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Abstract: The response range of an ion-selective electrode (ISE) has been described by counter 

ion interference at the lower and Donnan failure at the upper detection limit. This approach 

fails when the potentiometric response at the upper detection limit exhibits an apparently super-

Nernstian response, as it has been reported repeatedly for H+-selective electrodes. While also 

observed when samples contain other anions, super-Nernstian responses at low pH are a 

problem in particular for samples that contain phthalate, a common component of commercial 

pH calibration solutions. This work shows that co-extraction of H+ and a sample anion into the 

sensing membrane alone does not explain these super-Nernstian responses, even when 

membrane-internal diffusion potentials are taken into account. Instead, these super-Nernstian 

responses are explained by formation of complexes between that anion and at least two 

protonated ionophore molecules. As demonstrated by experiment and explained with 

quantitative phase boundary models, the apparently super-Nernstian responses at low pH can 

be eliminated by restricting the molecular ratio of ionophore and ionic sites. Notably, this 

conclusion results in recommendations for the optimization of sensing membranes that, in some 

instances, will conflict with previously reported recommendations from ionic site theory for 

the optimization of the lower detection limit. This mechanistic insight is key to maximize the 

response range of these ionophore-based ISEs. 
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INTRODUCTION 

For medical uses of ion-selective electrodes (ISEs),1-5 the range of analyte 

concentrations of interest is typically quite narrow,6 but for many other applications, 

concentrations of target ions vary substantially. This is true especially for pH sensors,7-9 which 

are used widely in healthcare, food sciences, agriculture, environmental monitoring, pollution 

control, and many manufacturing industries. In such contexts, a wide linear response range is 

highly desirable, which requires a thorough understanding of the mechanisms that limit lower 

and upper detection limits. The lower limit of detection is generally determined by interference 

from ions other than the target ion or by fluxes of target ions through the sensing membrane.5, 

10 Likewise, established theory explains the upper limit of detection as the result of co-

extraction of the target ions, along with an ion of opposite charge sign, from the sample into 

the sensing membrane.5, 11-13 Because in this process the target ions form complexes with the 

ionophore, large complex stabilities as well as high concentrations of uncomplexed ionophore 

in the ISE membrane worsen upper detection limits. Notably, the quantitative description of 

such co-extraction14 predicts a gradual decrease of the response slope at the upper detection 

limit, typically referred to as Donnan failure.9, 15  

However, a number of reports have been made of ionophore-based H+-selective 

electrodes that exhibit near the upper detection limit a response slope that is larger than the 

expected Nernstian response slope (58.2 mV/decade at 20 ºC). As shown in the following, the 

observation of such super-Nernstian responses is not limited to particularly unique conditions. 

They were found for samples that contained various types of anions, ISEs with different 

membrane matrixes, and ISEs doped with a number of H+ ionophores and various molar ratios 

of ionic sites1,4,5,9,14 and ionophore. They were also observed both for solid-contact ISE16-20 and 

ISEs with an inner filling solution. 
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An early example for such super-Nernstian responses was reported for poly(vinyl 

chloride) (PVC) membranes plasticized with bis(2-ethylhexyl) sebacate (BEHS), doped with 

tridodecylamine as ionophore (1% w/w) and potassium tetrakis(p-chlorophenyl)borate 

(KTpClPB) to provide for ionic sites (in a molar ratio of ionic sites and ionophore of 1.0 : 

1.6).21 A super-Nernstian response was observed in the pH range of 4.5 to 3.5 upon addition of 

HCl to a buffer solution containing borate, phosphate, and citrate. The authors pointed out that 

while anion interference is expected at low pH, the super-Nernstian response could not be 

explained. Similarly, microelectrodes with the same ionophore (total concentration 10% w/w), 

KTpClPB (in a molar ratio of 1.0 : 9.5 to the ionophore), and o-nitrophenyl octyl ether (o-

NPOE) as membrane solvent (no polymeric membrane matrix) exhibited super-Nernstian 

responses from pH 5.0 to 3.0 (in 0.1 M phosphate buffer).22-23 Another study with plasticized 

PVC membranes found super-Nernstian responses at pH 4.5 to 3.5 for ISEs based on several 

ionophores with an amino group and asserted that the super-Nernstian response could be 

explained by a general membrane potential equation, which curiously did not comprise terms 

for the concentrations of the ionic site and ionophore.24-25 The authors concluded that the super-

