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Robust, Bridge-less Ion-selective Electrodes with
Significantly Reduced Need for Pre- and Post-application
Handling
B. Schazmann,*[a] S. Demey,[a] Z. Waqar Ali,[a] M-S. Plissart,[a] E. Brennan,[a] and A. Radu*[b]

Abstract: We are demonstrating robust, single-layer ion-
selective electrode (ISE) utilizing simple Ag/AgCl elec-
trode as solid support without the need for intermediate
polymer layer. We have created and chemically linked a
family of imidazolium ionic liquids (ILs) with poly (vinyl
chloride) (PVC) using click chemistry, resulting in hybrid
materials with tunable characteristics. The resultant
material inherently contains chloride ion thus offering the
ability to stabilize interfacial potential. This allowed us to
construct very simple, single-layer membranes with signifi-
cantly reduced need for conditioning as an added bonus
compared to traditional sensors. Chemical immobilization
of ISE membrane components also led to extended

lifetime as the potential for material loss is reduced and
detection limits are lowered. In our characterization we
focused on perchlorate as a model ion. It’s levels of
around 10�7 M could be repeatedly quantified over a
100 day period despite constant exposure of ISEs to
aqueous solution over this time. Most importantly, the
electrodes exhibited stable and reproducible signal with
significantly simplified pre- and post-operation handling
protocols. This offers potential for in situ applications as
well as to advanced fabrication techniques and miniatur-
ization. Simplicity of construction and operation, and low
cost of the solid substrate allows for disposable ISE
formats.

Keywords: Ion-selective electrode · Sensors · Ionic Liquids

1 Introduction

The need for developing sensors that can offer measure-
ments much more extensively and frequent than currently
possible [1] is placing significantly more importance on
solving the issue of simplicity of sensors and sensor
handling. This becomes much more important when
considering the true cost of the sensor which also includes
the time needed for training of technical personnel to
handle sensors and sensor-personnel contact time. Com-
plex handling protocols increase the total sensor price and
it is therefore critical to develop sensors that require
minimal or no pre- and post-operation handling.

Polymer membrane-based ion selective electrodes
(ISEs) have many characteristics that make them excel-
lent candidates for routine analysis and early warning
systems. They are very simple for operation, have wide
dynamic range spanning up to 9 orders of magnitude, do
not need energy for operation except for data acquisition
circuitry, are not influenced by sample turbidity, and can
be miniaturized [2, 3]. Despite significant advances, prob-
lems remained in terms of signal stability, and sensor
robustness and handling. Signal stability has indirectly
been addressed by the work leading to miniaturization;
intermediate liquid layer has been substituted by a variety
of materials that stabilized interfacial potential between
the membrane and solid electrode. The materials included
self-assembled monolayers [4], conductive polymers [2],
carbon paste [6], and/or carbon nano-tubes (CNTs) [7].

