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Abstract: Solid-contact ion-selective electrodes with carbazole-derived ionophores were prepared.
They were characterized as acetate sensors, but can be used to determine a number of carboxylates.
The potentiometric response characteristics (slope, detection limit, selectivity, and pH sensitivity)
of sensors prepared with different membrane compositions (ionophore, ionophore concentration,
anion exchanger concentration, and plasticizer) were evaluated. The results show that for the
macrocyclic ionophores, a larger cavity provided better selectivity. The sensors exhibited modest
selectivity for acetate but good selectivity for benzoate. The carbazole-derived ionophores effectively
decreased the interference from lipophilic anions, such as bromide, nitrate, iodide, and thiocyanate.
The selectivity, detection limit, and linear range were improved by choosing a suitable plasticizer
and by reducing the ionophore and anion exchanger concentrations. The influence of the electrode
body’s material upon the composition of the plasticized poly(vinyl chloride) membrane, and thus
also upon the sensor characteristics, was also studied. The choice of materials for the electrode body
significantly affected the characteristics of the sensors.

Keywords: ion-selective electrodes; anion receptors; ionophores; carboxylate; electrode shell material

1. Introduction

Ion-selective electrodes (ISEs) were invented over a hundred years ago [1] and they
have become routinely used instruments in analytical laboratories, clinical laboratories,
industrial quality control, etc. A key advantage that ISEs possess in comparison to many
other analytical techniques is portability, which stems from the form factor of the equipment
needed to perform the measurements combined with the minimal sample pretreatment
needed in many cases. The ability to perform measurements outside of a laboratory set-
ting, which reduces the risk of sample decomposition or contamination during transit,
with response times typically ranging from a few seconds to a few minutes makes ISEs
particularly alluring. The conventional liquid-contact ISEs are still used to manufacture
commercial ISEs and to conduct research, but solid-contact ISEs (SC-ISEs) quickly gained
traction for several reasons. Those reasons include a rugged construction that is often
based around polymeric materials, the lack of need for filling solutions that evaporate
and require refilling, and the ease of manufacturing different form factors using, e.g.,
3D printing [2]. Conducting polymers are widely used as solid contacts and have been
for decades [3]. Several types of ion-selective membranes (ISMs) have been developed
so far (e.g., glass [4,5], crystal [6], liquid [7], solvent polymeric [8]). Among these, the sol-
vent polymeric membranes are the most actively developed type of membrane, since an
astounding variety of membranes can be tailored to meet the needs of a specific appli-
cation [9,10]. Receptors, which can be used as ionophores to improve the selectivity of
solvent polymeric ISMs, are actively studied by many different groups in an effort to target
a large variety of analytes [10–14]. Many inorganic cationic analytes (e.g., H+, Na+, K+,

Chemosensors 2021, 9, 4. https://dx.doi.org/10.3390/chemosensors9010004 https://www.mdpi.com/journal/chemosensors

https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0001-5779-5201
https://orcid.org/0000-0002-9366-111X
https://orcid.org/0000-0002-2228-9701
https://orcid.org/0000-0002-3000-4964
https://orcid.org/0000-0003-2346-9947
https://dx.doi.org/10.3390/chemosensors9010004
https://dx.doi.org/10.3390/chemosensors9010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/chemosensors9010004
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/2227-9040/9/1/4?type=check_update&version=2


Chemosensors 2021, 9, 4 2 of 26

Cu2+, Pb2+) have receptors that can be used to prepare ISMs with good or even excellent
selectivity [12]. However, there are many anionic analytes that are of great importance in,
e.g., clinical chemistry, and, as such, the field of anion receptors has received a great deal of
attention in the last two decades [15–30]. Many new anion receptors are published each
year, but unfortunately, in the vast majority of cases, these receptors do not make the leap
from binding studies to sensor prototyping, let alone practical use. As a result, there are still
no commercial ISEs available for many common anions, such as food additives like acetate
and benzoate. For applications involving ISEs, there may be several reasons preventing
the use of a receptor as part of an ISM. For example, the compound might be unstable at
the conditions that ISEs are typically used in (e.g., room temperature, exposed to light,
exposed to oxygen). The compound might also have insufficient lipophilicity [29] to be
contained within the ISMs for several weeks or months, or the compound might lack a
functional group suitable for immobilization onto the membrane’s polymeric matrix.

