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A B S T R A C T   

In this work, the potentiometric response of solid-contact ion-selective electrodes (SCISEs) with thin-layer ion- 
selective membranes (ISMs) was characterized. Thin-layer potassium ISMs were deposited on the solid contact by 
spin-coating. When calibrating the solid-contact potassium ion-selective electrodes (K-SCISEs) at a constant 
background concentration of 0.1 M NaCl, an anomalous increase in the potential was observed at low concen-
trations of the primary potassium ion. The origin of the unusual response was elucidated in this work by varying 
the solid-contact material based on conducting polymers with different lipophilicity and by varying the 
composition and thickness of the ISM as well as the timescale of the potentiometric measurements. The 
composition of the ISM was found to have only a minor effect, while the thickness of the ISM, the lipophilicity of 
the solid-contact material and the timescale of the potentiometric measurement were found to strongly influence 
the potentiometric behavior. Furthermore, the potentiometric response of classical K-ISEs with inner filling so-
lution did not show any unexpected behavior. It was concluded that the anomalous potentiometric response is a 
characteristic feature of SCISEs with thin-layer ISMs and originates from a relatively rapid change of the 
composition of the water layer between the ISM and the solid contact. Thus, the reported anomalous behavior of 
SCISEs with thin-layer ISMs, together with the established water layer test, can be used as a diagnostic tool 
indicating the presence of water between the ISM and the solid contact.   

1. Introduction 

Ion-selective electrodes (ISEs) with ionophore-based membranes are 
widely and routinely used in potentiometric sensing of various analytes 
[1–3]. A high ohmic resistance of commonly used membranes with 
thicknesses of 100–700 µm does not cause any problem in potentio-
metric measurements with contemporary equipment having a high 
input impedance. However, a high resistance complicates the use of ISEs 
with thick membranes in non-zero current modes of measurements. 
Using membranes with thicknesses of a few micrometer and 
sub-micrometer ranges thus allows the expansion of the techniques of 
analysis with ISEs from potentiometry to a wider range of electro-
chemical methods. Membranes with thicknesses of a few micrometers 
were successfully used in the chronoamperometric/coulometric mode 
[4–12] which allowed for a significant improvement of the sensitivity of 

the analysis [8]. ISEs with even thinner membranes (150–300 nm) were 
used in the voltammetric mode [13–20], and it was shown that ISEs with 
several ionophores present in the membrane allow quantification of 
several analyte ions by the same sensor [14,15]. In addition, ISEs with 
thin membranes do not require long conditioning before use. Significant 
advantages of thin membranes were reported when the unbiased 
selectivity coefficients of ISEs were measured [21]. These advantages of 
thin and ultrathin membranes with multiple ionophores make them 
increasingly popular [22]. A systematic study of the physical-chemical 
properties of solid-contact K+-selective ISEs with a membrane thick-
ness of 230 nm was recently reported [23]. In that work, real-time 
evaluation of the ISEs’ viscoelastic properties, homogeneity and elec-
trode potential was performed by simultaneous measurements of the 
potentiometric response and the response of a quartz crystal microbal-
ance with dissipation [23]. 
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On the other hand, thin membranes are mechanically less robust and 
prone to rapid aging [24] mainly due to inevitable leakage of the 
membrane components: ionophores and ion-exchangers as well as 
plasticizers [25–27]. These disadvantages can, obviously, be avoided or 
reduced by keeping the respective ISEs stored in air, and by conditioning 
them only immediately before use. The rapid conditioning of this type of 
thin membranes allows for such a protocol. Furthermore, in membranes 
with thicknesses ca 200–300 nm, trans-membrane diffusion happens 
much faster than in conventional membranes with thicknesses of a few 
hundred µm, which makes thin membrane systems an ideal tool for rapid 
identification of complications in the development process of conven-
tional solid-contact electrodes [24]. 

However, anomalous potentiometric behavior of solid-contact ISEs 
with thin membranes was encountered and evaluated in this work. 
Solid-contact potassium ion-selective electrodes (K-SCISEs) with ca 
5–10 µm thick membranes showed an unusual behavior when calibrated 
by sequential dilutions of KCl solutions with NaCl as background elec-
trolyte. At high KCl concentrations, the K-SCISEs showed near-Nernstian 
response to K+ ion. However, at lower K+ concentrations, instead of the 
expected plateau, the potentials of the K-SCISEs dramatically shifted to 
more positive values, followed by a plateau at potentials similar to those 
recorded in the initial KCl solution or even higher. This anomalous 
response may cause misinterpretation of measurement results when 
employing solid-contact ISEs with thin ion-selective membranes. 

The aim of this work was to provide insight into the origin of such an 
unusual potentiometric response. To do this, we varied the composition 
and thickness of the ion-selective membrane, the solid-contact material 
and the protocol with which the measurements were carried out. The 
results showed that obtaining reliable data using solid-contact ISEs with 
thin membranes requires a limited time of contact of the ISEs with so-
lutions containing interfering ions. 

