various distances up to 100 mm from the flow
cell. The maximum response was achieved with
the T-piece as close as possible (15 mm) to the
flow cell. This was to be expected on the basis of
the kinetic profile shown in Fig. 1. In order to
ensure that the maximum amount of CL emission
was seen by the PMT, the coiled flow cell was 150
mm in length. The CL response from the PTFE
flow cell was compared with that from a similar
device fabricated from a glass capillary. The re-
sultant CL intensities were the same within in-
strumental precision. Therefore, PFTE was cho-
sen for all further work providing adequate sensi-
tivity and the robustness required in process anal-

555

ysis. In a purpose built process instrument the
T-piece would be placed inside the detector hous-
ing.

The total flow-rate (with equal carrier and
reagent flow-rates) was varied from 2.2 ml min !
up to 6.3 ml min~! with the maximum response
being achieved at 6.3 ml min~!. The measured
response at 2.2 ml min~! was about 40% of that
at 6.3 ml min~ !, which is consistent with the rate
of the CL reaction and the respective linear flow
velocities. A total flow-rate of 5.0 ml min~! was
chosen for the system as we had experienced
some back pressure problems at the higher flow-
rates. The slight drop in response (~ 10%) at the
lower flow-rate was considered an acceptable ex-
change for the increase in instrumental reliability.
Reagent consumption at these flow-rate was ap-
propriate for continuous process monitoring.

It has been shown [2] that the presence of
tetraphoshoric acid greatly enhances the CL sig-
nal. However, the CL response when using te-
traphosphoric acid decreases significantly
overnight. As the sample throughput of the pre-
sent system is better than 100 h~! periodic recali-
bration will compensate for the changing re-
sponse. The loss in response was postulated to be
caused by the acid hydrolysis of the tetraphos-
phoric acid to orthophosphoric acid thereby cre-
ating a significantly different molecular environ-
ment. To test this hypothesis a fresh solution of
0.1 M tetraphosphoric acid was used to examine
morphine response in the system and a second
sample of the acid was placed simultaneously in a
3P NMR sample tube. Tri-n-butylphosphine ox-
ide (0.1 M) was used as an internal standard. The
peak integrals for the major peaks observed in
the tetraphosphoric acid spectra were processed
relative to the internal standard (see Fig. 4). The
conversion of the phosphorus chemical environ-
ment was represented by the chemical shift of
—23.4 ppm into another environment at +0.74
ppm. While the 3'P NMR results do not defini-
tively support the hypothesis it is clear that there
is a change in the phosphorus species present
which parallels the decrease in CL intensity.
Sodium hexametaphosphate was thought to be a
possible alternative to tetraphosphoric acid as it
has a slower hydrolysis. Instrumental response
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Fig. 4. A comparison of relative responses (with time) be-
tween the morphine CL response (5X10~% M) and two 3'P
NMR signals at +0.74 ppm and —23.4 ppm.

and temporal stability was monitored for a mor-
phine standard (3.5 X 10™% M) in solutions of
sodium hexametaphosphate (0.1 M) at various pH
values. These results were compared with the
response from a morphine standard (3.5 X 104
M) prepared in tetraphosphoric acid (0.1 M) at
pH 1.2. The initial responses at pH 1.2 with both
tetraphosphoric acid and sodium hexametaphos-
phate were identical. After 24 h the decreases in
the responses were 40% and 20%, respectively.
This improved temporal stability was observed as
the pH of the sodium hexametaphosphate was
increased to pH 6.6 (unadjusted) at which point
the percentage change in response after 24 h was
zero. However, the sensitivity was degraded by
about an order of magnitude. Depending upon
the dilution factors chosen for the process ex-
tracts A and B the sodium hexametaphosphate
matrix at its unadjusted pH of 6.6 may provide
adequate sensitivity coupled with the reagent sta-
bility necessary for continuous on-line monitor-
ing.

To ascertain the magnitude of concomitant
interferences, solutions of five major alkaloids
from P. somniferum (3.5 X 10~% M) were moni-
tored with the FIA-CL system. Relative to the
3.5x 10~* M morphine signal the codeine, the-
baine and papaverine standards gave no measur-
able response, however, the relative responses of
pseudomorphine and oripavine were 29% and
71% of the morphine signal. Thus, the latter two
alkaloids could interfere with the determination
of morphine at this concentration. Fortunately
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these species are present in the process extracts
at concentrations considerably less than 100 times
that of the morphine [8] and thus they do not
constitute a significant interference problem.