In the present work, four derivatives of 1,3-bis(carbazolyl)urea (Figure 1) were system-
atically studied as anion receptors in SC-ISEs. These receptors were originally designed
in silico and were recently found to be promising as ionophores for acetate and other
carboxylates [30,31]. Here, ISEs based on these four anion receptors were prepared and
investigated. The receptors included three macrocyclic receptors (Figure 1a) and an acyclic
receptor (Figure 1b). The chosen receptors had previously only been used to prepare ISEs
with a single membrane composition [30,31]. In this work, the influences of the plasticizer
and the material of the electrode body were studied systematically for each anion receptor.
One of the receptors was also used to prepare ISEs with varying concentrations of receptor
and anion exchanger in the membrane.
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Figure 1. The ionophores included in this study: (a) macrocyclic receptors where n = 5, 9, or 12 (MC5,
MC9, and MC12, respectively), and (b) an acyclic receptor (AC). See Table A1 for binding constants
determined for some carboxylates.
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Figure 1. The ionophores included in this study: (a) macrocyclic receptors where n = 5, 9, or 12 (MC5, MC9, and MC12,
respectively), and (b) an acyclic receptor (AC). See Table A1 for binding constants determined for some carboxylates.

2. Materials and Methods
2.1. Reagents

The anion receptors were prepared as described in previous publications [28,30].
The chemicals used to prepare the membrane cocktails were of Selectophore™ grade:
2-nitrophenyl octyl ether (o-NPOE, ≥99.0 %, Sigma-Aldrich, St. Louis, MO, USA), bis(2-
ethylhexyl) sebacate (DOS, ≥97 %, Fluka, Munich, Germany), high molecular weight
poly(vinyl chloride) (HMW PVC, Fluka), tetrahydrofuran (THF, ≥99.5 %, Sigma-Aldrich),
and tridodecylmethylammonium chloride (TDMACl, ≥98 %, Fluka). The solid contacts
were prepared using 3,4-ethylenedioxythiophene monomer (EDOT, 97 %, Sigma-Aldrich).
Nitric acid (65 %, J.T. Baker) was used in diluted form to clean electrodes. The rest of
the chemicals were of analytical or reagent grade of ≥98 % purity and acquired from
commercial sources (Fluka, Sigma-Aldrich, Merck, Acros Organics, J.T. Baker, Alfa Aesar,
VWR Chemicals, and Riedel-de Haën). These and all other chemicals were purchased from
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Sigma-Aldrich (Merck Life Science OY, Espoo, Finland) and VWR (VWR International
OY, Helsinki, Finland), and were used as received. Ultrapure water (PURELAB® Ultra,
ELGA LabWater, High Wycombe, UK) was used to prepare all solutions and for rinsing
electrodes and glassware.

2.2. Equipment

The following reference electrodes were used in this study: two 6.0726.100 double-
junction Ag/AgCl/3 M KCl//1 or 0.1 M KCl reference electrodes (Metrohm AG, Herisau,
Switzerland) and an RL-100 double-junction Ag/AgCl/saturated KCl//1 or 0.1 M KCl
reference electrode (Elmetron Sp. j., Zabrze, Poland). Glassy carbon (GC) rods (3 mm diam-
eter, SIGRADUR® G, HTW Hochtemperatur-Werkstoffe GmbH, Thierhaupten, Germany)
were used as counter electrodes and to prepare working electrodes with PVC shells (8.5 mm
outer diameter). MF-2012 electrodes (BASI Bioanalytical Systems Inc., West Lafayette, IN,
USA) with a glassy carbon disk (3 mm diameter) and poly(chlorotrifluoroethylene) (PCTFE)
shells (6.35 mm outer diameter) were also used to prepare working electrodes.

All cyclic voltammetry, electropolymerizations, and electrochemical impedance spectro-
scopy measurements were performed with Autolab PGSTAT20 and Autolab PGSTAT30
potentiostats (EcoChemie BV, Utrecht, Netherlands) equipped with frequency response
analyzer modules. High input impedance (1015 Ω) EMF16 multichannel interfaces (Lawson
Labs, Inc., Malvern, PA, USA) were used for all potentiometric measurements (calibrations,
selectivity determinations, and pH titrations). The dilution of samples during the poten-
tiometric calibrations was performed with a pair of 800 Dosino dosing systems controlled
by a 905 Titrando titrator (Metrohm AG, Herisau, Switzerland) connected to a computer.
An Orion Star A111 pH-meter and an Orion 9157BNMD pH-electrode (Thermo Fisher
Scientific, Waltham, MA, USA) were used to measure the pH and temperature of solutions.