Nernstian responses can be explained by formation of doubly protonated ionophore molecules, 

which would require either protonation of their alkyl chains or formation of pentacoordinated 

nitrogen atoms, both possibilities that are hardly plausible. Very recently, it was shown for two 

tertiary amino ionophores that the super-Nernstian slope increased with both the ionophore 

concentration and the ionophore to ionic site ratio, but once again the authors concluded that 

the reasons for this phenomenon were unclear.26 

Super-Nernstian responses were also observed in 1 M KCl solutions for fluorous-phase 

ISEs with perfluoroperhydrophenanthrene as membrane matrix and three fluorophilic 

trialkylamine ionophores with an ionophore to ionic site ratio of 4:1 or 2:1.27-29 The pH range 

of the super-Nernstian responses was pH 2.5 to 5 for the most basic of the three ionophores 
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(i.e., N[(CH2)5(CF2)7CF3]3), while for the less basic N[(CH2)4Rf8]3 and N[(CH2)3Rf8]3 the onset 

of the super-Nernstian response was shifted to pH 2.2 and <2, respectively, suggesting here too 

that the basicity of the ionophore affects the super-Nernstian response characteristics 

significantly. 

Finally, super-Nernstian responses were reported for polymethacrylate membranes 

doped with covalently attached trialkylamine ionophores when sample solutions contained 

phthalate,30-31 a common component of commercial pH calibration buffers that has been used 

to calibrate pH glass electrodes for nearly 100 years.32-34 A shift of the onset of the super-

Nernstian response for these polymethacrylate-based electrodes from 3.8 to 5.5 was observed 

when switching from samples containing only chloride and phosphate as anions to samples 

containing phthalate, again consistent with co-extraction enhanced by less hydrophilic 

anions.30  

In this work, it is shown that these types of super-Nernstian responses are the result of 

the co-extraction of H+ and a sample anion into the ionophore-doped sensing membranes, in 

which the anion then binds to the protonated ionophore with a stoichiometry of 1:2 or higher. 

It is also shown that membrane-internal diffusion potentials can be excluded as a cause for 

these super-Nernstian response slopes. 

EXPERIMENTAL SECTION 

Reagents and Materials. Nanographite powder (GS-4827; graphite platelets with a 

size distribution 0.10 to 10 µm, Brunauer–Emmett–Teller surface area 165 m2/g) was obtained 

from Graphite Store (Northbrook, IL, USA).35  

Electrode Preparation. ISEs with an inner filling solution, plasticized PVC 

membranes, and a body made of Tygon tubing were prepared in the usual way. Solid-contact 
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ISEs with polymethacrylate membranes were prepared by photopolymerization, as reported 

previously.30, 36  

For further experimental details, see the Supporting Information. 

RESULTS AND DISCUSSION 

Super-Nernstian responses of ionophore-based H+ selective electrodes at the upper 

detection limit can be explained by a number of different scenarios. The common feature is co-

extraction of H+ along with a sample anion into the ion-selective membrane, followed by 

association of that anion with multiple protonated ionophore molecules. Figure 1 illustrates the 

arguably simplest case.  
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Figure 1. Schematic illustration of the components of an ionophore-doped H+-selective 

membrane that exhibits a super-Nernstian response at the upper detection limit (illustrated for 

a scenario in which the co-extracted anion forms (LH+)2X– complexes with the protonated 

ionophore).  

At a high pH, the sensing membrane contains as the major membrane species besides 

the anionic sites, R–, only free ionophore, L, and the protonated ionophore, LH+. The 

equilibrium L +	H% 	⇌ 	LH% buffers the activity of the free H+ in the membrane to a very low 

and, importantly, constant value, which is required for the ISE to exhibit a Nernstian response 

to the primary ion H+.37 This can be readily understood by considering the phase boundary 
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potential, 𝐸(), at the interface of the sample and the ion-selective membrane,4, 14 as it can be 

derived from the electrochemical potentials of H+ in the two phases: 

𝐸() = 	𝐸+ +	
,-
.
ln

123
[53]