2. Experimental section 

2.1. Chemicals 

Poly(vinyl chloride) (PVC) of high molecular weight, bis(2- 
ethylhexyl)sebacate (DOS), valinomycin, 2-dodecyl-2-methyl-1,3-pro-
panediyl bis[N-[5′-nitro(benzo-15-crown-5)-4′-yl]-carbamate] (BME- 
44), potassium tetrakis(4-chlorophenyl)borate (KTpClPB), potassium 
tetrakis[3,5-bis-(trifluoromethyl)-phenyl]borate (KTFPB), tetradodecy-
lammonium tetrakis(4-chlorophenyl)borate (ETH 500), and tetrahy-
drofuran (THF > 99.5%) were selectophore reagents purchased from 
Fluka. Poly(3-octylthiophene) (POT), was purchased from Sigma- 
Aldrich and Alfa Aesar. 3,4-ethylenedioxythiophene (EDOT, 97%), 
poly(sodium 4-styrenesulfonate) (NaPSS, MW ≈ 70,000), cyclohexa-
none, carbon tetrachloride, potassium chloride, and sodium chloride 
were from Sigma-Aldrich. Deionized (DI) water (ELGA Purelab Ultra; 
resistivity 18.2 MΩ∙cm) was used for preparing the aqueous solutions. 

2.2. Membrane cocktails 

The potassium ion-selective membrane (ISM) cocktails were pre-
pared by dissolving suitable amounts of PVC, DOS, neutral ionophore 
(Valinomycin or BME-44), cation exchanger (KTpClPB or KTFPB), and 
ETH 500 in THF (dry fraction of the cocktails = 15%). Four different ISM 
cocktails were prepared containing either valinomycin or BME-44 as 
ionophore, and either KTpClPB or KTFPB as cation exchanger (Table 1). 
The concentrations of the neutral ionophores were of 13.8 mmol/kg 
DOS and of the ion exchangers were of 8.5 mmol/kg DOS. To obtain the 
membrane cocktails, each of the four mixtures (Table 1) was dissolved in 
1.7 mL THF. The compositions of the ISM cocktails and the lipophilicity 
(logP) of the components are presented in Table 1. 

2.3. Electrode preparation 

The electrodes used in this work were manufactured by mounting 
glassy carbon (GC) rods (3 mm diameter, Sigradur G, HTW Hochtem-
perature Werkstoffe GmbH, D-86672, Thierhaupten, Germany) into PVC 
cylinders (8.5 mm outer diameter). The electrodes were polished with 
sand paper, then with diamond paste, and finally with 0.3 µm aluminum 
oxide (Al2O3) paste. The electrodes were then rinsed with deionized (DI) 
water, and later placed in 1 M HNO3 for 5 min and rinsed again with DI 
water. Finally, the electrodes were sonicated for 5 min in ethanol and 
then in DI water. 

The conducting polymer, poly(3,4-ethylenedioxythiophene) 
(PEDOT) doped with polystyrene sulfonate (PSS-), i.e. PEDOT(PSS), 
was electrochemically deposited on the surface of GC electrodes using 
the galvanostatic method. The electropolymerization was carried out in 
a three-electrode electrochemical cell connected to an Autolab General 
Purpose Electrochemical system (AUT30. FRA2-Autolab, Eco Chemie, B. 
V., The Netherlands). The aqueous polymerization solution, containing 
0.01 M EDOT and 0.1 M NaPSS, was purged with N2 gas for ca 15 min 
and the gas flow was kept above the solution during polymerization. A 
constant current of 0.014 mA (current density = 0.2 mA/cm2) was 
applied for 70 s to produce 1 mC polymerization charge [28]. An 
example of the chronopotentiometric curve recorded during the galva-
nostatic electropolymerization is shown in Fig. S1 (Supporting Infor-
mation). After the polymerization, the GC/PEDOT(PSS) electrodes were 
rinsed with DI water and kept dry in ambient air overnight. GC/PEDOT 
(Cl) electrodes were prepared analogously by using 0.1 M KCl (instead of 
0.1 M NaPSS) as supporting electrolyte during electropolymerization. 
GC/POT electrodes were prepared by drop casting (3 times 20 µl) of POT 
dissolved in carbon tetrachloride (0.5 mg/mL) on top of the GC 
electrode. 

The ISMs were deposited on the GC/PEDOT(PSS) electrodes by spin- 
coating of aliquots (20 µl each if not specified differently) of the 
respective cocktail (ISM I-IV, Table 1) onto the top of an upside down 
electrode placed in a holder of a rotator with 5000 rpm rotation speed 
for 1 min. Sequentially, 1, 2 or 3 aliquots were applied with 1 min in-
tervals. The membrane layer covered the whole upper planar surface of 
the electrode, i.e. the conducting polymer layer and the PVC body. 
Except of the results described in Sections 3.4.3 and 3.4.4., all potenti-
ometric data were obtained with electrodes covered with ISMs obtained 
by casting 20 µl of cocktails I–IV with dry fraction 15%, in 1 drop. The 
thickness of the membranes was estimated using scanning electron mi-
croscopy (SEM), as described in the Supporting Information (Fig. S2) 
and was found to be ca 5–10 µm. GC/POT and GC/PEDOT(Cl) electrodes 
were covered with ISM I in the same way as GC/PEDOT(PSS) electrodes. 

Electrodes used in Sections 3.4.3 and 3.4.4 were prepared using 50, 
80 and 100 µl of the diluted cocktail II (dry fraction 3.75 %). The 
thicknesses of the ISMs were estimated using values of the bulk re-
sistances obtained from chronopotentiometric and electrochemical 
impedance spectroscopic measurements (Figs. S3 and S4). The estimated 
thicknesses of these spin-coated membranes were ca 5.4, 7.5 and 10.1 
µm when applying 50, 80 and 100 µl ISM cocktail, respectively. 