All measurements were performed at room temperature (23 ± 2 ◦C). The Henderson
equation [32] was used to estimate liquid junction potentials, which were in the range
of −6.92 mV to −0.02 mV. Activity coefficients, which were in the range of 0.41 to 1,
were estimated with ChemPy [33] by using the Debye–Hückel theory [34]. Analysis
of the impedance spectra was performed with Elchemea Analytical [35]. Estimation
of the membrane bulk conductivity and dielectric constant was performed similarly to
Bobacka et al. [36]. The membrane geometry was approximated with a conical frustum
with a height equal to the membrane thickness, the radius of one end equal to the radius of
the GC rod, and the radius of the other end equal to the outer radius of the electrode body.

2.3. Preparation of the Membranes

Sixteen different membrane cocktails (including controls) were prepared during this
study. THF was used as the solvent, while the “dry mass” consisted of the following com-
ponents: ionophore, anion exchanger (TDMACl), polymer (HMW PVC), and plasticizer.
Membrane cocktails were prepared with each of the ionophores and the two plasticizers:
DOS and o-NPOE. These membrane cocktails contained 2.0 wt.% (dry mass) of an iono-
phore and 50 mol.% (relative to the ionophore) of TDMACl. Additional membranes were
prepared with MC9 as the ionophore and o-NPOE as the plasticizer to study different
ratios of the membrane components. The concentration of MC9 was varied between 1 and
4 wt.% (dry mass) while keeping the TDMACl concentration at 50 mol.% (relative to the
ionophore). Finally, the concentration of TDMACl was decreased to 25 mol.% (relative to
the ionophore), while the concentration of MC9 was set at 1 wt.% (dry mass). The remain-
ing parts of each membrane’s “dry mass” were plasticizer and PVC in a ratio of 2:1. Each
of the “dry masses” were dissolved in THF to produce membrane cocktails with the “dry
mass” accounting for 17 wt.% of the total mass. Control membrane cocktails, which did
not contain any ionophore but similar concentrations of TDMACl ( wt.% of the total mass)
to those in the ISM cocktails, were prepared for each of the membrane compositions that
were tested.
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2.4. Preparation of the Sensors

The electrodes with PVC shells were polished with sandpapers, diamond pastes (15,
9, 3, and 1 µm), and 0.3 µm Al2O3. The PCTFE-shelled electrodes were polished only
with 0.3 µm Al2O3. Cyclic voltammetry was used to verify that there were no traces
of contaminants, such as residues from previous solid contacts. The electrodes were
cleaned after the polishing steps by ultrasonication in deionized water and in ethanol baths
by immersion in 1 M HNO3, and ultrasonicated once more in deionized water.

A layer of PEDOT:Cl was electropolymerized onto the exposed disk-shaped GC sur-
face (0.07 cm2) of each electrode. A monomer solution containing 10−2 M EDOT and 10−1 M
KCl was prepared and mixed overnight to ensure proper dissolution of the monomer.
The monomer solution was deaerated prior to the polymerization for at least 15 min by
bubbling N2 gas through the solution while stirring the solution. The N2 gas was set to
flow over the solution surface for the entire duration of the polymerization to minimize
the dissolution of oxygen back into the solution. The polymerization was performed
galvanostatically with a three-electrode cell by applying a constant 14 µA current for 714 s
The bridge electrolyte of the reference electrode was 1 M KCl during all electropolymeriza-
tions. The electrodes were rinsed after the polymerization and conditioned overnight in
10−1 M sodium acetate solution.

The electrodes were rinsed after the conditioning step and left to air-dry prior to
drop-casting the membrane cocktails. A total of 100 µL and 40 µL of a membrane cocktail
were drop-cast onto the PVC- and PCTFE-shelled electrodes, respectively. The drop-casting
was done in two steps, where half of the total volume was added each time and with
approximately 30 min between the steps. A set of coated wire electrodes (CWEs) were also
prepared with different volumes of the MC9N1/25 membrane cocktail. The PVC-shelled
CWEs were prepared with 100 µL of the membrane cocktail, while the PCTFE-shelled CWEs
were prepared with 20, 40, 60, and 80 µL of the membrane cocktail. The drying electrodes
were covered with beakers and left overnight to let the solvent from the membrane cocktails
slowly evaporate, after which the finished sensors were placed in 10−2 M sodium acetate
solutions for conditioning for at least two days.

