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Abstract

Solid-contact ion-selective electrodes (SC-1SEs) can exhibit very low detection limits and, in contrast
to conventional ISEs, do not require an optimization of the inner filling solution. This work shows
that subnanomolar detection limits can also be achieved with SC-ISEs with three-dimensionally
ordered macroporous (3DOM) carbon contacts, which have been shown recently to exhibit excellent
long-term stabilities and good resistance to the interferences from oxygen and light. The detection
limit of 3DOM carbon-contacted electrodes with plasticized poly(vinyl chloride) as membrane
matrix can be improved with a high polymer content of the sensing membrane, a large ratio of
ionophore and ionic sites, and conditioning with a low concentration of analyte ions. This permits

detection limits as low as 1.6x10~7 M for K* and 4.0x1011 M for Ag*.
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Introduction

Over the last four decades, ionophore-based ion-selective electrodes (ISEs) have been
extensively studied [1-5]. However, while ISEs have been designed for more than 60 analytes
and are used for billions of measurements each year, their practical use has been limited to a
selected number of application fields, most importantly in clinical chemistry. One of the
limitations that has hindered their wider use has been the frequent observation of insufficient
detection limits. Until a decade ago, most potentiometric sensors could only detect sample
concentrations down to the micromolar level, disqualifying them for trace-level measurements.
Fortunately, the recently obtained understanding of ion fluxes through ISE membranes allowed
the lowering of detection limits drastically [6,7]. The successful minimization of such fluxes
was first achieved by an appropriate choice of the internal solution of conventional ISEs,
improving detection limits to the nanomolar and even picomolar level [8-15]. However, the
optimization of the inner filling solution of a conventional ISE depends on the membrane
selectivity, diffusion coefficients and—most importantly—the anticipated sample, which can
make the procedure somewhat cumbersome to perform under real-life conditions [16-18].

As an alternative approach to ISEs with low detection limits, solid contact ISEs (SC-ISEs)
have attracted a lot of attention. Initially, SC-ISEs were prepared by direct contact of the
ionophore-doped polymeric membrane with a metallic conductor, resulting in membrane/metal
interfaces with poorly defined and unstable phase boundary potentials [19]. This problem has
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been addressed by the use of intermediate layers with localized redox-active groups separating
the sensing membrane and the metallic conductor [20,21]. Also, many conducting polymers
such as polypyrrole [22-26], polyaniline [27,28], polythiophene [29,30] and derivatives
thereof have been used for the intermediate layer. Indeed, this has become the most popular
approach to prepare SC-1SEs.

Our group developed SC-ISEs based on three-dimensionally ordered macroporous (3DOM)
carbon as the intermediate layer (see Figure 1) [31]. 3DOM carbon consists of a skeleton of
glassy carbon surrounding a periodic array of uniform spherical pores that are interconnected
in three dimensions [32,33]. Typical pore sizes in these materials are on the order of a few
hundred nanometers, and skeletal walls are tens of nanometers thick. Due to the well-
interconnected pore and wall structure of 3DOM carbon, filling of the 3DOM pores with an
electrolyte solution results in a nanostructured material that exhibits good ionic and electronic
conductivity. Very recently, a similar system that relies on the high capacitance of a high
surface area carbon nanotube interface has been described [34].

First efforts to use SC-1SEs for measurements with low detection limits were reported by
Michalska and co-workers [35]. They incorporated the complexing agent
ethylenediaminetetraacetate (EDTA) in electropolymerized poly(3-methylthiophene)
intermediate layers. More recently, they presented an impressive nanomolar detection limit for
calcium ions by using a polypyrrole solid contact doped with the Ca2* ligand Tiron (4,5-
dihydroxy-m-benzenedisulfonate) [36]. As could be expected, it has been recently
demonstrated that the detection limit of SC-ISEs is much worse when a water-layer is present
because ion fluxes between the sample and the water layer arise [37,38]. Indeed, SC-1SEs with
electropolymerized polypyrrole that do not show any evidence of a water layer reached a
nanomolar detection limit for Pb2* [26]. Even better detection limits as low as 5.0x10710 M
were achieved with sensing membranes based on the plasticizer-free methyl methacrylate-
decyl methacrylate copolymer and poly(3-octylthiophene) intermediate layers that were not
doped with the potentially leaching hexacyanoferrate [39]. The improvement in detection limit
was probably not only due to the absence of hexacyanoferrate but at least partly due to the use
of copolymer, in which diffusion is much slower than in PVC membranes modified with a high
concentration of plasticizer [40]. A nanomolar detection limit for Ag* was reported using this
approach [41]. Importantly, whatever type of intermediate layer is being used for SC-ISEs, the
conditioning procedure prior to measurements has a crucial effect on the observed detection
[41,42].

