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Abstract. Two diaza-crown ether compounds were
synthesized and evaluated as Ag'-selective carriers
in polyvinylchloride (PVC) membrane electrodes of
solid-state type. The all-solid-state PVC membrane
electrode based on N,N-Dibenzyl-dibenzo-diaza-
18-crown-6 exhibited a super-Nernstian response
(75 = 10 mV per decade) over the concentration range
of 1 x107" to 7x 107®M of Ag* ion and a detection
limit of 3 x 1079 M, at a wide range of pH (pH 4—7). The
response time of the electrode was fast (less than ~10s),
and it can be used for three months without any signifi-
cant deviation in potential. The proposed all-solid-state
PVC membrane electrodes revealed high selectivity
toward Ag™ ion with respect to alkali, alkaline earth,
heavy and transition metal ions. A flow-through cell of
all-solid-state PVC membrane Ag™'-selective electrode
based on N,N-Dibenzyl-dibenzo-diaza-18-crown-6 has
also been prepared and applied for flow-injection anal-
ysis of Ag™ ion in solution.

Key words: Diaza-crown ethers; all-solid-state; PVC membrane;
silver-selective electrodes; FIA.

PVC-based membrane ion selective electrodes are
well established analytical tools routinely used for
chemical, biological and environmental analysis of a
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wide variety of different ions [1-5]. One of the impor-
tant components of PVC membranes is the carrier that
determines the selectivity of the electrodes. Due to
their electrical neutrality, lipophilic character, and
capability to selectively and reversibly bind metal ions
[6], mycrocyclic compounds have attracted consider-
able attention for the development of carrier-based
PVC membrane sensors sensitive toward cationic spe-
cies [1-5, 7-9]. Crown ether classes of mycrocyclic
compounds, containing only oxygen as the hetero-
atom in the mycrocyclic ring, exhibit ionophore prop-
erties, e.g. a strong affinity for alkali metal cations
within the PVC membrane [10-13]. With the intro-
duction of a different number of the mycrocyclic ring
or replacing atoms by nitrogen atoms in the mycro-
cyclic ring, the affinity will be expected to be toward
heavy or transition metal cations [14—16]. However,
by using aza-crown ethers as neutral carriers in PVC
membranes, highly selective electrodes for heavy [17]
and transition metal [18] cations, and silver ions [19]
have been developed. Recently, the use of 1,10-diben-
zyl-1,10-diaza-18-crown-6 as neutral carrier in the
preparation of a lead ion-sensitive electrode was
reported by Mousavi et al. [20]. However, while
monovalent cations gave significant responses, the
authors did not consider Ag™ as a potential interfering
ion in detail.



178

D,
o7 5V
&

Because Ag™ occurs in nature with other metallic
cations, highly selective carriers are always needed;
thus, the utility of such compounds can be exploited
for the development of Ag™-selective PVC membrane
electrodes. On the other hand, in recent years, there has
been an increasing interest in the field of ion-selective
electrodes, mainly those based on the use of all-solid-
state contact types [21, 22] similar to coated-wire elec-
trodes. The all-solid-state contact prepared uses a mix-
ture of graphite-epoxy resin in suitable ratios. In these
types of electrodes, the sensing membrane adhered bet-
ter to the surface of all-solid-state contact without an
internal reference solution. An extended life-time and
robusting can thus be obtained without any loss in its
potentiometric response property. All-solid-state mem-
brane electrodes are also cheap, easy to prepare, and
allow miniaturizing construction. In this paper, we
therefore describe the preparation of all-solid-state
PVC membrane Agt-selective electrodes based on
two different diaza-crown ethers (Fig. 1) previously
synthesized in our laboratory and recorded in literature
[23, 24]. The potentiometric behavior of all-solid-state
PVC membrane silver-selective electrodes based on
these neutral carriers and flow-injection analysis for
the determination of Ag™ ions were investigated.