2.5. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were performed po-
tentiostatically with each sensor using a three-electrode cell containing a 10−1 M sodium
acetate solution. The open-circuit potential (OCP) was measured prior to each EIS mea-
surement, and a constant potential Edc = 0 V vs. OCP was applied during each EIS mea-
surement. A sinusoidal alternating current signal with an amplitude ∆Eac = 100 mV
(root mean square—RMS) was applied as the excitation signal in the frequency range of
f = 100 mHz–100 kHz for a total of 61 measurement points. The bridge electrolyte of the
reference electrode was 1 M KCl during all EIS measurements.

2.6. Potentiometry

The bridge electrolyte of the reference electrode was 0.1 M KCl instead of 1.0 M KCl
during all potentiometric measurements to minimize the diffusion of Cl– to the sample solu-
tions. Potentiometric measurements were performed with multiple sensors simultaneously
in the same solution. In order to minimize any systematic error in the results, the sensors
were split into two or more groups almost at random, and this grouping changed from day
to day. The two constraints for grouping were that (a) each group should contain both PVC-
and PCTFE-shelled sensors, and (b) at least one sensor per membrane should be included
from the batch of membranes being tested.

Potentiometric calibrations were performed with automated dilution from 10−1 M to
10−7 M in half-decade steps with 7 min intervals. Deaerating the sample solutions and the
deionized water, which was used for dilutions, was not practically feasible on a continuous
basis. However, the pumps and their reservoirs were filled with fresh deionized water
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before each calibration to minimize the amount of dissolved CO2. Mixing of the sample
solution was left to the pumping action that occurred at each dilution step.

The influence of solution pH upon the potentiometric response of the electrodes was
studied by titrating a 10−2 M acetic acid solution with a mixture of 0.25 M NaOH and
10−2 M sodium acetate while constantly stirring the solution. The solution pH was raised
from approximately 3.3 to 9.5 over the course of each titration experiment. The duration of
each titration experiment was approximately 90 min with intervals of approximately 3 min
between additions of the titrant to the sample. The acetic acid solutions were deaerated
with N2 gas for at least 15 min prior to each measurement, and N2 gas flowed over the
solution surfaces throughout each measurement. The titrant solution was also deaerated
and then stored carefully to minimize the dissolution of atmospheric CO2.

Potentiometric selectivity coefficients (Kpot
acetate,j) with respect to potential interfering

ions (j) were determined using the separate solution method (ai = aj = 10−2.05 M). The so-
lution concentrations were determined by calculating the equilibrium concentrations that
would provide the same anion activity as a 10−2 M sodium acetate solution. The experi-
mental slopes, which were obtained from the potentiometric calibrations, were used for
all calculations. The anions included in the selectivity determinations were: F–, HPO 2–

4 ,
H2PO –

4 , SO 2–
4 , HCO –

3 , formate, lactate, pivalate, benzoate, Br–, NO –
3 , I–, and SCN–. Sodium

salts were used to prepare the solutions; all solutions, except for HCO –
3 , were deaerated

by bubbling N2 gas through the solution for at least 15 min prior to each measurement,
and N2 gas flowed over the solution surfaces during each measurement to reduce the
dissolution of atmospheric CO2. The potentials were measured for at least 7 min while
stirring the solution.