The objective of the present work was to determine whether 3DOM carbon-contacted ISEs
offer the same advantages of low detection limits as the SC-1SEs with conducting polymers as
intermediate electron- and ion-conducting layer. With this goal in view, the effect of membrane
composition and the conditioning procedure on the detection limits of these electrodes for
K* and Ag* were determined.

Experimental

Reagents

High molecular weight poly(vinyl chloride) (PVC), 2-nitrophenyl octyl ether (NPOE) and o-
xylylenebis(N,N-diisobutyldithiocarbamate)—despite its Ag™* selectivity sometimes referred
to as Copper(ll) lonophore (I)—were purchased from Fluka (Buchs, Switzerland), valinomycin
from Sigma (St. Louis, MO, USA), and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaTFPB) from Dojindo (Kumamoto, Japan). Deionized and charcoal-treated water (18.2
MQ-cm specific resistance) obtained with a Milli-Q PLUS reagent-grade water system
(Millipore, Bedford, MA, USA) was used for all sample solutions. All chemicals were used as
received.
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Valinomycin-doped K*-ISE membranes were prepared according to a standard procedure by
pouring a tetrahydrofuran (THF) solution of 200 mg of the membrane components into a glass
dish (31 mm i.d.) and letting the THF evaporate slowly at room temperature over 24 h. The
same type of membrane containing 32.8% PV C as polymer matrix, 65.6% NPOE as plasticizer,
0.6% NaTFPB to provide for ionic sites, and 1% valinomycin as ionophore was used for all
K* measurements. Membranes doped with the ionophore o-xylylenebis(N,N-
diisobutyldithiocarbamate) were prepared in the same way, but the amount of PVC and the
ratio of ionophore and ionic sites were varied. The thickness of the resulting membranes was
approximately 100 pm.

3DOM carbon monoliths were prepared as reported by colloidal crystal templating with
monodisperse PMMA spheres [33,43-45]. SC-ISEs (Figure 1) were assembled in the same
way as reported in earlier work [31], i.e., by positioning a small piece of 3DOM carbon between
a Ni mesh and a PVC membrane. The 3DOM carbon was glued onto the Ni mesh with a
resorcinol-formaldehyde (RF) adhesive (60:120:1 molar ratio of resorcinol, formaldehyde,
and sodium carbonate; hardened at 85° C), and a section of the Ni mesh was embedded between
two PVC sheets (Goodfellow, Oakdale, PA, USA), which served as the substrate for the whole
setup. The RF glue is not conductive. Finally, the 3DOM carbon was covered with the
ionophore-doped, plasticized PVC membrane. A solution of PVVC was used to tightly glue the
two PVC sheets together and to cover all still exposed Ni mesh and 3DOM carbon, ensuring
that there was no direct contact between the ionophore-doped PVC membrane and the Ni mesh,
and between the 3DOM carbon and the sample solution. A fairly concentrated THF solution
of the same PVVC used in the preparation of the membranes could be used for this purpose, but
for convenience commercially available PVVC cement (a solution of PVVC in a mixture of THF,
methyl ethyl acetone and cyclohexane; ACE Hardware Corp., Oak Brook, IL, USA) was used
in this study.

