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Abstract: The ionophore 1,4,7,10,13-penta(n-octyl)-1,4,7,10,13-pentaazacyclopentadecane
(L) was used for the development of miniaturised perchlorate-selective electrodes in thick-
film technology. Different PVC membranes containing L* and the plasticizers o-nitrophenyl
octyl ether (NPOE), dibutyl phthalate (DBP), bis(2-ethylhexyl)sebacate (DOS) and dibutyl
sebacate (DBS) were prepared and placed on a graphite working electrode manufactured by
using thick film serigraphic technology. The perchlorate selective electrode containing DBS
as plasticizer showed a potentiometric Nernstian response of -57 mV per decade in a range
of perchlorate concentration from 1 x 10“to 1 x 10" M with a detection limit of 5 x 10° M.
The ion selective electrodes containing DBP and NPOE as plasticizers exhibit a working
range from 6.3 x 10°to 1 x 10 M and 7.4 x 10°to 1 x 10™* M for perchlorate, respectively,
with a detection limit of ca. 2.2 x 10 M. For all three electrodes a response time of ca. 5 s
was found. The prepared electrodes do not show appreciable decay of the slope for at least
25 days. Potentiometric selectivity coefficients (log K™'ci04 x) with respect to the primary
anion perchlorate were evaluated using the fixed interference method. These coefficients are
of the order of 10" or smaller, indicating the relatively poor interference of the different
anions studied.
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1. Introduction

lon-Selective Electrodes (ISEs) have been widely used for more than thirty years in a wide range of
applications for determining the concentration of certain ions in aqueous solution [1]. Among different
fields of application of ISEs, we are especially interested in the development of ion-selective
electrodes for anionic species [2-7]. Anions play fundamental roles in a wide number of environmental
and biological processes and due to their importance the development of anion sensors and
chemosensors has grown in importance in recent years and has become an important sub-area within
the field of anion chemistry [8-11]. Anions show a wide range of shapes and geometries and a lot of
them are pH-sensitive, factors that have to be taken into account when designing a specific anion host.
Anion receptors thus use binding forces that typically involve hydrogen bonding, electrostatic
interactions and coordination to suitable metal centres [12]. In this context, perhaps the most widely
used scaffoldings for anion receptors are polyamines [13]. They are partially protonated in aqueous
environments and usually display electrostatic and/or hydrogen bonding interactions with anionic
chemical species. Despite this, there are a relatively low number of ion-selective electrodes containing
polyamines as ionophores [14-15]. These are usually of the conventional PVC-membrane type,
containing an ion-selective membrane attached to the end of a tube that contains an internal liquid
reference solution and a reference electrode. An alternative to this system is the use of all solid state
PVC electrodes in which the membrane is directly in contact with a conducting surface connected to
the milivolt measuring device. One advantage of the latter approach is the lack of an internal standard
solution, which leads to the potential development of miniaturised ion-selective electrodes. Among the
different technologies that can be used for the fabrication of solid state PVC electrodes we are
especially interested in thick film technology [16-18]. This technology has found an important
application in electrochemical sensors and biosensors, as it offers a number of advantages such as
simple construction, large-scale production and low cost.

As part of our investigation of the development of ion selective sensors for anions, we report here
the design and development of a miniaturised perchlorate ion selective electrode using thick-film
technology incorporating a PVC membrane containing a polyazacyaloalkane as selective ionophore.

2. Experimental Section
2.1. Reagents.

Reagents grade o-nitrophenyl octyl ether (NPOE), dibutyl phthalate (DBP), bis(2-
ethylhexyl)sebacate (DOS) and dibutyl sebacate (DBS), tetrahydrofuran (THF) and high molecular
weight poly(vinylchloride) powder (PVC) were supplied by Aldrich. Perchlorate, thiocyanate,
carbonate, nitrate, bromide, chloride, iodide, acetate, oxalate, sulfate and phosphate solutions were
prepared from sodium or potassium salts and were obtained from Panreac. All the aqueous solutions
were prepared with de-ionised distilled water (Milli-Q water purification system). The ionophore
1,4,7,10,13-penta(n-octyl)-1,4,7,10,13-pentaazacyclopentadecane was synthesised following literature
procedures [4].
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2.2. Materials and electrode preparation.