3. Results and Discussion
3.1. Receptors, Membranes, and Electrode Bodies

Three out of the four receptors (AC, MC5, and MC12) included in this study had
similar binding constants (Table A1) for acetate but not for the other carboxylates as a result
of the receptors’ divergent structures. The fourth receptor (MC9) had the highest binding
constants for all of the carboxylates included in this study. The binding constants for acetate
were around three orders of magnitude greater for the receptors in this study than those
previously reported by Amemiya et al. for their porphyrin-derived receptors [37]. A previ-
ous study [30] showed that the binding constants of the macrocyclic receptors, which were
determined in 99.5 %:0.5 % (w/w) dimethyl sulfoxide (DMSO)-d6:H2O, were not indica-
tive of the selectivity of the membranes that incorporated those receptors when used for
measurements in aqueous solutions. Acetate was chosen as the primary analyte for this
study, since it was the target analyte in the two previous studies [30,31], which made
the comparison of results easier. Clearly, factors other than the ion–ionophore binding
constants affect the selectivity of the membrane, and some of these factors can be tweaked
while others cannot. Membrane composition is one factor that can be altered with relative
ease, but is subject to limitations and/or requires compromises to some of the response
characteristics of the sensor. In particular, the plasticizer, which typically makes up a
large part of the membrane’s mass, can be substituted. The two plasticizers that were
used in this study (DOS and o-NPOE) have very different dielectric constants (εr ≈ 4 and
εr ≈ 24, respectively [38,39]). DOS and o-NPOE are consequently considered to be better
for targeting mono- and divalent ions, respectively [39,40]. Several different membrane
compositions were tested in this study, and the final membrane cocktail compositions
are presented in Table 1. The same basic membrane composition that had been used in
two previous studies [30,31] was used as the starting point in this study with each of the
plasticizers. MC9, which was available in sufficient quantities, was later used to prepare
membranes with compositions where the concentrations of the ionophore and the anion
exchanger were varied.
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Table 1. Compositions of the membrane cocktails. Membranes are labeled according to the format WXY/Z, where W is the
ionophore (absent for controls), X is the plasticizer (D for DOS and N for o-NPOE), Y is the intended mass percentage (dry
mass) of the ionophore, and Z is the intended ratio ( mol.%) of anion exchanger to ionophore. See Figure 1 for ionophores.

wt.% (Total Mass) mol.%
Membrane

Ionophore TDMACl PVC DOS o-NPOE THF Anion Exchanger: Ionophore

N1/25 0.03 5.67 11.31 82.99
N1/50 0.06 5.66 11.24 83.04
N2/50 0.11 5.48 11.39 83.02
D2/50 0.12 5.61 11.27 83.00
N4/50 0.23 5.59 11.19 82.98

MC5N2/50 0.34 0.13 5.48 11.10 82.94 52.24
MC5D2/50 0.34 0.12 5.42 11.13 82.99 49.26
MC9N1/25 0.17 0.03 5.60 11.26 82.93 27.72
MC9N1/50 0.17 0.06 5.58 11.22 82.97 49.57
MC9N2/50 0.34 0.12 5.42 11.20 82.93 49.31
MC9D2/50 0.34 0.12 5.48 11.07 82.98 52.16
MC9N4/50 0.68 0.23 5.51 10.85 82.72 50.05

MC12N2/50 0.33 0.12 5.34 11.26 82.95 53.53
MC12D2/50 0.33 0.11 5.33 11.23 83.00 49.66

ACN2/50 0.34 0.10 5.56 11.04 82.96 49.62
ACD2/50 0.34 0.10 5.45 11.12 83.00 49.62

Two different types of electrode bodies with different shell materials were chosen as
a result of dramatic differences observed in the potentiometric responses of some PVC-
shelled electrodes. These observations were made when comparing different batches of
commercial PVC rods. Plasticized PVC membranes adhere strongly to the PVC shells,
which is why PVC-shelled electrodes can be used to make rugged sensors. However,
the potentiometric response of the sensor may be affected by the partial dissolution of
the shell by the solvent that is used in the membrane cocktail. For example, membrane
matrices with reduced diffusion coefficients (e.g., due to a higher concentration of PVC)
are known to have some benefits [41]. Reducing the concentration of the plasticizer (at
least in the case of DOS) in PVC-based membranes and/or inclusion of certain compounds
in PVC-based membranes have also been shown to reduce water uptake [42]. Layers or
pockets of water at the substrate–solid-contact and/or solid-contact–membrane interface
cause drifts in the potentiometric response as accumulated ions are exchanged with the
sample [42], which can be a problem depending on the sensor structure (e.g., membrane
thickness and composition) and application [43]. Commercially available PVC may also
contain additives such as dyes, thermal stabilizers, and UV stabilizers, but the identities
and concentrations of such compounds are usually not disclosed by the manufacturer.
It was decided that electrodes with a shell material possessing greater chemical resistance
were to be included in this study for comparison. PCTFE is one such material, but one
disadvantage of PCTFE and similar materials is that the membranes do not adhere to them
as well as they do to PVC. However, the membranes adhere well enough for use in the
laboratory, and PCTFE shells are unlikely to affect the potentiometric response of the sensor
by altering the membrane composition.