EMF Measurements

Potentials were monitored at room temperature in stirred solutions with an EMF 16
potentiometer (Lawson Labs, Malvern, PA, USA) controlled with EMF Suite 1.02 software
(Fluorous Innovations, Arden Hills, MN, USA). The external reference electrode consisted of
a double-junction Ag/AgCl electrode with a 1 M LiOAc bridge electrolyte and AgCl-saturated
3 M KCl as reference electrolyte. All EMF values were corrected for liquid-junction potentials
according to the Henderson equation [46]. Activity coefficients were calculated with a two-
parameter Debye—Hiickel approximation [47]. All K* and Ag* measurements were performed
with polypropylene beakers to minimize ion leaching from the sample container into the
sample. In the case of the Ag* measurements, the beakers were cleaned overnight in 0.1 M
HNO3 before use.

Results and Discussion

As reported earlier, K* selective 3DOM carbon-contacted ISEs exhibited excellent long-term
stability with potential drifts of only 11.7 pV/h and a very good resistance to the interference
from oxygen and light [31]. Moreover, the hydrophobic surface of 3DOM carbon suppressed
the formation of an aqueous layer. While a detection limit of 6.3x10~7 M for K* was reported,
it was suspected that the detection limit could be improved by more carefully preventing direct
exposure of the electrode membrane to solutions of high K* concentration [31]. This is indeed
the case, as shown in the following.
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When freshly prepared electrodes were first conditioned in 1 uM KCI solution for 1 day and
then transferred to 1 mM KCl solutions for the measurement of calibration curves by successive
sample dilution, a detection limit for K* of 1.0x1075 M was observed. Similarly, conditioning
in 1 nM KClI solution for 2 days and calibration curve measurements by dilution of 1 mM KCI
gave the nearly identical detection limit of 1.2x1076 M. This suggests that any effect from the
low concentration of the conditioning solution is overpowered by the 1 mM KCI concentration
that the electrode is first exposed to when the calibration curve is measured by successive
dilution. Therefore, calibration curves were determined with the successive sample dilution
method, starting from different KCI concentrations (see Figure 2 and Table 1). Clearly, lower
detection limits were obtained for lower concentrations of the conditioning and sample
solutions. The best detection limit, 1.6x10~7 M, was obtained with a 1 uM conditioning solution
and a calibration curve obtained by successive dilution of a 1 pM K* starting solution. The use
of high concentrations of the analyte ion in the conditioning solution is apparently followed
by a release of analyte ions from the membrane phase back into the sample when the membrane
is exposed to more dilute solutions.

The K* SC-ISEs presented here compare well to previously reported ones. For example, solid
contact K* ISEs with polypyrrole intermediate layers, electropolymerized in the presence of
the water-soluble hexacyanoferrate, exhibited a 1.2x10~7 M detection limit [38]. Chumbimuni-
Torres and co-workers reported a detection limit for K+ at 1x10~7 M for electrodes with a
plasticizer-free copolymer as the membrane matrix and poly(3-octylthiophene) as the
intermediate layer [41]. In comparison, the lowest detection limit reported thus far for any ISE
was ~5.0x10~2 M for a K* ISE with an inner filling solution in equilibrium with an ion-
exchange resin buffering the activity of the primary ion [13]. It appears that, independent of
the approach, very similar detection limits are observed for all SC ISEs. This may be the result
of sample contamination with K* from ambient sources. Only clean room conditions are likely
to exclude the possibility of ambient K* contamination. Therefore, further tests of the low
detection limits of 3DOM carbon-contacted ISEs were performed with Ag* ISEs. Silver is not
only a ubiquitous contaminant, but its determination is also of practical interest. Due to their
antibacterial properties, silver salts are used in the disinfection of drinking water, as well as in
implanted prostheses. The amount of silver entering the aquatic system and the atmosphere
each year is estimated to be as high as 450,000 kg. Although very small portions of the total
silver is biologically available in water, a concentration higher than 0.17 pg/L is toxic to fish
and microorganisms, making it crucial to monitor the concentration of silver in the environment
[48].