 (1) 

where 𝑎53 and [H+] refer to the activity and concentration of H+ in the aqueous sample and the 

sensing membrane, respectively. Assuming that (i) 𝐸() is the only contribution to the measured 

potential that is sample dependent, (ii) local equilibration is achieved at the interface of the 

membrane and the sample solution, and (iii) activity coefficients for all ionic species in the 

membrane are constant and, therefore, concentrations may be used in all equilibrium constants 

rather than activities,4, 14 it follows that a linear (Nernstian) dependence of the measured 

potential on ln 𝑎53 is expected for any range of sample pH in which [H+] in the membrane is 

constant. 14, 37-38 

In the intermediate pH region (in which the super-Nernstian response is observed; see 

Figure 2A), co-extraction of an anion, X–, and H+, sets in. The H+ binds to the ionophore, and 

X– forms 1:2 complexes with the protonated ionophore, i.e., (LH+)2X–. Because only one new 

LH+ is formed for every X– and H+ entering the membrane while two LH+ are required to form 

the complex (LH+)2X–, co-extraction stops at a point where the membrane still contains a large 

amount of free ionophore but all LH+ is involved in the formation of (LH+)2X– complexes.  



 9 

 

Figure 2. Response of an ionophore-doped H+-selective membrane that exhibits a super-

Nernstian response because of co-extraction of an anion that forms (LH+)2X– complexes in the 

ISE membrane: (A) Measured potential. (B) Concentrations of major species in the sensing 

membrane. (C) Log [H%] in the sensing membrane. Calculated for 𝛽95 = 108 mol–1 kg, 𝛽(95)<= 

= 108 mol–2 kg2, 𝐾5=?@A = 10–5, [LB+B] = 4.0´10–2 mol kg–1, [R–] = 1.0´10–2 mol kg–1, 𝑎=– =

	𝑎53, and 𝐸+ = 	0	mV.  

Only at a very low pH, the concentrations of X– and H+ in the sample have become so 

high that there is no longer a need for the additional boost for the transfer of X– into the 
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membrane that results from the formation of (LH+)2X–. Co-extraction sets in again, leading to 

the observation of a maximum in the measured potential (see Figure 2A). At the end of this 

second wave of co-extraction, all the ionophore is protonated. Because there is not enough 

ionophore in the membrane to bind all X– in the form of (LH+)2X–, some of the anions remain 

in a free form. Alternatively, they might form ion pairs of the type (LH+)X– (see below). 

Calculation of the Phase Boundary Potential 

Applying the well-established phase boundary model to the system described by Figure 

1, computation of the interfacial potential at the boundary of an aqueous sample and the ion-

selective membrane by taking into account all relevant chemical equilibria is straightforward. 

Specifically, the stability of the protonated ionophore is given by: 

𝛽95 = 	 [LH%] ([L][H%])⁄  (2) 

where [L] and [LH+] refer to the concentrations of the ionophore and its complex with H+ in 

the sensing membrane. The stability of (LH+)2X– is given by: 

𝛽(95)<= = 	 [(LH
%)IX–] ([LH%]I[X–])⁄  (3) 

where [X–] refers to the anion concentrations in the membrane. The equilibrium constant 

describing the distribution of H+ and X– between the sample and the membrane is defined by: 

𝐾5=?@A = 	 ([H%][X–]) (𝑎53	𝑎=–)⁄  (4) 

where 𝑎=– refers to the activity of the anion in the sample. The mass balance for the ionophore 

is given by: 

[LB+B] = 	 [L] +	[LH%] + 2	[(LH%)IX–] (5) 

where [LB+B] stands for the total ionophore concentration. Finally, bulk electroneutrality of the 

membrane requires that: 

[H%] +	[LH%] +	 [(LH%)IX–] 	= 	 [R–] + [X–] (6) 
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where [R–] stands for the concentration of hydrophobic anionic sites that are for practical 

purposes confined to the membrane phase.  

 The set of Equations 2 to 6 can be solved to give [H%] as a function of 𝛽95, 𝛽(95)<=, 

𝐾5=?@A , [LB+B] , [R–] , 𝑎53 , and 𝑎=–  (for details, see the Supporting Information). Finally, 

insertion of the thus obtained expression for [H%] into Equation 1 describes 𝐸() for the entire 

pH range as a function of the activities of H+ and X– in the sample. Moreover, the expression 

for [H%]  as a function of 𝛽95 , 𝛽(95)<= , 𝐾5=?@A , [LB+B], [R–], 𝑎53 , and 𝑎=–  can be used in 

combination with Equations 2 to 6 to compute the concentration of all species in the sensing 

membrane as a function of the sample pH and 𝑎=– (for details, see the Supporting Information).  