3.2. Minimizing the Effects of Dissolved CO2 and Chloride Leakage from the Reference Electrode

Some suggestions for improvements to the experimental protocol for the characteriza-
tion of the sensor prototypes were discussed in a previous study [30]. One of the issues was
that Cl– leaching from the reference electrodes was suspected of affecting the responses of
the MC5 sensors in particular. This issue manifested itself in the potentiometric calibrations
as lower slopes, narrower linear ranges, and detection limits that did not reach as low
of concentrations as the other membranes. The pH sensitivity measurements were also
affected, as there was a constant downward slope beyond the point where the solution pH
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should have significantly affected the activity of acetate. The determination of selectivity
coefficients would also have been affected to some degree. It was decided that the concen-
tration of the bridge electrolyte in the reference electrodes would be decreased to 0.1 M in
this study to reduce the rate at which Cl– leached into the samples. Replacing KCl with
another salt was also considered, but all suitable candidates contained anions that would
have interfered with the sensors as much as Cl– or even more. Greater care was also taken
to address the dissolution of atmospheric CO2, which introduces interfering ions that are
also capable of altering the solution pH in the absence of a buffer. This was speculated to
have been a possible contributing factor to some of the deviations that were observed in the
responses of some membranes towards the end of the pH sensitivity measurements (i.e.,
above pH 9). Therefore, sample solutions were, whenever practically feasible, deaerated
and covered with a N2 atmosphere as a precaution.

3.3. Electrochemical Impedance Spectroscopy

The first measurements performed with the newly prepared sensors were to record
their impedance spectra (Figures 2, A1 and A2). EIS was used together with visual inspec-
tion to perform quality control prior to beginning the more time-consuming potentiometric
measurements. The spectra showed that the layer of PEDOT:Cl, which functioned as the
ion-to-electron transducer, had a sufficiently high redox capacitance in all of the sensors.
A small redox capacitance would have resulted in large imaginary impedances in the form
of either near vertical lines or large semicircles (Figure A3) that dominated the spectra
starting at ever higher frequencies as the redox capacitance decreased.
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Figure 2. Impedance spectra of sensors with either the best-performing ion-selective membrane or its
corresponding control membrane. PVC-shelled sensors are shown in the main plot and PCTFE-shelled
sensors in the inset. Measurements were performed in 10−1 M sodium acetate with the parameters
f = 100 mHz–100 kHz, Edc = 0 V vs OCP, and ∆Eac = 100 mV (RMS). See Table 1 for membrane
compositions.
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Figure 2. Impedance spectra of sensors with either the best-performing ion-selective membrane or
its corresponding control membrane. PVC-shelled sensors are shown in the main plot and PCTFE-
shelled sensors in the inset. Measurements were performed in 10−1 M sodium acetate with the
parameters f = 100 mHz–100 kHz, Edc = 0 V vs. OCP, and ∆Eac = 100 mV (RMS). See Table 1 for
membrane compositions.

The bulk resistance and geometric capacitance of the membranes (Table A2), which gave
rise to the high-frequency semicircle, were of typical magnitudes given the membrane
geometries and membrane matrices. The membranes plasticized with DOS had greater
bulk resistances than the membranes plasticized with o-NPOE. The geometric capacitances
were greater with the membranes that were plasticized with o-NPOE than those with
DOS, which was due to the greater dielectric constant of o-NPOE (Table A2). The sensors
that were prepared with PCTFE-shelled electrodes exhibited lower membrane bulk re-
sistances than when prepared with PVC-shelled electrodes, which is explained partially
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by the different thicknesses of the membranes. The membranes on the PCTFE-shelled
sensors had a thickness of approximately 150 µm, while the thicknesses of the membranes
on the PVC-shelled sensors were approximately 300 µm based on measurements made
with a digital caliper. The concentration of PVC in the membranes could have increased
during the drop-casting process if the PVC shells were partially dissolved by the solvent
in the membrane cocktails, which would have, e.g., reduced the mobility of ions and
ion—ionophore complexes through the membrane [41,44].