The perchlorate sensor consists of a thick film ion-selective electrode and a commercial reference
Ag/AgCI electrode. For the working electrode the manufacturing technology was based on serigraphic
technology on thick film. The screen printed process consists of forcing pastes of different
characteristics over a substrate through screens using scrapers. Openings in the screen define the motif
that will be printed on the substrate by serigraphy. The final thickness of the pastes can be adjusted by
varying the thickness of the screens. The production of the electrodes was based on alumina substrate
RUBALIT 708S (CeramTec, UK) of 2 in. x 2 in. x 0.635 mm pre-cut in 12 units of 0.5 in. x 0.66 in. In
order to build the above indicated electrode, three screens were made, corresponding to three defined
layers: namely, the conductive layer working as a conductor of the signal, the active layer working as
active surface and the upper protection layer. A drop of the PVC membrane, containing the
corresponding plasticizer and the ionophore dissolved in THF, was deposited on the surface of the
active layer and allowed to dry.

The conductive paste used was Ag/Pd/Pt C4081T (supplied by HERAEUS). The layout of the
tracks was made to join the board to a flat cable connector with a separation of 3 mm between
terminals. The active C paste was supplied by GEM. The protective paste was the 240-SB model
supplied by ESL. The thick-film electrodes were made using serigraphic methods, using polyester
screens with a density of 230 mesh (Saatilane Hitech 90/48 supplied by Saatline) and films of 50 um
thickness (Ulano CDF5 supplied by Ulano). The pastes were applied by a semiautomatic serigraphic
machine (AUREL model C1010). A final thickness of 30 mm after firing was achieved. The
conductive paste firing process was carried out at 850 °C in a cycle of 60 min with a peak of 10 min. A
similar cycle, but with heating at 150 °C in a cycle of 60 min, was used to prepare the C active surface.
The firing process of the protective paste was carried out at a temperature of 150 °C in a cycle of 60
min.

2.3. Measurements.

Measurements were carried out using the operational amplifier OPA129P with high input
impedance (10*° Q) in buffer configuration and an active pass-bass filter to avoid interference from the
electrical network. An acquisition card ADLINK, model PCI9112 inserted into a personal computer. A
program developed with VEE-Pro software was used to acquire the data. The resolution in measure
acquisition was £ 0.61 mV. Potentiometric measurements were performed with a two-electrode
system where the working electrode was the thick film ion-selective electrode and the reference
electrode was an Ag/AgCl electrode with 3M internal KCI solution.

The detection limit was defined as the intersection of the extrapolated linear regions of the
calibration graph. Potentiometric selectivity coefficients were determined according to the fixed
interference method using a 0.1 M solution of the corresponding interfering ion [19-20]. Activity
coefficients were calculated according to the Debye-Hiickel approximation. Calibration curves were
constructed by plotting the potential, E, vs the logarithm of the potassium perchlorate activity at pH
7.0. All the measurements were carried out at room temperature.
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3. Results and Discussion
3.1. The emf response characteristics.

The source of perchlorates in water and the soil is mainly anthropogenic as a consequence of their
use in a wide range of different applications. Thus for instance, perchlorate is used as an oxidant in
solid propellant for rockets and missiles, in certain fireworks, in the manufacture of matches, in
nuclear reactors and electronic tubes, in tanning and finishing leather, in electroplating, etc. The
toxicity of perchlorate is an active area of research [21-22], mainly focussed on the potential of
perchlorate to hamper the synthesis of thyroid hormones and the potential consequences. Accordingly,
the need for analytical methods for the detection of perchlorate might be of interest, especially in
situations where conventional techniques are nor suitable, as is the case in many on-site analyses and
rapid screening applications. In these fields, optical and electrochemical sensing devices play an
important role, for instance using ion-selective electrodes.