Dependence of the Phase Boundary Potential and Membrane Components on pH 

 The solid line in Figure 2A shows 𝐸()  as a function of the sample pH for a set of 

representative parameters of 𝛽95, 𝛽(95)<=, 𝐾5=?@A, [LB+B], [R–], and 𝑎=–. At pH > 5, a Nernstian 

response is observed. This is consistent with a [H%]  that in this pH region is sample-

independent (shown in Figure 2C). An apparently super-Nernstian response is observed from 

pH 5 to 3.7. This is possible because [H%] in this pH region is decreasing with the increasing 

concentration of 𝑎53, as predicted by Equation 1 and illustrated by Figure 2C.  

Figure 2B illustrates the cause for this decrease in [H%] in the membrane while 𝑎53 is 

increasing. The co-extraction of H+ and X– into the sensing membrane results in the protonation 

of ionophore, consistent with a decrease in the free ionophore concentration, [L]. However, this 

does not result in an increase in the concentration [LH%]. Instead, because every X– that enters 

the membrane binds two LH% , the extraction of X– into the sensing membrane leads to a 

decrease in [LH%]. For a sensing membrane in which [LB+B] is sufficiently large as compared 

to [R–], the relative change in [LH%] with increasing 𝑎53 is larger than the relative change in 
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[L], and, therefore, it follows from Equation 2 that [H%] has to decrease. This is confirmed by 

Figure 2C. 

Notably, the slope of 𝐸() steadily increases from about pH 5 to a maximum at around 

pH 4.2, where most of the LH% has been used up to form (LH%)IX– but the concentration of 

free X– in the membrane is still low. As the pH further decreases, co-extraction H+ and X– into  

the membrane continues and is still assisted by LH%, but while every H+ entering the membrane 

can still bind to an ionophore, only every second X– can form a (LH%)IX–  complex. 

Consequently, [X–] starts to increase substantially. The reduced driving force for co-extraction 

of H+ and X– into the membrane is reflected by a gradual decrease in the response slope as the 

pH falls below 4.2. 

By comparison, the dashed line in Figure 2A shows 𝐸() as computed for the same set 

of parameters as for the solid line, except for 𝛽(95)<=, which is given such a low value that 

(LH%)IX– is not being formed. In this case, the response remains Nernstian until co-extraction 

of H+ and X– into the membrane causes the slope to gradually decrease. 

Alternative Stoichiometries That Cause Super-Nernstian Responses 

A number of scenarios similar to the one shown in Figure 1 are predicted to cause super-

Nernstian responses very similar to the one illustrated with Figure 2. This includes variations 

of the set of equilibria represented by Figure 1 in which X– and LH+ do not form aggregates 

with a 1:2 stoichiometry but, instead, 1:3, 1:4, or higher. Moreover, the stoichiometry of the 

complexes of X– and LH+ does not have to be exclusive; e.g., (LH%)IX– and (LH%)X– may be 

formed simultaneously. In yet another variation, aggregates of the type (LH%)LX– may form a 

hydrogen bond to a free ionophore, resulting in the formation of (LH%)LX–(L). This appears 

likely for an anion with a hydrogen bond donor group, such as hydrogen phthalate. Also, any 

of these species could further form additional ion pairs and higher ion aggregates. Importantly, 
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all these scenarios share the common feature that X– forms at least one aggregate that comprises 

more than one LH+. On the other hand, several alternative sets of equilibria that did not include 

formation of an aggregate of X– with more than one LH+ failed to explain super-Nernstian 

slopes. This included equilibria that involved the formation of species such as HX, XH•X–, 

LH+•X–, LH+•X–•HX, or LH+•X–•L. 

Determining which of these scenarios explains the super-Nernstian response of a 

particular ISE will in most cases be less important than finding a way to eliminate the super-

Nernstian response and, thereby, widen the linear response range. This is possible by modifying 

the composition of the sensing membrane, as shown in the following. 