Table 1 
The compositions of K-ISMs used and the lipophilicity (logP) of the ionophores 
and ion exchangers.  

Component logPa Ion-selective membrane (ISM)   

I II III IV 

Valinomycin  5.06 3.0 mg 3.0 mg – – 
BME-44  7.59 – – 2.6 mg 2.6 mg 
KTFPB  9.34 1.5 mg – 1.5 mg – 
KTpClPB  6.64 – 0.8 mg – 0.8 mg 
ETH 500   3.0 mg 
DOS   195.9 mg 
PVC   96.6 mg  

a miLogP 2.2, 2005, http://www.molinspiration.com 
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For comparison, also classical ISEs with internal aqueous solution 
were used in the study. A master membrane with thickness of 0.35 mm 
was prepared by casting the membrane cocktail (ISM II) onto a Petri 
dish. Upon evaporation of THF, disks with 8 mm diameter were cut from 
the master membrane and glued to PVC tubing using a solution of PVC 
dissolved in cyclohexanone. The classical ISEs were filled with 0.01 M 
KCl solution and chlorinated silver wires were used as the internal Ag/ 
AgCl reference element. 

At least three replicate electrodes of each kind were prepared. Prior 
to further measurements, the ISEs were conditioned in 0.01 M KCl 
overnight. 

2.4. Potentiometric measurements 

The potentiometric measurements were performed by sequential 
dilutions done using an automatic burette (Metrohm Dosino 700) 
controlled by Metrohm 711 Liquino Controller. The dilutions were done 
in concentration steps equal to 1.5-fold or 10-fold dilutions. Dilution of 
the initial 0.01 M KCl + 0.1 M NaCl aqueous solution was done first 
using 0.1 M NaCl solution down to the corresponding concentration 
10−5.6 M or 10−8 M KCl and then continuing the calibration by using DI 
water. The time between the dilution steps was 300 s, and in some other 
cases (specified below) it was 200 s or 100 s 

The potential values were recorded using a 16-channel mV-meter 
(Lawson Labs. Inc., USA). The reference electrode used in the potenti-
ometric measurements was a Metrohm double junction Ag/AgCl/3 M 
KCl//1 M LiAc, where LiAc = lithium acetate. The potentiometric water 
layer test was performed with fully conditioned K-SCISEs by measuring 
the potential in 0.1 M KCl (25 min), then 0.1 M NaCl (140 min), and back 
to 0.1 M KCl (60 min) in sequence. 

All measurements were carried out at room temperature (22 ± 1 ◦C). 
The potential (E) values recorded in solutions with 0.1 M NaCl back-
ground were plotted vs. the logarithm of K+ concentration (logCK). If 
there was no background electrolyte, the activity coefficients of K+ and 
Na+ cations were calculated using the Debye-Hückel theory [29]. 

logγI =
0.512

̅̅̅
J

√

1 + 0.328aKjel
I

̅̅̅
J

√

where γI is the ion activity coefficient, J is the solution ionic strength, 
and aKjel

I is the Kjelland (hydrated ion size, Å) parameter: 3 for K+ and 4 
for Na+ [29]. 

3. Results and discussion 

3.1. Anomalous calibration curves 

The anomalous response of the K-SCISEs with thin membranes is 
illustrated in Fig. 1, where the measurement procedure consisted of 3 
phases. In Phase 1, the K-SCISEs were placed into a solution of 0.01 M 
KCl + 0.1 M NaCl, and diluted sequentially with 0.1 M NaCl. Thus, the 
calibration was performed with a constant background of 0.1 M NaCl. At 
high concentrations of KCl (10−2 to 10−4 M), the K-SCISEs showed a 
Nernstian response with the slope ca 57 mV/log(CK). At lower concen-
trations of KCl, instead of an expected plateau determined by the 
interference from Na+ ions, the potentials of the K-SCISEs shifted to 
more positive values and reached a plateau at values higher than those 
recorded in the initial 0.01 M KCl + 0.1 M NaCl solution. Next, in Phase 
2, the solution (essentially 0.1 M NaCl) was diluted with deionized 
water. In this phase of the measurements the K-SCISEs showed a near- 
Nernstian response to Na+ ions. Finally, in Phase 3, an aliquot of KCl 
was added producing 0.01 M KCl, and the K-SCISEs showed a behavior 
similar to that normally recorded in the water layer test when the so-
lution containing interfering ions is replaced with primary ions. 

Calibrations of freshly prepared K-SCISEs (with thin ISM) in KCl 
solutions without NaCl background revealed ordinary behavior of the K- 
SCISEs, as shown in Fig. S5. The electrodes showed a Nernstian response 
down to 10−6 M KCl with gradual loss of the response at lower con-
centrations, and selectivity coefficients typical for ISMs containing 
valinomycin. Therefore, the unusual positive shift of the potentials for K- 
SCISEs could not be due to discontinuity or pinholes in the membranes. 
The possible reasons for such a behavior are considered and discussed 
below based on two hypotheses. 