Calibration graphs were obtained with the te-
traphosphoric acid at pH 1.2 and the sodium
hexametaphosphate at pH 6.6. Five aqueous mor-
phine standards ranging in concentration from
35X 107% M to 3.5 X 10~* M were injected five
times and the mean area plotted. Both graphs
were linear up to the highest standard with equa-
tions to the lines of y =2.4x — 6.8 and y = 0.25x
+2.4 respectively, where y is the CL signal in
area counts and x is the morphine concentration
(x10™% M), the correlation coefficients were
0.9999 and 0.9989, respectively. Detection limits
were determined (signal to noise ratio of 3:1) as
5% 1078 M using tetraphosphoric acid and 1 X
1075 M with sodium hexametaphosphate. The
respective relative standard deviations were cal-
culated from ten replicate injections as 0.4% (at
1.4 X 10~* M) and 1.4% (at 3.5 X 10~* M). These
two morphine concentrations were chosen for the
precision determinations as they represent the
approximate concentrations of the diluted pro-
cess extract A used for analysis.

Analysis of process streams

In order to alleviate sample matrix effects aris-
ing from the pH and dissolved solids content the
extracts were manually diluted prior to analysis.
Dilution was routinely carried out with 0.1 M
sulfuric acid to increase compatibility with the
carrier and reagent streams. As the morphine
concentration range of extract A was 0.3% to
05% w/v (1.1xX107%2 M to 1.8x1072 M) a
dilution factor of 100 was required to ensure
good sensitivity in the linear region of the calibra-
tion graph obtained with tetraphosphoric acid.
The relatively high dilution of extract A samples
also facilitated the elimination of any possible
interferences from either pseudomorphine or ori-
pavine. The morphine concentration in extract B
was generally 100 times less than that of extract
A, therefore a dilution factor of 5 only was em-
ployed. While the dissolved solids contents of
extracts A and B are essentially the same, the
concentrations of pseudomorphine and oripavine
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TABLE 1

Comparative results for the determination of morphine in
process liquors by LC and FIA-CL

Extract LC (%) FIA-CL?
(w /v, morphine) (%, w /v, morphine)

A 0.31 0.31
0.28 0.28
0.41 0.41
0.48 0.48
0.50 0.50

B 0.002 0.003
0.003 0.003
0.004 0.004
0.002 0.002
0.004 0.004
0.004 0.004
0.003 0.006
0.003 0.007
0.004 0.004
0.003 0.002

2 The FIA-CL results are the means of triplicate determina-
tions.

are proportionally lower and as such do not inter-
fere with the morphine determinations.

Five samples of extract A and ten samples of
extract B were taken randomly from the process
and the morphine concentrations were deter-
mined using both FIA-CL and LC. The re-
versed-phase LC methodology [9] was based on
an ion-pair technique using a C,3 column with an
acetonitrile—water (80:20) mobile phase contain-
ing octanesulfonic acid and adjusted to pH 3.5.
Detection was achieved by UV absorption at 230
nm. The resultant sample throughput is 2 h™!. A
high degree of confidence exists in the validity of
this methodology [9] for the analysis of samples of
extract A, however, in the analysis of extract B
there are potential concomitant interferences
arising from the complex organic matrix. The
results obtained from the two procedures are
listed in Table 1. An excellent correlation exists
for the more concentrated extract samples. This
demonstrates the utility of the FIA-CL for moni-
toring this particular stream in the morphine
extraction process. The generally good agreement
for the extract B samples is acceptable given the
lower analyte concentrations and the L.C uncer-
tainties. Following the work of Abbott et al. [14]
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we are investigating coupling the CL detection
chemistry to the present LC separation {9] so as
to eliminate interferences by increasing detector
selectivity and sensitivity. With improved LC data
for extract B samples a more valid comparison
with the FIA-CL results could be made. The
FIA-CL methodology also exhibited greater in-
strumental stability and reliability than that shown
by the current on-line SFA system. Together with
the demonstrated analytical performance the
FIA-CL system offers lower capital and consum-
able costs plus the facility for automated on-line
instrumentation.