Dependence of the Super-Nernstian Response on the Molecular Ratio of Ionophore and 

Ionic Sites 

Figure 3 shows 𝐸() as a function of pH as computed for a range of values of [LB+B] and 

the same values of 𝛽95, 𝛽(95)<=, 𝐾5=?@A, and [R–] as for the solid line in Figure 2. The optimum 

upper detection limit is achieved for molar ratios of the ionophore and ionic site of 2. For larger 

ratios, the onset of the super-Nernstian response range shifts continuously to higher pH values. 

And for molar ratios of the ionophore and ionic site smaller than 2, the response slope gradually 

decreases with decreasing pH as is commonly observed for Donnan failure, and the onset of 

this slope decrease shifts to higher pH the smaller the ionophore-to-ionic site ratio. Notably, 

for the ionophore-to-ionic site ratio of 2 and an anion that precipitates as HX in the sample at 

pH ≤ 3 (as this is the case for phthalic acid), 𝐸() varies linearly with pH in the entire pH range 

(see Figure S5).  
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Figure 3. Response of ionophore-doped H+-selective membrane that exhibits a super-Nernstian 

response because of co-extraction of an anion that forms (LH+)2X– complexes in the ISE 

membrane, calculated for different values of [LB+B] = 15´10–2 (A), 7.0´10–2 (B), 5.25´10–2 (C), 

5.0´10–2 (D), 4.75´10–2 (E), and 3.5´10–2 (F) mol kg–1 as well as 𝛽95 = 108mol–1 kg, 𝛽(95)<= = 

108 mol–2 kg2, 𝐾5=?@A = 10–5, [R–] = 2.5´10–2 mol kg–1, 𝑎=– = 	𝑎53, and 𝐸+ = 	0	mV.  

The dependence of 𝐸() on pH as shown in Figure 3 is unique to the set of chemical 

equilibria as represented by Figure 1. As there are other sets of chemical equilibria that also 

give rise to super-Nernstian responses at the upper detection limit, and as each of these 

scenarios is characterized by its own distinctive dependence of 𝐸() on pH and the ionophore-

to-ionic site ratio, it is not possible without additional experimental evidence to predict for a 

particular type of ionophore and sample ion which ionophore-to-ionic site ratio gives the 

highest upper detection limit. However, Figure 3 clearly illustrates that experimental variation 

of the ionophore-to-ionic site ratio can be used to improve the upper detection limit. 
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Experimental Observation of Super-Nernstian Responses in the Presence of Chloride, 

Phosphate, or Hydrogen Phthalate 

Experimental examples for super-Nernstian responses at the upper detection limit are 

shown in Figure 4 for ISEs with PVC membranes plasticized with o-NPOE and doped with the 

ionophore tridodecylamine and ionic sites (in a 25 mol % with respect to the ionophore). Super-

Nernstian responses were observed both for chloride and phosphate as counter ion, but the 

extent of the deviation from the linear (Nernstian) response depends on the type of the counter 

ion. This is also evident from Table S1, which highlights that, for identical ISE membranes, 

the onset of the super-Nernstian response is found for chloride at a more than one unit higher 

pH than for phosphate. This is indeed expected, given the much larger hydrophilicity of 

phosphate as compared to chloride.39 

 

Figure 4. Experimental potential responses of an ISE with a plasticized o-NPOE/PVC 

membrane with tridodecylamine as H+ ionophore and tetrakis(pentafluorophenyl)borate) as 

ionic sites (molecular ratio of ionophore to ionic sites 4:1) when immersed in a 1.0 mM borate 

buffer; pH adjusted by addition of (A) HCl and (B) phosphoric acid. 
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Note that a quantitative definition for the onset of a super-Nernstian response was 

required for this work. We chose the logarithm of the target ion activity at which the 

experimentally measured emf is 5 mV higher than what would be predicted based on a linear 

extrapolation of the emf from the linear response range. A definition resembling more closely 

the extrapolation of two linear response regions, as this is recommended by IUPAC for the 

lower detection limit,40 was not possible because the super-Nernstian response region of these 

electrodes does not exhibit a subsection in which the response is changing linearly with the pH 

(i.e., the slope of the potential versus pH curve is continuously changing). 

Also consistent with the theoretical discussion above is the observation that a super-

Nernstian response was only observed for the ISE membranes that contained the higher 

ionophore concentrations (200 and 40 mmol/kg; see Figure 4 and Table S1). This was found 

to be true both for the pH responses to HCl and to H3PO4. For the lower ionophore 

concentrations, the response gradually decreased with the pH until the measured potential 

reached a maximum, followed by an anionic response, as this is commonly observed for 

Donnan failure. The same effect is also illustrated in Figure S1 of the Supporting Information, 

which shows measured potentials for ISE membranes with a constant ionic site concentration 

and a variable ionophore concentration.  