3.2. Hypotheses 

First (hypothesis A), the anomalous behavior was analyzed in terms of 
ionophore leakage from the ISM due to a lower lipophilicity of the 
ionophore compared to that of the ion-exchanger in the ISMs. It is 
known that leaching of ion-exchanger of relatively low lipophilicity 
from ISMs containing highly lipophilic ionophores is strongly dimin-
ished [30]. When an ISE is in contact with primary ions, a highly lipo-
philic ion-exchanger prevents leakage of a moderately lipophilic neutral 
ionophore in the same way to fulfill the macroscopic electroneutrality of 
the ISM. However, upon replacement of primary ions (e.g. K+) that are 
strongly complexed by the ionophore with a weakly complexed inter-
fering ion (e.g. Na+), the charge of the ion-exchanger is compensated by 
the interfering ion. Under these conditions the presence of a highly 
lipophilic ion-exchanger will not prevent leakage of the ionophore. 

The general description of the selectivity coefficient for an ISM 
containing a neutral ionophore (L) and ion-exchanger (R−) [31] in the 
case of monovalent primary and interfering ions, e.g. K+ and Na+

forming 1:1 complexes with ionophore, e.g. valinomycin yields: 

KK/Na =
kNa

kK

1 + CLKNaL

1 + CLKKL
(1) 

Here kNa, kK are the so-called ionic distribution coefficients of Na+

and K+ between the aqueous solution and the membrane and CL is the 
concentration of the free (non-complexed) ionophore in the membrane 
phase. KNaL and KKL are the formation constants of the complexes NaL+

and KL+, respectively. In the case of the ionophore-free membrane (CL 
= 0) the selectivity coefficient is determined by the ratio kNa/kK and in 
this case the selectivity coefficient to K+ in the presence of Na+ is ca 0.1 
[31]. The free ionophore concentration is determined by the total con-
centration of the ionophore (CL

tot) and the concentration of the 
ion-exchanger (CR): CL = CL

tot–CR. High selectivity requires CLKNaL >> 1 
and CLKKL >> 1. Thus, for high selectivity to K+ over Na+ valinomycin 
must be present in excess over the ion-exchanger in the membrane. The 
selectivity of membranes with only ion-exchangers, like KTFPB, is rather 

Fig. 1. Anomalous behavior of K-SCISEs: unexpected shift of the electrode 
potential at low concentrations of KCl upon sequential dilution of 0.01 M KCl 
(to 10−5.6 M) at a constant background concentration of 0.1 M NaCl (Phase 1), 
followed by dilution of 0.1 M NaCl with DI water (Phase 2) and finally by 
keeping the K-SCISE in 0.01 M KCl (Phase 3). 
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limited (see above), and the selectivity coefficient of K+ with respect to 
Na+ is ca 0.1. Thus, the unexpected shift of the potential at low con-
centration of KCl in solutions containing 0.1 M NaCl background could 
happen due to a gradual loss of valinomycin during the measurements. 

It appeared possible that the lower lipophilicity of valinomycin 
(logP = 5.06) as compared with that of the ion-exchanger KTFPB 
(logP = 9.34) could result in a gradual decrease of the excess of vali-
nomycin over the ion exchanger, which, in turn, would result in gradual 
decrease of the ISE selectivity to K+ ions. Unlike in the case of a thick 
membrane, in a thin membrane the reservoir of the ionophore in the 
membrane bulk is limited due to the small volume of the used mem-
brane, so any ionophore leakage can rapidly influence the membrane 
composition. In contrast, the highly lipophilic ion-exchanger (KTFPB) 
may still be present in the membrane and ensure the Donnan exclusion 
and therefore a cationic response to Na+ ion could be observed. 

To evaluate hypothesis A, we compared the behavior of the K-SCISEs 
with membranes containing ionophores and ion-exchangers in different 
combinations regarding the lipophilicity. Based on hypothesis A, one 
could anticipate a different potentiometric response for K-SCISEs with 
membranes containing a less lipophilic ionophore in combination with a 
more lipophilic ion-exchanger, compared to the opposite case where the 
lipophilicity of the ionophore exceeds or is similar to that of the ion- 
exchanger. 

An alternative explanation (hypothesis B) assumed that the sharp 
increase of the potential for K-SCISEs in the course of the sequential 
dilutions with 0.1 M NaCl solution is due to replacement of K+ ions by 
Na+ ions in the water layer between the membrane and the conducting 
polymer. For better clarity, let us consider the potential of a cell with 
junction consisting of a K-SCISE (using a conducting polymer as the solid 
contact), an aqueous solution and a reference electrode. The potential 
can be described as a superposition of several interfacial potential drops 
i.e. between the membrane (ISM) and solution (Sol), between the water 
layer (WL) and the membrane, between the conducting polymer (CP) 
and the water layer, and a combination of several constant or almost 
constant terms: the reference electrode potential, the liquid junction 
potential and the potential between the conducting polymer and the 
substrate (glassy carbon): 

E = EISM/Sol + EWL/ISM + ECP/WL + Const (2) 