Leaching of membrane components has been identi-
fied as another major source of signal instability [8]. One
of the major strategies developed to combat this problem
were to covalently attach ionophore or ion exchanger to
the polymer matrix [9], and/or develop plasticizer-free
membranes [8,10–12]. Another approach was to develop
carefully designed experimental protocols for handling
the sensors including pre- and post-application [13].
Interesting approaches to demonstrate calibration-free
and/or condition-free electrodes, hence requiring signifi-
cantly simplified handling protocols, were described by
Bakker [14] and Rich [15] respectively. Mendecki et al
have developed an interesting new material based on
polymerized ionic liquid that contains iodide ion as the
counterion to triazole moiety as the cationic part of the IL
[16]. This allowed them to demonstrate single component
iodide-selective electrodes that do not require condition-
ing.
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Here, we describe a strategy to develop ISEs that
require a very simple conditioning protocol and offer
excellent signal stability and robustness. We base our
work around the development of a family of new
imidazolium based Ionic Liquid (IL)-polymer hybrid
materials. ILs are chosen due to their versatility and
tunable physico-chemical properties [17–19]. In other
words, the ability of ILs to undergo almost unlimited
structural variations [20], opens up exciting new pathways
for their utilization in sensing. For example, modification
of ILs can lead to tuning for example of the membrane’s
polarity, thus dictating it’s selectivity [21]. A very interest-
ing concept of development of stable reference electrodes
utilizing ILs as salt bridges has been reported in a number
of groups. For example, Snook et al demonstrate that
dissolution of a low amount of silver trifuoromethanesul-
fonate (AgTf) in 1-butyl-1-methyl-pyrrolidinium bis(tri-
fuoromethanesulfonyl)imide (P14TFSI) can result in an
Ag/Ag+ reference electrode [22], while Kakiuchi et al.
create stable Ag/AgCl electrode by dissolution of small
amount of AgCl salt in 1-methyl-3-octylimidazolium
bis(trifluoromethylsulfonyl)imide ([C(8)mim+]
[C(1)C(1)N-]) [23]. We are demonstrating here that due
to the presence of Cl� as anionic part our poly-
immidazolium-based family of ILs, they behave as salt
bridges. This renders the interface potential at the
IL jAgCl/Ag phase boundary stable and therefore en-
abled us to demonstrate very simple ISEs where the
membrane is directly deposited on the Ag/AgCl solid
support. Consequently, this significantly simplifies pre-
and post-application processing.

2 Experimental

2.1 Reagents, Materials, and Equipment

1-methyl imidazole, 1-butyl imidazole, propargyl chloride,
high molecular weight poly (vinyl chloride) (PVC),
sodium azide, ascorbic acid, copper sulphate pentahy-
drate, 2-nitrophenyl octyl ether (NPOE), sodium hypo-
chlorite, methanol, dimethylformamide (DMF) and anhy-
drous tetrahydrofuran (THF) were supplied by Sigma
Aldrich. Analytical grade sodium or potassium salts of
fluoride, chloride, acetate, nitrate, bromide, iodide,
perchlorate, thiocyanate and sulphate were supplied by
Sigma Aldrich. Milli-Q-purified distilled water was used.
All chemicals were used as supplied without further
purification.

IR spectra were taken using an FT-IR (ATR module)
spectrometer (Perkin Elmer Spectrum 65). Thermogravi-
metric analysis (TGA) was conducted using a Shimadzu
DTG-60 instrument. NMR spectra were obtained using a
Bruker 400 MHz (Ultrashield). Elemental analysis was
carried out using a Thermo Scientific CHNS/O analyser
(Flash 2000). Mass Spectrometry (MS) was performed
using 20% acetonitrile in water (% v/v) containing
15 mM sodium formate and 5 mM formic acid, as sample
solvent. An Agilent 6410 Triple Quad MS instrument was

used. ISE measurements were carried out using a double-
junction Ag/AgCl/3 M KCl/1 M LiOAc as a reference
electrode (Thermo Scientific Orion 900200 Sure-Flow D/
J). The polymer membrane ISEs were fabricated as
indicated below. Electrochemical measurements were
performed at ambient temperature using a Lawson Labs
EMF-16 potentiometer. Voltammetry was performed on a
CH Instruments, Inc. potentiostat model CHI 600 A.

2.2 Membrane Preparation and Polymer ISE Fabrication

ISE membrane cocktails were prepared using two types of
PVC-IL hybrid material synthesized as described below
(PVC-1 and PVC-2 as in Scheme 1). Membranes con-
tained 33%wt of either of the hybrid material mixed with
66%wt of NPOE. The mixtures were dissolved in 1 ml of
THF. For Coated Wire Electrode (CWE) fabrication,
3 cm lengths of silver wire (1 mm diameter) were used.
Nail varnish was used as a dielectric to seal the silver wire
leaving 5 mm of bare silver at the lower and upper ends.
The latter was used for connection to the potentiometer
wires using crocodile clips. The distal 5 mm of clean Ag
wire was immersed in 5% w/v sodium hypochlorite for
10 minutes followed by rinsing in de-ionised water. It was
then repeatedly dip coated with required membrane
cocktail to build up a bead completely covering the AgCl
layer. THF was allowed to evaporate between coats.