Experimental

Equipment

Potential measurements were performed with an Olivetti-286 home
computer equipped with a custom built (Molspin Instruments, New-
castle-upon-Type, UK) analog/output board and electrode interface
module controlled by laboratory written software. All potential
measurements were made with reference to a porous-plug double-
junction saturated calomel electrode (Russel, Auchtermuchty, Fife,
UK) in solutions with stirring by means of a magnetic stirring bar.

The compounds N,N’-Dibenzyl-7,16-diaza-1,4,10,13-tetraoxa-
2,3,11,12-dibenzocycloocta deca-2,11-diene (1) and N,N'-Diben-
zyl-7,16-diaza-1,4,10,13-tetraoxa-2,3-benzocyclooctadec-2-ene  (2)
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Fig. 1. Structures of neutral ionophores
2 1 and 2 for Ag™ ion

were synthesized and purified according to the procedures of the
literature [24].

For the preparation of the PVC membrane cocktails, high molec-
ular mass poly(vinylchloride) (PVC), potassium tetrakis(4-chloro-
phenyl) borate (KTCIPB), 2-nitrophenyl octyl ether (o-NPOE),
Dioctyl sebacate (DOS), Dibutyl(phthalate) (DBP), tetrahydrofuran
(THF), obtained from Fluka (Buchs, Switzerland) were used. The
silver nitrate and reagent grade nitrates and chlorides of sodium,
potassium, ammonium, calcium, magnesium, copper, nickel, lead,
zinc, cadmium, mercury, cobalt, iron (II), and (III), chromium and
aluminium were supplied by Merck (Darmstad, Germany). All other
reagents were of analytical grade and were used to prepare buffers and
standard solutions. Deionized water was used for all experiments.

Preparation of All-Solid-State PVC Membrane
AgT-Selective Electrodes

The construction of all-solid-state PVC matrix membrane Ag™’-
selective electrodes without an inner reference solution was carried
out as described below. The epoxy resin mixture used to bind the
graphite in preparing the internal conductivity support of the elec-
trode was made from epoxy (Macroplast Su 2227, Henkel) and
hardener (Desmodur RFE, Bayer) in THF solvent in the proportions
1.0:0.5 w/w. The powdered graphite was mixed with the epoxy resin
mixture in the proportions 1.0:1.0 w/w. After mixing, the solution
was allowed to stand for 20-30min in air. When the appropriate
viscosity was attained, a shielded copper wire (ca. 0.5-1 mm in
diameter and 10 mm long) was polished and dipped in the solution
several times to obtain a uniform coating, and allowed to stand
overnight in an oven at 40°C. The all-solid-states were dipped into
the membrane solution at appropriate viscosity three times, and
then the coated membranes were allowed to dry in air for at least
3h [25]. The Ag™-selective membrane solution comprised neutral
carrier, plasticizer, KTpCIB and PVC, dissolved in 5mL of THF
(Table 1). The prepared membrane electrodes were then soaked in a
1072 M solution of AgNO; for at least 6 h before use. Performance
characteristics of the prepared electrodes were subsequently exam-
ined by measuring the emfs of silver nitrate solutions with a con-
centration range of 0.1-1077 M. The electrochemical cell was
Cu/all-solid-state PVC membrane/measured solution/reference
electrode.

Flow-Through Detector Cell and FIA System

A flow-through detector cell was prepared for FIA of Ag™ ion. The
construction of the tubular flow-through membrane electrode with-
out inner reference solution was carried out as described in our
recent study [26, 27]. The detector cell consisted of the flow-through
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Table 1. Optimization of membrane composition