Future studies will be concerned with the de-
sign, construction and evaluation of an auto-
mated on-line instrument. The process instru-
mentation will incorporate a zone sampler and a
robust purpose built CL detector. A proposed
mechanism for the generation of CL from mor-
phine and other species has been also outlined
based upon our experiments and the investiga-
tions of others [2,10].
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Abstract

A reversed-phase liquid chromatographic method for the determination of the anti-malarial drug pyronaridine in
plasma was developed. The optimum conditions for the determination of pyronaridine in spiked human plasma were
also used to assay the drug in animal plasma and blood. Diethyl ether used for liquid—-liquid extraction was found to
give the highest recovery (85%) among several solvents tested. A column packed with 10-um octadecyl (C,g) particles
was used with isocratic elution with 0.08 M potassium dihydrogenphosphate buffer-acetonitrile (85:15, v/v)
containing 1% triethylamine. The detection limit with a UV detector measuring at 278 nm was 5 and 70 ng

on-column for the pure compound and plasma, respectively.

Keywords: Liquid chromatography; Blood; Pharmaceuticals; Plasma; Pyronaridine

The development of resistance by Plasmodium
falciparum to chloroquine has led to the synthesis
of new anti-malarial drugs with high activity and
low toxicity. Zheng et al. [1] synthesized pyronari-
dine at the Institute of Parasitic Disease, Chinese
Academy of Medical Sciences, Shanghai. Pyron-
aridine is a Mannich base, 2-methoxy-7-chloro-
10[3’,5’-bis(pyrolidiyl-1-methyl)-4’-hydroxyanili-
nollbenzo[b}-1,5-naphthyridines, with the struc-
ture shown in Fig. 1. This drug was reported to
be effective against the disease caused by P.
falciparum (which is resistant to chloroquine) and
to have no major side effects [2]. Minor side-ef-
fects such as mild abdominal pain, vomiting and
diarrhoea were observed, however, in a chemical
trial by oral administration; the drug is not yet
endorsed by the WHO for human testing.

Pharmacokinetic studies have utilized a fluori-
metric method for quantification [3-5], and the
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Fig. 1. Structures of pyronaridine (I) and the internal standard
chloroquine (II).

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved



560

assay methods involved laborious separation be-
fore measurement. In order to shorten the analy-
sis time and achieve reliable detection, studies on
some chemical properties for the liquid chro-
matographic (LC) assay of pyronaridine have been
reported previously [6]. As pyronaridine is very
basic in nature, very soluble in water and easily
ionized, reversed-phase LC is a suitable method
for separation [7,8]. This paper is concerned with
the isolation of pyronaridine from plasma and
blood samples by liquid-liquid extraction fol-
lowed by LC separation and determination.

EXPERIMENTAL

Chemicals

Solvents of analytical-reagent grade, namely
hexane, ethyl acetate and chloroform, were ob-
tained from Merck (Darmstadt); dichloromethane
was obtained from Ajax (Auburn, Australia) and
diethyl ether and ethanol from May and Baker
(Dagenham).

Components of the buffer solution were of
analytical-reagent grade; acetic acid was obtained
from Merck, citric acid, phosphoric acid and hy-
drochloric acid from BDH (Poole), potassium di-
hydrogenphosphate and trisodium phosphate
from Merck and TRIZMA base from Sigma.
Sodium hydroxide and triethylamine of analytical
reagent grade and methanol and acetonitrile of
HPLC grade were obtained from Merck. Pyronar-
idine tetraphosphate was supplied by the WHO.
Chloroquine diphosphate was purchased from
Sigma. Stock standard solutions and internal
standard solutions were prepared in methanol
(0.1 mg ml™!). An appropriate volume of stock
solution was pipetted into a screw-capped test-
tube followed by 10 ul of chloroquine (Fig. 1) as
internal standard. Plasma or whole blood (200 w1)
was added to make a standard solution. Whole
blood samples were preserved with sodium hepar-
inate and stored at —20°C until required.