Figure 1. Schematic representation and transversal view of the electrode.

With these ideas in mind we approached the potential development of miniaturised perchlorate
electrodes using thick-film technology. Figure 1 displays the scheme and transversal view of the
potentiometric electrodes shown in this paper. They consist of (1) a substrate made of isolating
material, (2) a layer of conductive material over the substrate, (2a) a terminal area as a part of the
conductive material, (3) a layer of active material (graphite), (4) a layer of the PVC membrane
containing the ionophore and (5) an insulating layer which covers the whole electrode except for the
active and terminal areas. The synthesis of the ionophore used (1,4,7,10,13-penta(n-octyl)-1,4,7,10,13-
pentaazacyclopentadecane, L', (see Scheme 1)) was carried out following previously reported
procedures [4]. The ion selective membranes were prepared by mixing in 5 ml of THF, the PVC, the
plasticizer and the ionophore. The mixture was used to coat the graphite working electrode and the
solvent was allowed to evaporate overnight. The final electrode was finally prepared for three days by
soaking it in a 0.1 M potassium perchlorate solution-HEPES at pH 7. When not in use the electrode
was kept immersed in the same solution. L* was introduced in the membrane in its unprotonated form,
however the membrane made with L' gave a clear and stable response to perchlorate, suggesting that
L is finally protonated after the stabilisation of the membrane. This argument is based in the general
idea that ISEs only function when a charge opposite to the charge of the analyte is present in the
membrane.
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Scheme 1. Structure of the ionophore 1,4,7,10,13-penta(n-octyl)-1,4,7,10,13-
pentaazacyclopentadecane.

As is well-known the final response of ion-selective electrodes in relation to selectivity, stability,
etc. depends not only on the ionophore, but also on the use of a certain plasticizer and in the proportion
of the different membrane ingredients. Because of the number of these factors, in the first step several
proportions of the membrane components (ionophore, plasticizer and PVC) were tested. Also, different
membranes were prepared using four plasticizers; namely o-nitrophenyl octyl ether (NPOE), dibutyl
phthalate (DBP), bis(2-ethylhexyl)sebacate (DOS) and dibutyl sebacate (DBS). Additionally, the
membranes were prepared using different proportions of the ionophore in the 1 — 10 wt.% range. All
the membranes set were tested against perchlorate and other anions. The best results in terms of
stability and selectivity against perchlorate were observed when the membrane was prepared with a
proportion of ca 2.8 wt.% of the ionophore and the final composition for the membranes was 2.8 wt %
of ionophore, 56.0 wt % PVC and 41.2 wt % of the corresponding plasticizer. The different responses
in terms of slope, detection limit and linear range of the prepared electrodes in relation to the use of
different plasticizers are reported in Table 1.

Table 1 . Response characteristics of the different perchlorate-selective electrodes in thick-film
technology.

ELECTRODE L'-DBS L'- DBP L!- NPOE
Slope (mV per decade) -57 -70.2 -70.3
Detection limit (mol I™) 5x 107 2.2x10° 2.3x10°
Lineal range (mol I 1x10*-1x10* 6.3x10°-1x 10" 7.4x10°-1x 10"

The electrode containing DOS as plasticizer shows a very poor reproducibility and stability and was
not studied. In contrast, the perchlorate selective electrode containing DBS as plasticizer showed a
potentiometric Nernstian response of -57 mV per decade in a range of perchlorate concentration from
1x 10*to 1 x 10" M with a detection limit of 5 x 10 M. The response of the electrode to perchlorate
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and other inorganic anions is shown in Figure 2. The ion selective electrode containing DBP and
NPOE as plasticizers exhibits a working range from 6.3 x 10°to 1 x 10" M and 7.4 x 10°to 1 x 10*
M for perchlorate respectively with a detection limit of ca. 2.2 x 10° M. For all three electrodes a
response time of ca. 5 s was found as the time required for the membrane electrode to reach a potential
within + 1mV of the final equilibrium when the measurements were performed alternatively in 10?and
10" mol I solutions of perchlorate. The prepared electrodes do not show appreciable decay of the
slope for at least 25 days. After this period of time it was quite common to observe loss of adherence
of the membrane to the alumina and graphite support.
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Figure 2. Potentiometric anion response to perchlorate (e) of the electrode L' containing DBP as
plasticizer at pH 7 in the presence of certain anions, (V) thiocyanate, (X) bromide, (A) nitrate, (+)
chloride, (o) sulfate.