SC-ISEs for Ag™ have been used previously [49,50], however, it was not until 2006 that Bakker
and co-workers reported on the first SC-ISE for Ag* with a detection limit in the nanomolar
range. In a report on trace level measurements of five different ions, they described detection
limits for Ag* of 2.0x1072 M for a SC-ISE with o-xylylenebis(N,N-diisobutyldithiocarbamate)
as ionophore [41]. In the work with 3DOM carbon-contacted ISEs reported here, the same
ionophore has been used, and different factors that affect the detection limit were studied. These
include the polymer content, the molar ratio of ionophore and ionic sites, the concentration of
the conditioning solution, and the concentration range of the calibration curves.

Polymer Content

The choice of the polymer content of a PVC-based membrane is a trade-off. On one hand, a
higher polymer content decreases the diffusion of ions through the membrane, which is helpful
for lowering ion fluxes and, thereby, detection limits. The diffusion coefficients in the
membrane can be strongly varied by changing the concentration ratio of polymer to plasticizer
[51,52]. An increase of the polymer content of the membrane from the usual value of 30% to
50% (w/w) has been reported to improve the detection limit for calcium from the micromolar

J Solid State Electrochem. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lai et al.

Page 5

down to the nanomolar range [53]. On the other hand, increasing the polymer content of the
sensing membrane increases its electrical resistance, and eventually makes it impossible to
carry out potentiometric experiments. In this study, the polymer content of NPOE/PVC
membranes was varied from 33% to 75%. All electrodes were conditioned in 1 nM AgNO3
for 2 days, and calibration curves were measured by dilution of 0.1 mM AgNOg solutions. The
thus obtained detection limits are listed in Table 2. Clearly, membranes with a higher polymer
content provided lower detection limits. With 75% PV C, the electrodes responded to Ag* down
to the nanomolar level, which was two orders of magnitude lower than for the membranes with
33% PVC. This is consistent with the observation that the resistance of a 33% PVC membrane
(5.1x10° Q) was approximately two orders of magnitude lower than the resistance of a 75%
PVC membranes (1.7x108 Q).

Molar Ratio of lonophore and lonic Sites

The molar ratio of ionophore and ionic sites is well known to affect the selectivities [54,55]
and, thereby, the detection limits of ISEs. For a given concentration of interfering ions,
electrodes with better selectivities can detect the primary ion at lower concentrations.
Moreover, the ionophore and ionic sites are buffering the primary ion activity in the sensing
membrane, stronger binding of the primary ion to the ionophore resulting in a lower primary
ion activity in the membrane. Under circumstances where the detection limit is not determined
by interfering ions but by the release of primary ions from the membrane into the sample, a
lower primary ion activity in the membrane is also expected to result in a lower detection limit.
Therefore, if the concentration of ionic sites is kept constant while the ionophore concentration
in the sensing membrane is increased and, thereby the concentration of free analyte ions in the
sensing membrane decreases, the detection limit is expected to improve. Experimentally, the
molar ratio of the Ag* ionophore o-xylylenebis(N,N-diisobutyldithiocarbamate) and the ionic
sites in the sensing membrane was varied, while the weight percentages of PVC, NPOE and
NaTFPB were kept constant at 43%, 56% and 1%, respectively. Two molar ratios of ionophore
and ionic sites, i.e., 3.2:1.0 and 2.1:1.0, were tested. All electrodes were conditioned in 1 nM
AgNO; for 2 days, and calibration curves were obtained by successive dilution of 0.1 mM
AgNOj3. With the ratio of ionophore to ionic site ratio of 3.2:1.0, the detection limit was
1.6x1078 M, which was approximately two times better than for electrodes with the
ionophore:ionic site ratio of 2.1:1.0 (Table 2). This seems to be consistent with the fact that
the activity of Ag* in the membranes with the 3.2:1.0 ionophore to site ratio is calculated from
the known 1:1 binding constants to be two times lower than in the membranes with the 2.1:1.0
ratio [56].