Blank planar SC-ISEs were based on polyethylene
terephthalate (PET) screen printed with carbon tracks
and a dielectric as described elsewhere [24]. The electro-
chemical deposition of Ag and AgCl layers onto the

Scheme 1. Reaction of alkylimidazole with propargyl chloride.1,
R=CH3 and 2, R= (CH2)3CH3. This was followed by cyclo-
addition to azidated PVC to form PVC-1, R=CH3 and PVC-2,
R= (CH2)3CH3.
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carbon electrode contacts was performed in house
(supplemental data). A 300 mm thick polypropylene
sealing Layer was glued on top of the SC-ISE platforms
using epoxy resin, leaving a 3 mm wide circular well hole
above each electrode contact. Sufficient track exposure
was allowed at the opposite end of the electrodes, for
connection to the potentiometer via crocodile clips. THF
based membrane cocktails were now added in 5 ml
portions, allowing 10 minutes evaporation between addi-
tions, until the wells were deemed visually full.

2.3 Synthetic Procedures

2.3.1 1-Propargyl-3-Methylimidazolium Chloride (1)

A 50 ml round bottomed flask placed in an ice bath was
purged with dry nitrogen for 5 minutes and then sealed. 1-
Methyl imidazole (1.5 g, 0.0182 mol) was added and left to
cool for 3 minutes. Propargyl chloride (1.5 g, 0.020 mol)
was added slowly using a syringe. The mixture was stirred
magnetically for 10 minutes at 0 8C. The mixture is heated
to 70 8C for 10 minutes and then, following removal of the
heat source, the mixture is allowed to stir at ambient
temperature overnight. The mixture is placed on a rotary
evaporator for 20 minutes at 80 8C to remove unreacted
starting material. The product was used with no further
purification. 2.7 g of a dark brown viscous liquid was
obtained representing a yield of 94 %. nmax (FT-IR-ATR)/
cm�13380, 3141, 3076, 2936, 2117, 1566, 1162, 748, 621. dH

(400 MHz; MeOD; Me4Si) 9.13 (1H, s, NCHN), 7.73 (1H,
m, N+CHCHN), 7.66 (1H, m, N+CHCHN), 5.19 (2H, s,
N+CH2C), 3.97 (3H, s, NCH3), 3.33 (1H, m, CH2CCH).
13C (100 MHz,MeOD): 138.9, 125.3, 123.4, 78.9, 75.7,
40.0, 36.8 ppm. ESI MS +m/e 121.0 ([M�Cl�], calcd
121.1).

2.3.2 1-Propargyl-3-Butylimidazolium Chloride (2)

An identical procedure as that for the synthesis of 1-
propargyl-3-methylimidazolium chloride was used with
the following proportions of starting materials: 1-butyl
imidazole (2.25 g, 0.018 mol) was reacted with propargyl
chloride (1.5 g, 0.02 mol). 3.4 g of a dark brown viscous
liquid was obtained representing a yield of 95%. nmax (FT-
IR-ATR)/cm-13389, 3079, 2956, 2933, 2870, 2118, 1564,
1454, 1158, 750, 618. dH(400 MHz; CD3CN; Me4Si) 9.89
(1H, s, NCHN), 7.71 (1H, m, N+CHCHN), 7.65 (1H, m,
N+CHCHN), 5.33 (2H, s, N+CH2C), 4.27 (2H, t,
NCH2CH2), 3.22 (1H, m, CH2CCH), 1.86 (2H, m,
CH2CH2CH2), 1.34 (2H, m, CH2CH2CH3), 0.94 (3H, s,
NCH3). 13C (100 MHz, CD3CN): 136.2, 122.3, 121.7, 76.8,
74.7, 48.9, 38.4, 31.2, 18.6, 12.3 ppm. ESI MS +m/e 163.0
([M�Cl�], calcd 163.1).