3.2. The effect of pH.

The effect of pH on the response of the membranes containing L* was tested over the pH range of
ca. 5-13 at a fixed concentration of perchlorate of 1 x 10 M. As an example of the general observed
behaviour the Figure 3 shows the results for the membrane containing L' and DBP as plasticizer. The
pH was adjusted by using HCI or KOH. As can be observed (see Figure 3), there is a slight variation of
the potential as a function of pH over the pH range 5-9. In highly alkaline media the potential
decreases more significantly probably due to de-protonation of the ligand or due to membrane
response to OH™. A very similar behaviour was observed for the membranes containing L' as
ionophore with the plasticizers o-nitrophenyl octyl ether or dibutyl sebacate.

3.3. Selectivity.

Selectivity is one of the most important characteristic of a sensor, as it helps to determine whether a
reliable measurement of a target analyte is possible in a certain sample. Selectivity can be measured in
terms of potentiometric selectivity coefficients (log KP'cio4 x) that evaluates the response of the
electrode to the primary anion in the presence of a certain interfering chemical species. log K04 x°
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were evaluated using the fixed interference method at a concentration of interfering anions of
1.0x 10% M.
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Figure 3. The pH effect on the potential of the membrane electrode containing L*, PVC and DBP.

Table 2. Potentiometric selectivity for perchlorate selective PVC membranes containing L' as
ionophore and NPOE, DBP and DBS as plasticizers.

L' - NPOE L'-DBP L'-DBS
Thiocyanate -1.79 -1.93 -1.74
Carbonate -3.03 -2.64 -1.78
lodide -2.19 -2.09 -2.10
Nitrate -2.86 -2.66 -2.44
Bromide -2.97 -2.80 -2.64
Acetate -3.20 -3.00 -2.68
Chloride -3.20 -3.00 -3.01
Phosphate -3.74 -3.72 -3.16
Sulfate -4.05 -4.10 -3.73
Oxalate -4.12 -3.99 -3.79

Somewhat slightly better results in relation to the selectivity coefficients were obtained for the
electrode containing L* and NPOE as plasticizer which exhibited a selectivity sequence of anion in the
following order: CIO, > SCN > I’ > NOs > Br > HCO3 > CH3;COO™ = CI > phosphate > SO,* >
C,04%, whereas similar selectivity coefficients values were found for the membranes L'-DBP and L*-
DBS. The selectivity sequence obtained for electrode L-DBP was CIO; > SCN™> | > HCO3 = NO3 >
Br > CH3COO™ = CI" > phosphate > C,0,% > SO,*, whereas that for L-DBS was CIO, > SCN =
HCO5; > I > NO3 > Br = CH3COO™ > CI” > phosphate > SO,* = C,0,%. The selectivity sequences
basically follows the Hofmeister Series (CIOs > SCN™ > I" > NO3 > Br' > CI" > HCO3 > CH3COO" >
S04* > HPO,4?) although some slight deviations might be interpreted on the basis of some preferential
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coordination of the ionophore L' with certain anions. Table 2 and Figure 4 show the potentiometric
selectivity coefficients for interfering anions relative to perchlorate for the electrodes L*-NPOE, L'-
DBP and L'-DBS.
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Figure 4. Potentiometric anion selectivity coefficients of electrodes containing the ionophore L.