Notably, as illustrated by Figure 4, if a super-Nernstian response is observed, the nature 

of the counter anion does not only shift the response curve with respect to pH, but it also affects 

how much the emf deviates from the extrapolated Nernstian response. Predicting this deviation 

quantitatively is more complex, as it depends on a number of factors, including 𝛽(95)<=, 𝐾5=?@A, 

and, if applicable, 𝛽(95)= or 𝛽(95)M=(95). Moreover, while we can exclude diffusion potentials 

within the membrane as the primary cause of these super-Nernstian responses (see below), it 

is quite possible that diffusion potentials caused by the co-extraction of H+ and the counter ion 

into the membrane slightly modify the exact shape of the response curve. However, 
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determining numerical values that describe the super-Nernstian response in every detail will 

typically be less important than having a design principle to eliminate this super-Nernstian 

response. 

A super-Nernstian response is also shown in Figure S2 for PVC membranes plasticized 

with BEHS and doped with tridodecylamine as ionophore and KTpClPB as ionic sites (46 

mol % with respect to the ionophore). This example confirms that super-Nernstian responses 

are not unique to the use of a particular plasticizer or ionic site. As the data shown in Figure S2 

have been obtained with solutions that contained a background of 100 mM phthalate, they also 

give an example for another counter ion that causes super-Nernstian responses. Ionophore-free 

ion-exchanger ISEs have a high selectivity for hydrogen phthalate, showing a low 

hydrophilicity for this anion.41 Therefore, it is not surprising that, for such a high concentration 

of phthalate in the samples as 100 mM, onset of the super-Nernstian response was observed at 

pH 6.26 ± 0.03. Phthalate is not only a practically very relevant interferent as it is found in 

many commercial pH calibration solutions, but it also allowed us to gain further evidence for 

the proposed response mechanism of the super-Nernstian response using 1H NMR 

spectroscopy. 

 For this purpose, ISE membranes with the same composition as used for Figure S2 were 

equilibrated fully with 100 mM phthalate solutions of pH 6, 5, 4, and 3.5. (Solutions of lower 

pH were not prepared because phthalic acid has a solubility limit42 of 0.0427 mol/kg and 

precipitates at pH ≤3; see Figure S3 of the Supporting Information.) The membranes were than 

dissolved in THF-d8, one of the few NMR solvents that completely dissolves all membrane 

components, and 1H NMR spectra were used to determine the ratio of hydrogen phthalate and 

ionic sites (see Table S2). This shows that near the onset of the super-Nernstian response (i.e., 

pH 6), the membranes already contain a significant amount of phthalate (35 mol % with respect 

to the ionic sites). At pH 5, which coincides with the maximum in the measured potential, the 
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membranes contain 117 mol % hydrogen phthalate with respect to the ionic sites. This value is 

within error identical with the 117 mol % free ionophore present in the membranes in the 

absence of hydrogen phthalate, and it suggests that coextraction of H+ and hydrogen phthalate 

results at pH 5 in the protonation of all available ionophore, with hydrogen phthalate as the 

dominant anion in the ISE membrane. This is consistent with the response mechanism 

described by Figures 1 and 2, and it agrees with the finding that ionophore-free ion-exchanger 

ISEs were found to respond only to hydrogen phthalate but not the dianion phthalate.41 At pH 

4 and 3.5, the hydrogen phthalate concentration in the membrane increases further. Because at 

this point there is no free ionophore left in the membrane, the H+ coextracted along with 

hydrogen phthalate into the membrane must be present in the form of fully protonated phthalic 

acid, solvated H+ ions, or aggregates between these species and hydrogen phthalate. This no 

longer fulfills the criteria for a super-Nernstian response and is consistent with the 

experimentally observed potential maximum at pH 5. 