2.3.3 Azide Functionalised PVC (PVC-azide)

PVC (5.0 g, 0.08 mol monomer), sodium azide (5.2 g,
0.08 mol) and 210 ml of a DMF/water (5 :1 v/v) mixture

were added to a 250 ml round bottomed flask. The flask
was slowly purged with dry nitrogen for 5 minutes. The
stirring mixture is heated to 50 8C under nitrogen. After 5,
24, 48, 70 and 117 hours, 30 ml aliquots of reaction
mixture are removed from the reaction vessel and allowed
to cool to room temperature. The solid is filtered out
under vacuum and 3 times alternately washed with 20 ml
de-ionised water and 20 ml methanol. The resulting white
solid was dried in an oven at 60 8C for 2 hours resulting in
4.2 g of product. Subsequent repeat reactions were
terminated after 48 hours. nmax (FT-IR-ATR)/cm-12966,
2909, 2108, 1426, 1253, 957, 607.

2.4 Immobilising Ionic Liquids on PVC (PVC-IL)

2.4.1 PVC-1

Into a 250 ml volumetric flask were added 1 (0.76 g, 4.9 3

10�3 mol), PVC-azide (0.97 g), copper sulphate pentahy-
drate (0.44 g, 1.76 3 10�3 mol) and ascorbic acid (1.5 g,
8.5 3 10�3 mol) in 83 ml of a THF/water mixture (6 :1 v/v).
The solution is stirred at room temperature for 4 hours.
De-ionised water was added to precipitate out a solid. The
solid is filtered out under vacuum and washed 5 times
with 10 ml de-ionised water. The resulting solid was dried
in an oven at 60 8C for 3 hours. The solid was then
dissolved in 30 ml THF and any insoluble solids removed
by vacuum filtration. The filtrate was treated with de-
ionised water to precipitate out the solid product. The
solid was recovered by vacuum filtration and washed 3
times with 10 ml de-ionised water. The resulting solid was
dried in an oven at 60 8C for 3 hours. 0.65 g of a fibrous
white solid was recovered. nmax (FT-IR-ATR)/cm-12971,
2909, 2110, 1426, 1252, 964, 612. Anal. found: C, 37.88; N,
0.67.

2.4.2 PVC-2

An otherwise identical procedure as that for the synthesis
of PVC-1 was used with the following starting materials: 2
(1.12 g, 5.6 3 10�3 mol) was reacted with PVC-azide
(1.30 g). 0.99 g of a fibrous white solid was recovered. nmax

(FT-IR-ATR)/cm�12969, 2917, 2108, 1424, 1249, 969, 689.
Anal. found: C, 38.27; N, 0.61.

2.5 Electrochemical Measurements

ISEs were conditioned in 0.01 M NaCl overnight (unless
stated otherwise) and in de-ionised water for 30 minutes
prior to first use. A titrations sequence following the
Hofmeister series was followed with the least lipophilic
anions tested first. ISE titrations were carried out in the
range log a=�9 to �1 for each anion tested. Observed
potentials were recorded once stabilised and the time
noted. Electrodes were stored in 0.01 M NaCl following
first use. Selectivity coefficients were calculated using the
Separate Solutions Method (SSM) [25]. Activity coeffi-
cients (log a) were calculated according to the Debye-
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Hückel approach and voltages were corrected for liquid-
junction potentials with the Henderson equation.

3 Results and Discussion

Our synthesis started with the combination of methyl- or
butyl imidazole with alkylating agent propargyl chloride
to yield room temperature ILs 1 and 2. The choice of an
exchangeable chloride as counteranion was to fulfil the
role of messenger to an electrode’s underlying silver-silver
chloride (Ag/AgCl) electronic conductor, a role tradition-
ally facilitated by chloride based filling solutions [26].
Scheme 1 shows the reaction scheme.