Composition (%) Slope (mV per Linear range (M) Detection

decade)* limit (M)
PVC NPOE DOS DBP KTCIPB

Ionophore 1

2.8 28.2 68 - - 1.0 72414 1x107° —5x%x 1072 5x107°

32 28.0 68 - - 0.8 75+ 10 7x107 —1x 107! 3x107°

3.6 27.6 68 - - 0.8 75+ 12 5%107% —1x107! 3x10°6

4.0 27.0 68 - - 1.0 75+ 12 8x107°—1x10"! 3x1076

3.2 27.8 - 68 1.0 70 + 12 2x107° —5x%x 1072 1x1073

32 27.8 - - 68 1.0 70 + 14 2x 1075 —5%x1072 1x107°

32 28.8 68 - - - 70 + 30 3x1079 —5x1072 1x107

lonophore 2

32 28.0 68 - - 0.8 90 + 12 I1x1075 —1x107! 6x107°

* Values represent the average potentials and standard deviations (x + A(x)) for n =10 with the confidence level of 95%, obtained with

two electrodes.

tubular PVC membrane Ag™-selective electrode and the double
junction calomel reference electrode. The FIA system, which was
similar to that proposed in our recent work [28] except for the
detector cell which is potentiometric in the present case, consisted
of the tubular flow-through detector cell, an HPLC pump (Perkin
Elmer Series 3) with a Rheodyne injection valve and tubings. The
carrier solution was 1072 M sodium nitrate adjusted to pH 4.0 with
nitric acid.

Results and Discussion

Performances of the All-Solid-State
PVC Membrane Ag*-Selective Electrodes

The selectivity of ordinary crown ethers for heavy and
transition metal ions is much lower than that for alkali
cations [29]. But the replacement of oxygen donor
atoms by nitrogen atoms in the mycrocyclic ring, with
sufficient rigidity and lipophilicity, was expected to
increase the membrane selectivity toward heavy metal
ions over alkali and alkaline earth cations [30]. There-
fore, we prepared all-solid-state PVC membrane Ag™-
selective electrodes using two structurally different
diaza-crown ether compounds as neutral carriers and
initially measured the potential responses of both
electrodes to a variety of metal ions including alkali
and alkaline earth, heavy and transition metal ions,
and some anions (Fig. 2a and b). In preliminary
experiments, for the electrode based on ionophore 1
with NPOE as the plasticizer, a linear potential
response with a slope of 75+ 10mV per decade is
observed for the Ag™ ion within a wide concentration
range of 1x107' —7x10"®M. For the electrode
based on ionophore 2 consisting of NPOE as the plas-
ticizer, the linear response was 90 4+ 12 mV within the
concentration range of 1x 10~ — 107> M. The limit
of detection of the all-solid-state PVC membrane
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Fig. 2. Potentiometric response of all-solid-state PVC membrane
AgT-selective electrode based on ionophore 1 (a) and ionophore 2
(b) to several cations

Agt-selective electrodes based on ionophore 1 and 2
was 3 x 107°M and 6 x 107° M, respectively, as eval-
uated from the intersections of the two extrapolated
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segments of the calibration graphs. Both electrodes
exhibited a negligible response to univalent, bivalent
and polyvalent cations in the solution. However, it
should be noted here that both electrodes exhibited
some degree of response toward halide anions, in
opposite direction to that of silver, while no response
was observed to the other anions tested. The decrease
in the measured potential confirms the release of Ag™
from the membrane to form insoluble Ag*t-halide
compounds in the surface of the membrane or in
solution [31].

Since it was concluded that diaza-18-crown-6 com-
pounds are excellent neutral carriers in Ag™-selective
PVC membranes, all-solid-state PVC membrane
Ag'-selective electrodes based on ionophore 1 were
evaluated over the membrane composition which sig-
nificantly influences the sensitivity and selectivity of a
given electrode [29]. The results are summarized in
Table 1. As can be seen from the Table, variations in
amounts of ingredients, among the compositions used,
do not cause a significant difference in the electrode
performance. However, the presence of KTCIPB in
the membrane is needed to increase the selectivity
[32] and also the conductivity of the membrane
[33]. The electrode did not exhibit a stable response
to Ag™ ion when the lipophilic salt was not incorpo-
rated in the membrane. Several plasticizers including
NPOE, DOS and DBP, which are common PVC mem-
brane solvents, were also examined. Among the plas-
ticizers, NPOE gave a better sensitivity and linear
range. The reason can be the high polarity of NPOE
which works better at PVC membrane electrodes
based on neutral ionophores [34]. Overall, the
membrane composition consisting of 3.2% neutral
ionophore, 28% PVC, 68% o-NPOE and 0.8%
KTCIPB, resulted in the best sensitivity and widest
linear range and selectivity among the cations of all
groups.