The membrane bulk conductivity and dielectric constant were estimated based on the
high-frequency semicircle portion of the spectra (Table A2). The estimated values were
comparable to previously reported values for PVC-based membranes plasticized with
either DOS or o-NPOE [38,45]. The lower conductivity of the membranes on the PVC-
shelled sensors compared to those on the PCTFE-shelled sensors supported the notion of
a higher concentration of PVC in the membranes of the PVC-shelled sensors. According
to the results of Dulic et al. [38], the dielectric constant of the DOS-plasticized and the
o-NPOE-plasticized membranes could be expected to increase and decrease, respectively,
when the concentration of PVC is increased. The dielectric constant of the DOS-plasticized
membranes was indeed greater for the PVC-shelled sensors than for the PCTFE-shelled
sensors. Contrary to expectations, the o-NPOE-plasticized membranes on the PVC-shelled
sensors also had greater dielectric constants than those on the PCTFE-shelled sensors.
The influence of membrane thickness on the dielectric constant of the membrane was then
studied using CWEs with membranes of different thicknesses. The concentration of the
plasticizer should be lower at the membrane surface than in the bulk of the membrane,
since the plasticizer is leached out into the aqueous solution over time. Consequently,
thicker membranes, which have a greater ratio of volume to surface area, should retain a
higher dielectric constant after similar exposure to aqueous solutions. The results showed
that the thicker membranes did indeed retain a higher dielectric constant than the thinner
membranes (Table A4). However, the greater membrane thickness still does not sufficiently
explain the greater dielectric constants of the o-NPOE-plasticized membranes on the PVC-
shelled sensors. The increase of the dielectric constant could have been due to the presence
of some compound other than PVC that originated from the PVC shell. Both the bulk
conductivity and the dielectric constant of the membranes on the PCTFE-shelled sensors
increased with increasing anion exchanger concentration (Table A2). The membrane bulk
conductivity of the membranes on the PVC-shelled sensors also increased with increasing
anion exchanger concentration, but the dielectric constant did not change much except for
the deviations observed with the N1/50 and MC9N1/50 membranes.

The impedance spectra of the sensors with DOS and either MC5, MC9, or MC12
(Figure A1a) were similar both in this study and a previous study [30]. Changing the
plasticizer from DOS to o-NPOE decreased the membrane bulk resistance, which made the
low-frequency impedance characteristics related to charge and mass transfer more visible in
Figure A1b compared to Figure A1a. Membranes with MC5 and DOS had previously [30]
been noted to exhibit impedances that suggested slower ion-transfer kinetics than the
other macrocyclic receptors, and the current results with both another plasticizer and
another electrode shell material support that interpretation. The impedances caused by
the slower ion-transfer kinetics were more prominent in the impedance spectra of the
MC5N2/50 membrane due to the reduced membrane bulk resistance. Some differences
could be seen when comparing the spectra of the AC and o-NPOE sensors from this study
(Figure A1b) and those from a previous study [31], but the overall shapes of the spectra
were similar. The membrane bulk resistances were smaller in the sensors from this study
than in those from the previous study [31], which may stem from differences in membrane
thicknesses and possibly also the condition of the batches of chemicals used to prepare the
membranes. The frequency range used in this study did not go as low (100 mHz versus
10 mHz), which explains the absence of more prominent features related to diffusion that
become dominant at low frequencies.
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3.4. Potentiometric Calibration

Calibration plots are presented in Figures A4 and A5, while the tabulated averages
and standard deviations of the response characteristics determined from the calibrations
are presented in Tables A5 and A6, respectively. The MC12N2/50 sensors (Figure 3)
exhibited the best overall characteristics of all the membrane compositions that were tested.
The slope, linear range, and detection limit of the MC12N2/50 sensors (Table 2) were as
good as or better than some of the previously reported sensors [37,46,47].

The initial set of sensors, which were prepared with DOS as the plasticizer, showed
(Figure A4a) the same pattern of larger macrocycles, providing better characteristics than
those seen in a previous study [30]. The AC sensors were comparable to the MC9 sensors or
slightly sub-Nernstian, but closer to Nernstian than the MC5 and control sensors. Changing
the plasticizer from DOS to o-NPOE resulted in improved or similar response characteristics
for most of the membranes (Figure A4b). The AC sensors became comparable to the MC9
sensors or better. The MC5 sensors were an exception, as the linear range instead became
narrower. The limit of detection also deteriorated for the PVC-shelled MC5 sensors,
as can be seen in the responses to activities below 10−4 M. These disparities could not be
explained by, e.g., their sensitivity to Cl–, since the more sensitive PCTFE-shelled sensors
performed better.
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Figure 3. Potentiometric calibrations of sensors with either the best-performing ion-selective membrane
or its corresponding control membrane. Potentials have been adjusted to separate membranes and so
that each sensor in a group starts at the same potential at log a = −1.11. Error bars express standard
deviations. PVC- and PCTFE-shelled sensors are shown as solid lines with wide error bars and dotted
lines with narrow error bars, respectively. See Table 1 for membrane compositions.
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Figure 3. Potentiometric calibrations of sensors with either the best-performing ion-selective mem-
brane or its corresponding control membrane. Potentials have been adjusted to separate membranes
and so that each sensor in a group starts at the same potential at log a = −1.11. Error bars express
standard deviations. PVC- and PCTFE-shelled sensors are shown as solid lines with wide error bars
and dotted lines with narrow error bars, respectively. See Table 1 for membrane compositions.
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Table 2. Averages of the response characteristics determined from potentiometric calibrations
of sensors with either the best-performing ion-selective membrane or its corresponding control
membrane. All linear regressions had an R2 ≥ 0.999. The number of measurements and the number
of sensors were n = 2 and k = 2, respectively, unless noted otherwise. See Tables A5 and A6
for averages and standard deviations, respectively, for all membranes. See Table 1 for membrane
compositions.