Instrumentation
pH values were measured with a Hanna Model
8417 pH meter. Plasma and blood were extracted
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with a Thermolyne Maximix MI6710-12 vortex
mixer followed by centrifugation using a Hettich
EBA 3S centrifuge (2500 rpm). LC with an HP
1090 diode-array detector was used for peak
identification. For method development a Gilson
Model 303 LC system with dual pumps and a
Rheodyne Model 7125 injector, a Waters Lamda-
Max Model 481 detector, an HP 3392 integrator
and an Apple microcomputer were used.

Sample preparation

A plasma or blood sample of 200 wl was
spiked with 250 ng of chloroquine in a screw-
capped test-tube. Buffer solution (500 ul) was
added followed by 3 ml of organic solution. The
mixture was homogenized with a vortex mixer for
2 min, followed by centrifugation for 10 min
(2500 rpm). The organic layer was transferred
into a new test-tube and 100 ul of ethanol were
added before drying under a flow of nitrogen.
The dried sample was dissolved in 100 ul of
mobile phase and a 50-ul aliquot was injected.

Stability and validity tests

The stability of pyronaridine in human plasma
was investigated. Spiked samples were prepared
with drug-free plasma and were stored at —20°C,
thawed and analysed every day using a standard
calibration with freshly prepared solution.

The recoveries of pyronaridine and the inter-
nal standard from plasma and blood were as-
sessed by comparison of the peak heights ob-
tained by direct injection of stock standard solu-
tions of the compounds with those found by isola-
tion of the spiked samples. The precision and
accuracy of the method in within-day analyses of
plasma were evaluated by assaying replicate
spiked samples (n =4 for each concentration of
pyronaridine used). For blood six different con-
centrations were evaluated. For evaluation of the
day-to-day precision and accuracy replicate sam-
ples (n =5) were measured on five consecutive
days. The observed concentrations were calcu-
lated using calibration graphs prepared daily. The
limit of detection was defined as the amount of
pyronaridine per 200 1 of plasma and blood that
can be detected with a relative standard deviation
(R.S.D.) of less than 10%.
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RESULTS AND DISCUSSION

As pyronaridine is a basic compound and eas-
ily ionized, the mobile phase has to be buffered
for rapid equilibration and to avoid unsymmetric
peaks due to slow kinetic processes. In order to
improve the peak shape or eliminate tailing, in
addition to the pH of the mobile phase, several
other parameters such as the concentrations of
tricthylamine and phosphate, ion pairing with
perchlorate and mobile phase composition were
studied. Table 1 gives a summary of the condi-
tions and peak symmetries. From the observation
of zone broadening due to slow kinetic processes,
the optimum conditions were achieved at a mo-
bile phase composition of 15% acetonitrile and
85% phosphate buffer (pH 2.8) containing 1% of
triethylamine. At this low pH, the cationic form
of the drug is easily paired with perchlorate, as
can be seen from the increase in retention time
with the decrease in peak symmetry on increasing
the concentration of perchlorate. Even phosphate
ion is capable of pairing with pyronaridine, as
observed from the increase in retention time with
increase in phosphate concentration. The buffer
solution therefore not only maintains a constant

TABLE 1
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pH of the solution, but can also affect the peak
shape. Melander and Horvath [9] suggested that
maintaining a high concentration of buffer will
speed up the protonic equilibration, hence peak
splitting or asymmetric peaks are due to the slow
kinetic processes. With a bulky molecule such as
pyronaridine, surface silanol adsorption (silano-
philic) can still be observed, as by the addition of
tricthylamine lowered the retention time, even
though the manufacturer claimed that the col-
umn was end-capped.

Figure 2 shows the chromatograms of blank
human plasma and plasma spiked with 100 ng of
pyronaridine and 250 ng of internal standard in
200 wul of plasma. Chloroquine was found to be
suitable as an internal standard owing to its struc-
ture (see Fig. 1) and its recovery was 94.47% and
79.46% from plasma and whole blood, respec-
tively. Even though the blank extract was rather
“dirty”, the pyronaridine and chloroquine peaks
were clearly distinct and can be used for quantifi-
cation. Peak height was used instead of peak area
for quantification. A good straight line (r=
0.9999) with a negligible intercept on the ordinate
was obtained for the calibration graph. The low-
est a