Potentiometric selectivities of all-solid-state PVC
membrane Ag'-selective electrodes toward Ag”’
cation relative to alkali, alkaline earth, heavy and tran-
sition metal cations were determined by the fixed
interference method [35]. The selectivity coefficients
expressed as —log kﬁ;an+ are presented in Fig. 3. All-
solid-state PVC membrane electrodes based on both
ionophores exhibit high selectivity for Ag™ over all
cations tested. Ionophore 1, which has two phenylene
groups incorporated into the mycrocyclic ring, exhib-
ited quite a high Ag™ selectivity relative to the metal
cations tested. Ionophore 2, which has one phenylene
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Fig. 3. Selectivity coefficients of the all-solid-state PVC mem-
brane AgT'-selective electrodes based on ionophores 1 and 2.
The ionophore is indicated at the bottom of the Fig.

group in the ring, gave a selectivity diminished almost
by a factor of two or more when compared to iono-
phore 1. A distinguished decrease in the selectivity
for Ag*t relative to Cu?*, Mn?>*, Ca®* and K* also
occurred with ionophore 2, although these selectiv-
ities are superior to those for a crown ether [36] and
hexathia-crown ether [37] ionophores. Incorporation
of nitrogen atoms and phenylene groups into the
mycrocyclic ring of a crown ether compound
enhances the Ag™ selectivity over all cations tested.

The response time (tgs%) of the electrode was mea-
sured as the time required to reach 95% of the steady
potential value for a 10~*M solution, the Ag* con-
centration was rapidly increased from 10~ to 1074 M
or from 107* to 1073 M, and the tos% values was
measured with the all-solid-state electrodes based on
both ionophores. The response time obtained was
always less than 10s for both electrodes.

The pH dependence of the electrode response
was examined using 107*M AgNOj; solution ad-
justed with nitric acid and sodium hydroxide. The
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all-solid-state PVC membrane Ag'-selective elec-
trode based on ionophore 1 showed a potential
unchanged between pH 4-7. With ionophore 2, the
electrode response was slightly pH-dependent. An
increase in potential was observed at levels lower than
pH 5.0, which may be due to easy protonation of the
ionophore 2. The pH dependence of the electrode was
not tested over pH 7.0 due to basicity of the solution
in which silver can obviously react with hydroxide to
give insoluble silver hydroxide precipitate.

FIA Application

A tubular flow-through detector cell, as described pre-
viously [26, 27], prepared with Ag™-selective mem-
brane based on ionophore 1 was successfully applied
for the determination of Ag™. The pump was used to
propel the samples and carrier solution. Ag™ ion solu-
tions were injected into the carrier stream by a Rheo-
dyne injection valve provided with a 100 pL loop. In
the system, the potential of Ag™ ions was measured
with the tubular flow-through detector which was con-
nected to a computer with incorporated data acquisi-
tion software. A calibration graph was obtained under
the working conditions: flow rate 0.8mL-min~!,
volume injected 20 L, and sodium nitrate carrier
solution at pH 4.0. The calibration graph was linear
over the range of 1x1072—1x107M standard
solution of Ag* ion. The relative standard deviation
for 10 injections of standard sample containing
1x10™*M Ag" ion was less than 1%. The short
response time and sensitivity of the all-solid-state
PVC membrane Ag'-selective electrode cell allowed
a detection limit (signal-to noise ratio of 3) of
2x107°M for a 20 uL injection volume under the
working conditions.
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