When the K-SCISE is equilibrated with the primary ion solution e.g. 
0.01 M KCl, one can expect that the composition of the water layer at the 
solid contact is the same: 0.01 M KCl (if a water layer exists). In this case, 
the first two terms in Eq. 2 eliminate each other, and the potential is 
determined by the last two terms in Eq. 2. During the dilution procedure 
(Phase 1), the first term (EISM/Sol) varies in the negative direction, ideally 
in accordance with the Nikolski equation. The second and the third 
terms remain constant as long as the composition of the water layer is 
not altered by ion transport processes across the membrane. Gradual 

replacement of K+ with Na+ in the water layer results in an increase of 
the value of EWL/ISM, ideally in accordance with the Nikolski equation. 
The superposition of the two factors: the negative trend of EISM/Sol and 
the positive trend of EWL/ISM results in a non-linear response of the 
SCISE. After some time, which depends on the membrane thickness and 
on the duration of the contact of the SCISE with diluted KCl and 0.1 M 
NaCl background, the composition of the water layer becomes equal to 
that of the external solution, i.e. essentially 0.1 M NaCl. Once this situ-
ation is reached (at the end of Phase 1), the two first terms in Eq. 2 are 
equal again, so the overall membrane potential is zero. The ISE therefore 
must show a potential plateau either at the same level as in the begin-
ning of Phase 1, or higher/lower depending on how the value of ECP/WL 
responds to the replacement of 0.01 M KCl with 0.1 M NaCl. Since 
PEDOT(PSS) is cation-sensitive, one can expect ca 60 mV higher value at 
the end of Phase 1 than in the beginning of Phase 1 (Fig. 1). 

Importantly, along with a decrease of the potassium ion concentra-
tion in the bulk solution, containing a constant background of 0.1 M 
NaCl, besides replacement of K+ with Na+ in the water layer of the K- 
SCISE, also a depletion of K+ from the ISM gradually takes place. At this 
point the ISM meets the requirements for measuring unbiased selectivity 
coefficients [32], and this is the reason for a Nernstian response to Na+

ions when the solution is diluted with DI water during Phase 2 (Fig. 1). 
To test hypothesis B, we compared the behavior of K-SCISEs with that 

of classical liquid-contact ISEs, and also by using different conducting 
polymers (CPs) as the transducer layer in K-SCISEs. Obviously, the 
diffusion of species across the membrane and the replacement of K+ ions 
with Na+ in the membrane, and in the water layer at the solid contact, 
takes some time. Therefore, we also varied the thickness of the ISMs and 
the timescale (protocol) of the potentiometric measurements. 

3.3. Evaluation of hypothesis A 

In this part of the study, the K-SCISEs contained PEDOT(PSS) as 
solid-contact between the ISM and the GC substrate. According to the 
considerations discussed earlier, electrodes with ISM I containing vali-
nomycin and KTFPB (where the ionophore is less lipophilic than the ion- 
exchanger) should demonstrate the strongest effect, i.e. the anomalous 
increase of the potential should happen sooner after starting of the 
dilution procedure, and the span of the response to K+ ions should be the 
most narrow. On the contrary, electrodes with ISM IV, with more lipo-
philic ionophore and less lipophilic ion-exchanger, should demonstrate 
a broader range of the response to potassium. 

The initial solution of 0.01 M KCl + 0.1 M NaCl was sequentially 
diluted (1.5-fold per dilution step) using 0.1 M NaCl solution (Phase 1), 
then the resulting solution was diluted with DI water (Phase 2), and 
finally the K-SCISEs were placed back in 0.01 M KCl solution (Phase 3). 
The potential of the K-SCISEs was recorded for 300 s at each dilution 
step (Fig. 2). When the ionic strength of the solutions was dominated by 

Fig. 2. The potential-time response (A), and the resulting calibration plots from Phase 1 (B), obtained using K-SCISEs with ISMs I–IV in the sequential dilution 
procedure described in Fig. 1. 
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NaCl (as constant background electrolyte), the potential was plotted 
against concentration of K+ instead of activity. In Fig. 2 and throughout 
the manuscript the calibration graphs are plotted from high to low 
concentrations for consistency with the time traces. 

Results shown in Fig. 2A indicate qualitatively the same behavior for 
K-SCISEs with all four ISM formulations. In Phase 1 of the dilution 
procedure all K-SCISEs showed a near Nernstian (ISMs I, II, IV) or sub- 
Nernstian response (ISM III) to K+, followed by a sharp increase in the 
potential values, and then a plateau. The increase of the potentials of K- 
SCISEs based on ISMs I and II started after ca 90 min of contact with 
solutions, while for electrodes with ISMs III and IV it was ca 45 and 
60 min, respectively. Altogether, the duration of Phase 1, including the 
plateau, was 2 h. 

In Phase 2, the resulting 0.1 M NaCl (+ 10−5.6 M KCl) was sequen-
tially diluted with DI water, where all electrodes showed near-Nernstian 
response to Na+ ions with slopes ranging from ca 50 to 61 mV/decade. 
Finally, back in 0.01 M KCl, all electrodes showed signals suggesting the 
presence of water layer between the ISMs and the conducting polymer 
layer in the K-SCISEs. 

Data shown in Fig. 2A and B reveal that electrodes with ISM I 
(valinomycin + KTFPB) and ISM II (valinomycin + KTpClPB) showed 
very similar behavior and were superior to electrodes with ISM III (BME- 
44 + KTFPB) and ISM IV (BME-44 + KTpClPB) in terms of the span of 
the response to K+ ions. Electrodes with ISM I and ISM II showed near- 
Nernstian response down to log(CK) ≈ −4.2 with slopes of 56.6 and 
59.6 mV/decade, respectively. The electrode with ISM III showed a 
linear response to K+ down to log(CK) ≈ −2.7 only, and with a sub- 
Nernstian slope of 43 mV/decade. In view of hypothesis A, the elec-
trode with ISM IV should be less prone to the anomalous response 
because the lipophilicity of the neutral ionophore BME-44 (logP = 7.59) 
is higher than that of the ion-exchanger KTpClPB (logP = 6.64). It did 
show a near-Nernstian slope of 57.7 mV/decade, however only within 
the range of log(CK) from −2 to −3.2, i.e. by far inferior to electrodes 
with ISMs I and II. 