The purity of >95% was verified in all cases by 1H
NMR spectrum (Supplemental data Figure S–S4).
Although alkyne bearing imidazolium ionic liquids have
been prepared before including PVC-1 [27] we believe we
are the first to synthesise PVC-2. Furthermore, we are the
first to graft such ILs onto a polymer backbone for the
purpose of incorporation into an electrode. With alkyne
containing PVC-1 and PVC-2 in place, we focussed on
preparing the PVC-azide precursor material (Scheme 1)
based on an existing method [28] The strategy was to
substitute chlorine atoms along the PVC backbone with
azide functionality. Figure 1 below shows the FT-IR
spectra of the product at the indicated time points
focussing on the region containing the characteristic
strong azide stretch signal at around 2100 cm�1 and a
strong C�H stretch between 2900–3000 cm�1, the latter
attributable to the C�H bonds in the PVC backbone.

The C�H stretch band remains quite constant for pure
PVC and all reaction product time intervals as expected.
Conversely, the azide signal at 2100 cm�1 increases up to
48 hours reaction time, suggesting that no more azide

functionality is being added to the PVC backbone after
this point.

Thermogravimetric analysis (TGA) of the PVC-azide
reaction products supported the above observation of
reaction progress (Supplemental data Figure S5). The
TGA trace of PVC starting material shows the familiar
loss of chlorine at about 310 8C [29]. The TGA trace
profile does not change further after 48 hours suggesting a
reaction end, in agreement with the IR data.

Following reaction of PVC with sodium azide for at
least 48 hours, 1 or 2 were separately reacted with PVC-
azide to produce hybrid materials PVC-1 and PVC-2
(Scheme 1). The reaction proceeded via copper(I) cata-
lysed Huisgen 1,3-dipolar cycloaddition reaction (Cu-
CAAC), a prime reaction in the click chemistry arsenal
[30–32]. Here a terminal alkyne reacts with an azide to
form a regioselective triazole linker between the two.
Yields are often greater than 95 %, minimal purification
steps are required and the reaction can be conducted in
many solvents including water.

A general solubility of no less than 50 mg/ml THF at
room temperature was deemed acceptable for polymeric
materials used in electrodes [33]. PVC-2 surpasses this
level of solubility, with a solubility of about 80 mg/ml,
whereas PVC-1 had an estimated solubility of only around
30 mg/ml THF. It is assumed that the azide-alkyne click
reaction of the final stage proceeds quantitatively, with
the initial degree of substitution of PVC chlorines being
the limiting step [33]. This was confirmed by FT-IR after
4 hours of reaction. For both PVC-1 and PVC-2 we see
the virtual disappearance of the azide peak at 2100 cm�1

with a concurrent appearance of a C=N bond stretch at
1640 cm�1 from the expected triazole formation, when
compared to the PVC azide start material (Supplemental
data Figure S6).

We performed a CHN analysis on PVC-1 and PVC-2
to estimate the degree of substitution onto PVC. The
content of triazole-imidazolium fragments was estimated
to be 1.9 mol% and 2.1 mol% respectively (calculation
revolves around N content). In other words, about 1 in
every 170 vinyl chloride units becomes substituted with
triazole-imidazolium. A similar maximum order of magni-
tude substitution (6.1%) was observed by other investi-
gators performing azidation of PVC [33]. These figures
may appear subtle but dramatic changes in physical and
chemical properties compared to relatively inert PVC
were observed.

3.1 Sensing Characteristics of ISEs Based on PVC-IL
Hybrid Material

3.1.1 Selectivity

In order to determine selectivity coefficients of our
hybrid-based electrodes, they were conditioned overnight
in 0.01 M of NaCl. Note that our membranes are
ionophore-free and therefore it is expected that they
behave as pure ion-exchange membrane. In other words,

Fig. 1. FT-IR spectra of pure PVC and PVC-azide at the indicated
reaction time points. The signal at 2100 cm�1 corresponds to the
azide functional group.
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responses according to Hofmeister series (SCN�>
ClO4

�> I�>Br�>NO3
�>Cl�>AcO�>SO4

2�) [34] were
expected. Observation of Nernstian response slopes for all
ions is critical for obtaining unbiased selectivity coeffi-
cients [25]. Figure 2 shows the response of PVC-1 and
PVC-2 to a series of anions in water. Both electrodes
exhibited minimal pH sensitivity (as per Figure S7 in
Supplemental Information, observed slopes are �7.5 and
�3.8 mV/decade for PVC-2 and PVC-1 respectively).