 The general nature of the super-Nernstian response mechanism of ionophore-based H+-

selective electrodes is further confirmed by very similar observations for the interference of 

phthalate on solid-contact ISEs with polymethacrylate-based sensing membranes (Figures S6 

and S7). This confirms that super-Nernstian responses of this type are not only observed with 

plasticized PVC membranes, and that they are not limited to ISEs with an inner filling solution, 

as it is indeed expected based on the response mechanism proposed above. The super-Nernstian 

responses are only observed for high ratios of ionophore and ionic sites and for high ionophore 

concentrations (Figures S6 and S7, Tables S3 and S4), as was also observed for ISEs with 

plasticized PVC membranes. Most importantly, the data show that reduction of the ionophore 

concentration improves the upper detection limit by three pH units. 

 As noted in the introduction, there have been various examples for super-Nernstian 

responses of ionophore-based H+-selective electrodes in the literature. None of those studies 
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were performed as systematically as this work, which prevents careful interpretation without 

further study. However, it is notable that several of these studies used sensing membranes with 

relatively large ionophore to ionic site ratios,23, 26-27, 29 consistent with the conclusion here that 

high ionophore concentrations make the observation of super-Nernstian responses more likely. 

Also consistent with the explanation provided here is the observation that both more 

hydrophobic counter ions and more basic ionophores shift the onset of the super-Nernstian 

response to a higher pH.24-26, 29-30  

Exclusion of Membrane-Internal Diffusion Potentials as a Cause for Super-Nernstian 

Responses 

 The theory and experimental results shown above demonstrate that the super-Nernstian 

responses of ionophore-based H+ selective electrodes can be explained by quantitative 

modeling of the multiple chemical equilibria at the interface of the ISE membrane and samples. 

While one might consider the occurrence of membrane-internal diffusion potentials as an 

alternative cause for super-Nernstian responses, there is evidence that makes such an 

explanation unlikely. 

 Membrane-internal diffusion potentials are expected when an ISE membrane contains 

different concentrations or types of ionic components on its side facing the sample and its side 

facing either the internal solution or a solid contact.5, 43-44 The literature suggests that such 

diffusion potentials are a few tens of mV at most.44 Indeed, in many specific contexts, the effect 

of diffusion potentials can be considered negligible, such as within the Nernstian response 

range of an ISE, when an ISE membrane contains a hydrophobic electrolyte such as ETH 500, 

or when interfering ions form ionophore complexes with the same stoichiometry as the target 

ions.5 
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In contrast, one can expect a sizeable change in the membrane-internal diffusion 

potentials at the upper detection limit of an ISE, where co-extraction of target and counter ions 

into the ISE membrane occurs (typically referred to as Donnan failure), increasing the type and 

concentration of ionic species in the membrane. An example for this was reported by Kakiuchi 

and Senda, who observed a maximum in the measured potential for an ionophore-free 

tetrabutylammonium ion exchanger membrane, followed by a drop of the potential by 23 mV 

upon further increasing the tetrabutylammonium concentration. Theory predicts that at the 

upper detection limit the phase boundary potential of an ionophore-free ion-exchanger ISE 

should flatten out, implying that the observed potential decrease was indeed the manifestation 

of a diffusion potential. However, we are not aware of an example from the literature in which 

the response slope was increased by a diffusion potential to a value larger than what is expected 

for a Nernstian response.  

To evaluate whether an increase in the predicted emf could be achieved under very 

special conditions, we modified our phase boundary model for ionophore-based H+ selective 

electrodes by addition of a membrane-internal diffusion potential, modeled using the 

Henderson equation.45 We assumed that the ionophore was not involved in the formation of 

complexes other than LH+, and that the only species contributing to a diffusion potential are 

LH+, R+, and X–. Representative results are shown in Figures S8 and S9. Analogous to 

experimental findings of Kakiuchi and Senda for ionophore-free systems, we found that 

membrane-internal diffusion potentials are likely to affect the pH at which Donnan failure sets 

in, with a worsening of the upper detection limits when the mobility of the counter ion in the 

sensing membrane is larger than the mobilities of the other ions and an improvement of the 

upper detection limit when the mobility of LH+ exceeds the mobilities of other ions. Most 

importantly, even with very extreme differences in the mobilities of all ions involved, a super-

Nernstian response could not be predicted (see Figures S8 and S9).  
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The conclusions from this theoretical discussion are consistent with observations made 

with plasticized PVC membranes doped with the hydrophobic electrolyte 

tetradodecylammonium tetrakis(3-chlorophenyl)borate (ETH500-m) in addition to ionophore 

and ionic sites. While the electrolyte would be expected to reduce or even eliminate a 

membrane-internal diffusion potential, no effect of ETH500-m on the super-Nernstian 

response was observed (see Figure S10). 