Valinomycin ensures a higher selectivity to K+ over Na+, compared 
to the BME-44 ionophore: logKK,Na is roughly −4.5 for ISEs with vali-
nomycin and roughly −3.3 with BME-44 [33]. However, even this lower 
selectivity of BME-44 must be enough for a Nernstian response to K+ in 
the presence of at least 400-fold excess of Na+, thus down to log(CK) ≈ −

3.4. Therefore, an explanation based on hypothesis A in terms of gradual 
loss of the selectivity to K+ during the measurement procedure is hardly 
valid. 

3.4. Evaluation of hypothesis B 

3.4.1. Solid-contact ISEs vs. classical ISEs with internal solution 
ISEs with the membrane composition II (valinomycin and KTpClPB), 

in both solid-contact and classical designs, were calibrated and 
compared back-to-back via 10-fold sequential dilution, otherwise as 
described above. The results in Fig. 3 clearly show that the classical ISE 
with internal aqueous solution shows ordinary behavior: Nernstian 
response within the range from 0.1 M KCl down to 10−6 M, and 
increasing deviations of the response at lower concentrations, with a 
plateau below 10−7 M KCl. Under the same conditions, the K-SCISE with 
ISM II showed slightly sub-Nernstian response down to 10−4 M KCl and a 
rise in the potential during further dilutions. 

The results shown in Fig. 3 strongly suggest that the unusual 
behavior (sudden increase in the potential along the dilution procedure, 
followed by a plateau at further dilutions) can be seen only in the case of 
solid-contact ISEs. This may indeed be due to a change in the compo-
sition of the water layer between the ISM and the conducting polymer 
layer in the solid-contact ISE. 

To see whether a water layer between the membrane and the PEDOT 
(PSS) film does exist, a water layer test was performed [34]. Two 
replicate K-SCISEs with ISM I were conditioned in 0.1 M KCl for 2 days, 
first measured in 0.1 M KCl for 25 min, then placed into 0.1 M NaCl for 
140 min, and then returned back to 0.1 M KCl for 60 min. The results are 
presented in Fig. 4 are typical for K-SCISEs with water layer. The po-
tential drop recorded immediately after replacement of KCl with NaCl 
was ca 215 mV suggesting a selectivity coefficient logKK,Na ≈ −3.8 i.e. 
close to the typical value for membranes containing valinomycin. 

Fig. 3. The potential-time response (A) and the calibration curves (B) of classical liquid-contact K-ISE (black) and solid-contact K-ISE (red) in sequential 10-fold 
dilutions of 0.1 M KCl + 0.1 M NaCl at a constant background concentration of 0.1 M NaCl. In B, the curves of SCISEs are shifted artificially to match potentials 
recorded in the initial solution. 

Fig. 4. Water layer test for two replicate K-SCISEs of the type GC/PEDOT(PSS)/ 
ISM I. 
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However, within ca 45 min the potentials reached steady values which 
were the same as in the initial 0.1 M KCl. Apparently, this time was 
enough for complete replacement of K+ ions with Na+ in the water layer. 
The membrane therefore turned out to be in contact with solutions of the 
same compositions from both sides, and the membrane potential was 
therefore zero. Once back to 0.1 M KCl, the K-SCISEs initially showed 
more positive potentials but within 1 h relaxed practically to the same 
values as before the test procedure. Obviously, Na+ in the water layer 
was again replaced with K+. 

3.4.2. ISEs with different solid-contact materials 
If the unusual behavior of the K-SCISEs is due to gradual replacement 

of the primary ions (K+) with Na+ ions, in the water layer between the 
ISM and the conducting polymer layer, the hydrophobicity of the con-
ducting polymer may also play a role. We therefore compared the 
behavior of K-SCISEs based on PEDOT(PSS), PEDOT(Cl) and POT as 
solid-contact, as well as K-ISEs with membrane cast directly on glassy 
carbon, i.e. coated-disk electrodes without any transducer layer. Elec-
trodes used in this part of the study contained membranes ISM I. The 
results are summarized in Fig. 5. 

From the results shown in Fig. 5, it can be seen that K-SCISEs with 
PEDOT(PSS) and PEDOT(Cl) as solid contact showed an increase in the 
potential values at low concentrations (at ca 100 min), whatever the 
nature of the doping anion in PEDOT. On the contrary, K-SCISEs based 
on the more hydrophobic polymer POT showed a behavior similar to 
that of classical ISEs with internal filling solution. This observation is in 
line with hypothesis B, i.e. the anomalous behavior of ISEs is due to a 
gradual replacement of K+ with Na+ ions in the water layer between the 
ISM and the CP. 