Detailed information on response slopes and linearity
range is provided in Supplemental Information (Table S1).
In general, close-to-Nernstian slopes were observed in
almost all cases except for AcO- which allowed us to
calculate unbiased selectivity coefficient as discussed by

Bakker [25]. Observation of non-Nernstian response is
not surprising considering ease of its transport through
PVC-based membranes and induced drift [35]. It is
interesting that response to perchlorate appears enhanced
thus making electrodes slightly perchlorate-selective. In-
terestingly, PVC-2 exhibits larger response ranges of all
ions. For example, limit of detection (LOD) to ClO4

� is
~10�7 M (~10 ppb) which is almost 3 orders of magnitude
lower that for electrodes based on PVC-1. This is most
likely because the polymer in PVC-2 is functionalized by
more lipophilic butyl as opposed to less lipophilic methyl
group as in PVC-1. The increased lipophilicity of the
polymer enhances response range [36, 37]. Selectivity to
ClO4

� is an important observation considering the
importance of perchlorate in safety and security, and
environment [38,39] and even in extra-terrestrial research
[40,41]. Therefore, having robust electrodes with LOD of
~10 ppb that do not require any pre- or post-operational
handling would be highly beneficial.

3.1.2 Signal Robustness

Classical ISEs based on traditional metal chloride (e. g.
Ag/AgCl or calomel Hg2Cl2) exhibit necessity to have
chloride (or halogen) present in inner filling solutions in
order for the underlying metallic electrode and electron
conductor to communicate with ion based filling solution
and the membrane. We anticipated that the mobile/
exchangeable chloride counteranion in PVC-1 and PVC-2
would serve as appropriate messengers between the solid
contact Ag/AgCl electrode surface and the inner face of
the polymer membrane. We therefore proceed on this
basis, entirely leaving out a separate intermediate layer.

In early work with the so called coated wire electrodes
(Ag/AgCl electrode simply coated with selective mem-
brane) potential instabilities were observed. They were
attributed to the formation of oxygen half-cell at the inner
electrode [42,43], lack of well-defined redox couple [42],
and formation of a thin water layer at the membrane/
electrode interface [5]. Fibbioli et al demonstrated that
alternating exposure to primary and interfering ions
results in observation of strong drifts in response of ISEs
as a result of formation of the water layer [5]. We have
designed a slightly modified experimental protocol in
order to address factors that are out of experimental
control (e.g. thickness, homogeneity, and composition of
aqueous water layer as well as membrane thickness and
diffusion coefficient). Figure 3 shows responses of PVC-1
and PVC-2 exposed to solutions containing Cl� and ClO4

�

as interfering and primary ions respectively. Stable
responses confirmed our expectations for well-defined
redox couple at the [Imim][Cl] jAgCl/Ag phase boundary.
Our hybrid material thus acts as salt bridge due to the
inherent presence of Cl� in the membrane. An interesting
and welcome consequence is the absence of water layer.

This is most likely due to increased hydrophobicity of
immobilized PVC-IL hybrid which reduces the transfer of
water through the membrane. The absence of oxygen half-

Fig. 2. The response of ISEs based on a) PVC-1 and b) PVC-2 to
a series of anions in the background of deionized water. Only
response to ClO4

� is outlined as electrodes were characterized as
ClO4

�-selective (see text).
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cell is also confirmed (see Figure S8 in SI) thus demon-
strating that ISEs based on our hybrid material exhibit
excellent signal stability.

Encouraged by these results, we have decided to
further test signal reproducibility. This was done by
cycling between solutions of low and high ClO4

� concen-
tration, namely between Lod g=�6.5 and log a=�4. This
was done on both conditioned and non-conditioned
electrodes. Figure 4 compares responses of conditioned
and non-conditioned (used dry ‘out of the box’) PVC-2. It

is noteworthy that there was no significant difference
between responses of conditioned and non-conditioned
PVC-1 at appropriately chosen response range (results
not shown).