Since the development of the first perchlorate selective electrode [23-24] in 1969 a number of
different perchlorate electrodes have been developed using both liquid membranes [25-30] and
polymeric membranes [31-35]. Table 3 shows the response characteristics of some reported
perchlorate-selective electrodes. As can be seen, the linear range and detection limit for the electrode
we report here is on average slightly larger than those reported for similar perchlorate electrodes.
However the detection limit of the thick-film electrode is still low enough for many applications.
Additionally, if we take into account the selectivity coefficients, the prepared electrodes L*-NPOE, L*-
DBP and L'-DBS displayed a quite selective response to perchlorate. Thus for instance, in these
electrodes, the logarithm of the selectivity coefficients is lower than -2.5 for most of the tested anions
(except for thiocyanate and iodide), indicating that these anions would not significantly interfere in the
determination of perchlorate. In our case, if we compare the selectivity coefficients in Table 2, the best
response is found for L' with the plasticizer NPOE (see Figure 4). These results compare well with
those recently obtained by us using PVC membrane perchlorate-selective electrodes containing
polyazacycloalkanes as carriers [4]. Besides the quite selective behaviour found in the use of
polyamines as ionophores, in this case, we have the additional advantages of the potential for mass
production and low-cost thick-film technology. In general the response found in terms of
potentiometric selectivity coefficients for the three prepared electrodes, L-NPOE, L'-DBP and L*-
DBS is similar or lower than that reported when using a simple quaternary ammonium salt
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(tetraoctylammonium chloride) as carrier [36-38], although the response is not as selective as that
reported recently using a phosphadithia macrocycle [31] and a gold(l) complex [34].

Table 3. Characteristics of some reported perchlorate selective electrodes.

lonophore Electrode  Linear range (M) Detection Slope Ref.
type limit (M) (mV
decade™)
Phosphadithiamacrocycle A 1x10°® - 1x107@ 8x10” -56 31, 32
B 6x107 - 1x10™ 3x107 -54
Gold(l) complex A 5%x10° - 1x107 1.1x10°® -56.8 35
Tetraphenylporphyrin A 8x10° — 1.6x10™ 5x10° -57.8 36
C 1x10° - 3x107 7x107 -53.6
Tetraoctylammonium A 8.2x10°® 1.3x10°® -57.3 37
Tetraazamacrocycle A 1x10° - 1x10* 5.6x10° -55.0 4
Pentaazamacrocycle (L%) A 1x10° - 1x10™* 5.4x10° -54.5 4
7.4x10°-1x10"  2.3x10° -70.3  this work
Hexaazamacrocycle A 5.2x10° - 1x10™ 4.2x10° -52.5 4
[Cu(tetraazamacrocycle)]** A 7.9x10° — 1x10™" 1.3x107 -67.6 2

lonophore: Phosphadithiamacrocycle, 7-phenyl-7-phospha-3,11-dithiabicyclo[11,4,0]heptadeca-
13(1),14,16-triene(l). Gold(l) complex: bis[tri-(p-
metoxyphenyl)phosphine]gold(l).Tetraazamacrocycle: 1,4,8,11-tetra(n-octyl)-1,4,8,11-
tetraazacyclotetradecane. Pentaazamacrocycle: 1,4,7,10,13-penta(n-octyl)-1,4,7,10,13-
pentaazacyclopentadecane. Hexaazamacrocycle: 1,4,7,10,13,16-hexa(n-octyl)-1,4,7,10,13,16-
hexaazacyclooctadecane.

Electrode type: A, PVC membrane electrodes; B, membrane field-effects transistors; C, coated glassy
carbon electrode; D, all solid state poly(vinyl chloride) membrane electrode.

Conclusions

In this work miniaturised PVVC-membrane perchlorate-selective electrodes in thick-film technology
were designed and developed. A selective response to perchlorate was found, with a fairly good
detection limit, liner range and response time, Nernstian behaviour and relatively good potentiometric
selectivity coefficients. We are currently developing new miniaturised electrodes for target anions
using mass production and low-cost thick-film technology.
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