Interestingly, the coated-disk ISE with the ISM directly deposited on 
top of the glassy carbon substrate (GC/ISM) also showed no increase in 
the potential. Such a behavior indicates that there is no water layer at 
the GC/ISM interface. Therefore, the lipophilicity of the different solid- 
contact materials and bare GC was evaluated by contact angle mea-
surements. The water contact angles for GC/PEDOT(PSS), GC/POT and 
bare GC were 76 ± 3, 106 ± 2 and 97 ± 1 degrees, respectively (n = 3), 
as shown in Fig. S6. Thus, the absence of the anomalous potentiometric 
response for GC/ISM and GC/POT/ISM correlates with the higher lip-
ophilicity of GC and POT, compared to PEDOT(PSS). This was confirmed 
by performing a water-layer test also for GC/ISM and GC/POT/ISM, as 
shown in Fig. 6. The results presented in Figs. 4–6 and S6 show 
consistently that both POT and bare GC are less prone to water-layer 
formation than PEDOT, when used as solid-contact in ISEs. 

3.4.3. The role of the thickness of ISM 
To replace the primary ions in the water layer between the ISM and 

the solid contact, interfering ions must diffuse across the ISM. Because 
this process obviously takes some time, the range of the Nernstian or 
near-Nernstian response of a K-SCISE to K+ must depend on the thick-
ness of the ISM and also on the rate of the calibration procedure. This 
part of the study was performed using K-SCISEs with ISM II, using the 
10-fold dilution procedure. Electrodes with three membrane thick-
nesses: ca 5.4, 7.5 and 10.1 µm were explored. 

The results obtained during dilution of 0.1 M KCl + 0.1 M NaCl, 
down to 10−8 KCl at a constant background electrolyte of 0.1 M NaCl 
(Phase 1), and then during dilution of this solution with DI water (Phase 
2), and finally back in 0.01 M KCl (Phase 3) are shown in Fig. 7. 

One can see that K-SCISEs based on membranes with 5.4 and 7.5 µm 

Fig. 5. Potential-time responses obtained for K-SCISEs containing different 
conducting polymers as solid contact, and a coated-disk K-ISE (GC/ISM), by 
using the dilution procedure described in Fig. 1. 

Fig. 6. Water layer test for a K-SCISE (GC/POT/ISM) and a coated-disk K-ISE 
(GC/ISM) with spin-coated ISMs, where ISM = ISM I. 

Fig. 7. Potential-time response (A) and the respective calibration plots (B) obtained from the dilution of 0.1 M KCl + 0.1 M NaCl, down to 10−8 KCl at a constant 
background electrolyte of 0.1 M NaCl (Phase 1), and then during dilution of this solution with DI water (Phase 2), and finally back in 0.01 M KCl (Phase 3) using K- 
SCISEs with membranes (ISM II) of different thicknesses. In B, the curves of SCISEs are shifted artificially to match potentials recorded in the initial solution. 
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thicknesses showed a cationic response only down to 10−3 M KCl, and 
the slope was rather sub-Nernstian. However, the increase in the po-
tentials of the K-SCISE with the thinnest membrane (5.4 µm) is sharper 
than that of the K-SCISE with a membrane of 7.5 µm thickness. In 
contrast, the K-SCISE with the thickest membrane (10.1 µm) showed a 
near-Nernstian response down to 10−4 M KCl, followed by a plateau, 
whereas the increase of the potentials started only at 10−7 M KCl. Unlike 
previous observations described above (Figs. 1, 2 and 5), here a pro-
cedure with 10-fold dilutions was used. Therefore, the duration of Phase 
1 was 52 min instead of 2 h. Apparently, this is the reason why the K- 
SCISE with 10.1 µm membrane thickness did not show a similar increase 
in the potentials as the electrodes with thinner membranes. In this case, 
the time was not enough for the replacement of K+ ions with Na+ ions in 
the water layer. 

3.4.4. The role of the rate of dilution 
In all measurements described above, the time between the consec-

utive dilutions was 300 s. Using an ISE with the thinnest membrane 
(5.4 µm), we studied the effect of time. To do this, two additional pro-
tocols were applied by using either 100 s or 200 s in between dilution 
steps. The resulting potential-time responses and the calibration plots 
are presented in Fig. 8. One can clearly see that the curves of E vs. log 
(CK) using 200 s and 300 s measuring times between consecutive di-
lutions, are qualitatively the same. Both protocols result in non-linear 
response from 10−1 to 10−4 M KCl followed by an increase in the po-
tentials at lower concentrations (Fig. 8). However, with shorter intervals 
(200 s) the cationic slope is higher, and the increase of the potentials 
below 10−4 M KCl is less sharp. Furthermore, using 100 s time in be-
tween the dilution steps gave a Nernstian response down to 10−3 M, 
followed by deviations from Nernstian behavior in between 10−4–10−6 

M KCl, and some increase of the potentials only at lower concentrations. 
When using 300 s and 200 s interval times in between dilution steps, the 
10−4 M KCl concentration, i.e. the last point of cationic (although non- 
linear) response, was reached within 15 and 10 min, respectively. 

When the time between dilution steps was 100 s, the same point 
(10−4 M KCl) was reached in 7 min, while 12 min was needed to reach 
the 10−8 M KCl concentration. The dependence of the magnitude of the 
anomalous potentiometric response on the dilution rate, i.e. on the time 
elapsed during the calibration procedure, strongly suggests once again 
that the unusual behavior of the ISEs under study is due to replacement 
of the primary ions (here K+) with interfering ions (here Na+) in a water 

Fig. 8. The potential-time response obtained using K-SCISEs with membrane thickness of 5.4 µm in sequential 10-fold dilutions with 300 s (A), 200 s (B) and 100 s 
(C) time in between the dilution steps, and the respective calibration plots (D). In D, the curves of SCISEs are shifted artificially to match potentials recorded in the 
initial solution. 