Conditioning Solutions and Starting Solutions

As the above mentioned results for K* show, different conditioning solutions and starting
solutions strongly affect the detection limits. To investigate these effects, membranes
containing 43% PVC and a 3.2:1.0 molar ratio of ionophore and ionic sites were used, and
calibration curves were measured by successive dilution, starting with 0.1 mM AgNOs3
solutions. Conditioning for one day in 1 nM solutions gave a detection limit of 4.0x1078 M,
which was approximately four times lower than when conditioning was performed with a 1
mM AgNOj3 solution. Conditioning in 1 nM AgNO;3 for one additional day did not further
improve the detection limit. For this lower concentration of the conditioning solution of 1 nM,
different concentrations of starting solutions were subsequently investigated, i.e., 0.1 mM, 1
uM and 10 nM. As expected, the lower the concentration of the starting solution, the lower the
detection limit that could be achieved. With a starting solution containing 10 nM AgNOs3, the
detection limit was 7.9x10~11 M, which is about 3 and 2 orders of magnitude lower than the
results for the 0.1 mM and 1 uM starting solutions, respectively.
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The best conditions for low detection limit detection of Ag* were selected based on a
combination of the relevant experimental parameters. In this experiment, the sensing
membrane was composed of 75% PVC, and the molar ratio of ionophore and ionic sites was
3.2:1.0. The electrode was conditioned in 1 L of 1 pM AgNO3 for one day to ensure complete
Na*/Ag* exchange between the sample and the sensing membrane. Subsequently, the
membrane was conditioned in 1 nM AgNO; for 2 days. Then the electrode was immersed into
500 mL of a 10 nM AgNOj3 solution for the measurement of a calibration curve by successive
dilution (see Figure 3). The thus obtained detection limit was 4.0x10~11 M, or 4.3 ppt for
Ag™, which is more than two orders of magnitude lower than for the previously reported SC-
ISEs based on a plasticizer-free methyl methacrylate-decyl methacrylate copolymer matrix
[41]. As shown by others previously, this two-step conditioning procedure starting with a
relatively high concentration of analyte in the first step ensures that even a limited volume of
conditioning solution contains enough analyte ions to fill the sensing membrane by ion-
exchange with primary ions, while the second step with the solution of much lower primary
ion activity removes excess primary ion from the sensing membrane that may have entered in
there due to co-extraction. Once the ion exchange is performed this way, the electrodes can be
stored in the conditioning solution of lower primary ion activity and used without further
preparatory steps.

Conclusions

An improved detection limit of 3DOM carbon-contacted ISEs for K* was obtained with
conditioning at low K* concentration. The resulting detection limit is comparable to that of
other K* selective SC-1SEs operated under optimized conditions. This paper also presents the
first application of 3DOM carbon-contacted ISEs for the trace-level detection of Ag*. With
optimizations of the polymer content, the molar ratio of ionophore and ionic sites, and the
concentrations of the conditioning and starting solutions, the detection limit for Ag* could be
lowered into the subnanomolar concentration range. The successful detection of Ag* at these
low concentrations and the excellent stability and resistance to interferences reported
previously make 3DOM carbon-contacted ISEs interesting for trace-level measurements in
real life samples.
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Figure 1.
Schematic setup of a 3DOM carbon-contacted ion-selective electrode.
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Figure 2.

Potassium ion calibration curves for K*-selective ISEs recorded:Conditioning in (A) 1 mM
KCl for 1d, (B) 0.1 mM KCl for 1 d, and (C) 1 uM KCI for 1 d. For clarity, response curves
have been shifted vertically relative to one another.
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Figure 3.

Silver ion calibration curve for Ag*-selective electrode, with the lowest detection limit
achieved in this work, recorded after conditioning in 1 mM AgNO3 for 1d and 1 nM
AgNOs for 2 days.
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Detection limits achieved for K* with different concentrations of conditioning and starting solutions.

Table 1

Conditioning solution (M)
1076
1079
1073
10
1078

Starting solution (M)
103
1073
1073
104
1078

Detection limit (M)
1.0x10°8
1.2x10°6
6.3x1077
4,0x1077
1.6x1077
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