In the case of the ISEs with polymethacrylate sensing membranes for which results are 

shown in Figures S6 and S7, there is yet another reason that rules out diffusion potentials as an 

explanation for the observation of super-Nernstian responses. In that case, the ionophore is 

covalently attached to the polymeric membrane matrix. Consequently, at the upper detection 

limit, X– is the only mobile species that increases in concentration in the sensing membrane as 

a result of co-extraction. Large concentrations of uncomplexed H+ are only expected at a much 

lower pH, when all the ionophore has been converted to LH+. Because the only major species 

that increases in concentration carries a negative charge, any change in the membrane-internal 

diffusion potential decreases the response slope of the ISE rather than increasing it, as that is 

necessary to explain a super-Nernstian response. 

Conclusions 

Slow kinetics resulting from mass transfer limitations were long misunderstood to be 

the only cause of super-Nernstian responses of ISEs.10, 46-51 This changed when apparently 

“twice-Nernstian” responses were explained by the co-existence in the ISE membrane of 

complexes of an ionophore with both the target cation and a secondary cation over a wide range 

of target ion activities in the sample38 (as also observed recently in the context of ion transfer 

voltammetry52). The generalization of this model predicted apparently “sub-Nernstian” 

responses if the target and secondary ions that form complexes with the ionophore have charges 
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of opposite sign. However, prior examples for apparently “super-Nernstian” responses 

involving a sample cation and anion were limited to ionophore-free ion-exchanger electrodes 

with membranes in which the sample cation and anion form complexes with one another.53-54 

Characteristic for all these systems is that the potentiometric response can be explained based 

on the chemical equilibria at the sample–membrane interface, without consideration of kinetic 

effects.38, 53-58 

This work explains the response mechanism of ionophore-based ISEs with apparently 

“super-Nernstian” responses that can be explained based on chemical equilibria that involve 

both sample cations and anions. Such responses have been observed numerous times in the past 

but were not understood mechanistically. These responses differ from prior examples of 

“super-Nernstian” responses in two aspects. On one hand, the membrane species that explain 

these super-Nernstian responses are not complexes of the ionophore with either the anion or 

the cation. Instead, they are, in the simplest case, complexes of the type (LH%)IX– that involve 

both the cation and anion. Higher aggregates of the type (LH%)LNIX–  as well as mixed 

complexes of the type (LH%)LOIX–(L)POQ are conceivable as well. On the other hand, unlike 

in the case, e.g., of apparently “twice-Nernstian” responses, the super-Nernstian responses at 

the upper detection limit, as explained here, do not exhibit a range of the activity of the target 

ion in the sample in which the response slope is independent of the target ion activity in the 

sample. Instead, the derivative of the response slope in the entire super-Nernstian response 

region is continuously changing with pH. This might raise the suspicion that membrane-

internal diffusion potentials could provide an alternative explanation for these super-Nernstian 

responses, but quantitative modeling and experimental evidence suggest otherwise. 

Understanding this response mechanism will allow the developer of ISEs to design 

sensing membranes that do not exhibit super-Nernstian responses and, as a result, provide the 

widest possible ranges of the linear response to pH. This work showed that high upper detection 
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limits can be achieved for ISEs comprising polymethacrylate membranes with covalently 

attached bis(isopropyl)amino groups as ionophore by keeping the ionophore concentration 

small. Keeping the molecular ratio of the ionophore and ionic sites small is also beneficial, as 

long as this ratio is not smaller than unity, at which point the ISEs would lose their H+ 

selectivity. Notably, this results in a recommendation opposite to that of ionic site theory as 

reported previously,5, 59 which predicts an improvement of the selectivity for the primary ion 

over interfering ions that do not bind to the ionophore when the molecular ratio of the ionophore 

and ionic sites is increased.  

As shown in this work, super-Nernstian responses at the upper detection limit can be 

explained by multiple scenarios of aggregation and complex formation in the sensing 

membrane. We recommend that, whenever an electrode exhibits such a response, both the 

ionophore concentration and the ratio of ionophore and ionic sites be varied to experimentally 

determine which membrane composition optimizes the linear response range. 
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