Fig. 9. Calibration plots (Phase 3: pure KCl solutions) of a K-SCISE with 
membrane thickness of 5.4 µm in sequential 10-fold dilutions with 300 s, 200 s, 
and 100 s time in between the dilution steps. 
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layer formed between the membrane and the conducting polymer layer. 
Apparently, dilutions of KCl in the presence of NaCl as background 

electrolyte (Phase 1) caused the replacement of K+ ions with Na+ not 
only in the water layer between the membrane and the conducting 
polymer, but also in the membrane itself. The membrane therefore 
meets the requirements for the measurements of unbiased selectivity 
coefficients [32], and this is the reason for Nernstian response to Na+

observed in the course of Phase 2 of the measurements. In view of this 
reasoning, after completion of Phase 2 (dilution of NaCl with DI water) 
we added Phase 3 where the ISEs were placed back into 0.1 M KCl so-
lution, and the solution was sequentially diluted with DI water down to 
10−8 M KCl. The respective potential vs. time traces are shown in Fig. 8 
A, B and C, and the calibration plots in KCl solutions (Phase 3, without 
NaCl background) are presented in Fig. 9. One can see that when back in 
KCl solution without NaCl background, the ISE showed “normal” 
behavior: cationic response without increase of the potentials at low 
concentration of KCl. The slopes of the ISE response to K+ was 
near-Nernstian when using 100 s and 200 s intervals in between the 
dilution steps. Measurements with 300 s in between the dilutions 
resulted in a sub-Nernstian slope and narrow range of the response. The 
reason for this is not clear, but it might be due to a gradual decrease of 
the K+ activity in the water layer during the calibration for the thin 
K-ISM (5.4 µm) in combination with different sensitivity (slope) of 
PEDOT(PSS) to K+, compared to that of the K-ISM. In such a situation, 
the changes in ECP/WL and EWL/ISM (Eq. 2) would not completely cancel 
out each other. 

3.5. The behavior of classical ISEs in sequential dilutions 

Finally, the dilution experiment described above (Figs. 8 and 9) for 
solid-contact K-ISEs was repeated for the classical K-ISE with internal 
solution and Ag/AgCl internal reference element. As shown in Fig. 10, in 
Phase 1, i.e. dilutions of KCl solutions using 0.1 M NaCl as constant 
background, the ISE showed full Nernstian response down to 10−5 M KCl 
with deviations from the Nernstian slope at lower concentrations. In 
Phase 2, i.e. dilutions of NaCl solutions with DI water starting from 
0.1 M NaCl and down to 10−8 M NaCl, the ISE showed sub-Nernstian 
response and only down to 10−4 M. However, when returned back to 
KCl solution (Phase 3) the ISE showed a super-Nernstian response. 
Apparently, the outer layer of the membrane became depleted of K+

during Phases 1 and 2, and this is why in Phase 3 there was an influx of 
K+ ions from the solution into the membrane. The solution in the vicinity 
of the membrane was therefore depleted of K+, and this effect was more 
pronounced at concentrations of KCl below 0.01 M. Therefore, the slope 
was super-Nernstian as shown in Fig. 10. 

The potential values in 0.01 M KCl solution were the same before and 
after measurements in NaCl. This result was obtained with three 

replicate ISEs (Fig. S7), so it is hardly a coincidence. Apparently, the 
potential values were similar due to symmetry of the system when the 
composition of the external solution was the same as the internal: 
0.01 M KCl, and the overall membrane potential was zero. 

4. Conclusions 

The potentiometric response of solid-contact ISEs with spin-coated 
ion-selective membranes (ISMs) with a thickness of ca 5–10 µm was 
investigated. An anomalous increase in the electrode potential was 
observed upon successive dilution of the primary ion in a background 
electrolyte. Experimental results obtained for different ISM composi-
tions, different ISM thicknesses, different measurement times, and 
different solid-contact materials allowed us to conclude that the anom-
alous potentiometric response is a characteristic feature of solid-contact 
ISEs with thin-layer ISMs and originates from a change in the compo-
sition of the water layer between the ISM and the solid contact. Our 
results thus suggest that this adverse effect, in fact, is due to the 
replacement of primary ions with interfering ions in the water layer 
between the ISM and the solid contact. Therefore, the unusual behavior 
is seen in calibrations carried out starting from high to low concentra-
tions of the primary ion with a constant background of the interfering 
ion, whereas dilution with deionized water does not cause such a 
behavior. If a calibration must be performed with a constant background 
electrolyte of interfering ion, one has to minimize the time that the solid- 
contact ISE is in contact with the solution. In addition, thin membranes 
are prone to complete replacement of the primary ions in the membrane 
with the interfering ions. This effect results in a non-Nernstian response 
when the solid-contact ISE is back into solutions containing the primary 
ions without interferences. The anomalous increase in the potential 
value may be erroneously interpreted as an increasing concentration of 
the primary ion in the sample. Furthermore, the non-Nernstian response 
may also cause errors when the potentials are converted into activities or 
concentrations in analytical applications of ISEs. Therefore, although 
the use of solid-contact ISEs with thin membranes is otherwise advan-
tageous, such ISEs must be used carefully to avoid misinterpretation of 
the results. On the other hand, this anomalous behavior can be used as 
an indicator of the presence of water layer between the ISM and the solid 
contact. 
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