It is very exciting that conditioned electrodes show
very reproducible responses, thus exhibiting excellent
signal robustness. It was also very exciting to observe
excellent robustness even with non-conditioned electro-
des. Initial drifts most likely originate from the hydration
of polymer but the signal stabilizes after conditioning for
as little as one hour (data not shown). This indicates that
no complex protocols are necessary for handling electro-
des post-application as it is commonly required [13]. After
calibrating our electrodes in the solution of ClO4

� we
have simply dried them and kept them in a dry and dark
drawer. Prior to next use, electrodes were conditioned for
an hour in the solution of 10�4 M of ClO4

� and the next
calibration was performed.

It is known that changing chemical composition within
the ISE membrane is a major factor contributing to signal
drift of ISEs. Therefore covalent attachment of the main
membrane components is expected to reduce their
leaching and the ensuing chemical changes in the mem-
brane. A set of calibrated electrodes have been kept in
their conditioning solutions and calibration versus a
number of ions was then repeated after 100 days. Figure 5
compares these two responses for ClO4

� only, while the
average response slopes, LODs and selectivity coefficients
for all other ions are provided in Table S1. Results are
obtained for at least 3 used electrodes. Figure 5 provides
response of only one electrode for clarity purpose. No
significant deviation of LOD, only minor deviations of
slope and selectivity coefficients, and maximal E0 devia-
tion of 5 mV were observed. Note that responses in
Figure 5 were artificially shifted in order to provide better
illustration of responses. This is a very important observa-

Fig. 3. The water layer test was performed by exposing unused
electrodes PVC-1 and PVC-2 first to 1 3 10�3 M potassium salt of
primary ion such as ClO4

� up to 6 hours and then to Cl� for about
20 hours. The step-wise potential response pattern indicates an
absence of zero current ion fluxes.

Fig. 4. Reproducibility of PVC-2 for conditioned and non-condi-
tioned ISEs. Where applicable, PVC-2-based electrodes were
conditioned in 1 3 10�5 M perchlorate overnight. All electrodes
were first exposed to deionized water, followed by the exposure
to the solution at near the LOD 10�6.5 M, followed by the
exposure to the solution of 10�4 M. The cycle is repeated for at
least 5 times. Numerical values are provided in Table S2.

Fig. 5. Responses to ClO4
� of PVC-2 based electrodes freshly

prepared (red circles; 1 day) and after storage in their condition-
ing solution for 100 days (black squares).
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tion as it indicates that no observable leaching of
components takes places. This would allow development
of electrodes with long-term signal stability which is
important in for example studying global effects of natural
and anthropogenic sources of perchlorate [38,39] or in the
search for water on planetary bodies [40].

4 Conclusions

This work describes a new simple sensor layer that shows
excellent signal robustness. Chloride as the anion part of a
polymerized Immidazolium moiety serves as a salt bridge
to establish a stable redox couple at the polymer
membrane j solid Ag/AgCl electrode interface. The mem-
brane is not doped with ionophore or ion exchanger and
thus exhibited Hofmeister selectivity pattern albeit with
slightly increased selectivity for ClO4

�. The electrodes
demonstrate very good signal robustness and were used
over 100 days with minimal handling prior to application
and no handling post application.

Excellent reproducibility and the need for only short
pre-application handling time (approximately one hour)
and completely absent need for post-application handling
is highly encouraging for in situ real-life applications. This
indicates that once the electrodes based on our hybrid
material are prepared the electrode-technician contact
time is greatly reduced in comparison to traditional ISEs.
This is important when considering total price of analysis.
The time required for training of technicians and time
needed for handling of electrodes greatly features in cost
analysis. In order to offer increased frequency of measure-
ment while reducing per-sample and per-measurement
cost, robust sensors that require no pre- and/or post-
application handling can be very advantageous.
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