Slope (mV/dec) log aLLL
a log aLOD

b

Membrane
PVC PCTFE PVC PCTFE PVC PCTFE

N2/50 −54.23 −56.13 −4.00 −4.00 −4.87 −4.97
MC12N2/50 −58.55 −58.01 −4.00 −4.00 −5.37 −5.27

a Lower limit of linearity. b Limit of detection.

The series of control sensors with o-NPOE-plasticized membranes and varying con-
centrations of anion exchanger exhibited a pattern of increasing disparity between sensors
prepared with PVC- and PCTFE-shelled electrodes, as the concentration of the anion ex-
changer was reduced (Figure A5). However, such disparities were not exhibited by the
sensors that contained the ionophore (MC9). Decreasing the concentration of the ionophore
and/or anion exchanger resulted in slightly lower slopes and improved detection limits,
and a wider linear range was attained at the lowest tested concentrations of the ionophore.

Comparison of the results from this study with those from the two previous stud-
ies [30,31] showed clear improvements. The slopes of the PVC-shelled AC sensors with
o-NPOE-plasticized membranes improved from sub-Nernstian to near-Nernstian, and the
detection limits also improved. The response characteristics improved across the board for
the PVC-shelled sensors with DOS-plasticized membranes incorporating the macrocyclic
receptors. These improvements are attributed to the use of a less concentrated bridge
electrolyte in the reference electrode.

3.5. Potentiometric pH Sensitivity

As expected, the deprotonation of acetic acid (pKa = 4.76) increased the activity
of acetate and caused the decrease in potential observed between approximately pH 3
and 7 (Figure 4). The declines in potentials that had previously been seen above pH 7
with the macrocyclic receptors with DOS-plasticized membranes [30] were now absent
(Figure A6a). Almost all of the sensors with o-NPOE-plasticized membranes were also
devoid of undesirable pH dependencies. However, the PVC-shelled MC5 sensors exhibited
declines in potentials throughout the measurements. Curiously enough, the PCTFE-shelled
sensors with the same membrane did not exhibit the same phenomenon, and neither did
the controls regardless of the shell material. This result suggests that some interaction
involving MC5, o-NPOE, and some component from the PVC shell influenced the response.
The influence of Cl– can still be seen in the responses (i.e., lower slope) of the control and
MC5 sensors at low pH, where the acetate activity is lower. The sensors prepared with
o-NPOE and various concentrations of MC9 did not exhibit any obvious pH dependency
(Figure A7a). However, there were some minor differences in the responses of PVC- and
PCTFE-shelled sensors below pH 6.

The changes in solution pH also affect the inside of the membrane. This is because,
in spite of the negligibly small concentration of solvated protons inside the membrane,
their thermodynamic activity (in terms of chemical potential or pHabs value [48]) in the
membrane is the same as in the solution. This change of pHabs inside the membrane is not
expected to markedly affect the membrane components because those do not have suitable
acid–base properties. However, it may affect the carboxylates. Even when the solution
pH is, e.g., 2–4 units higher than the pKa of the respective acid, it may partially migrate
into the nonpolar membrane as neutral acid because the nonpolar medium makes such
acids weaker, and the same thermodynamic activity of protons is sufficient to keep them
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protonated in the membrane. This might explain why, in many cases, even at pH values as
high as 7–9, there is still a slight decrease of ∆E upon increase of pH.
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Figure 4. pH sensitivity of sensors with either the best-performing ion-selective membrane or its
corresponding control membrane. Polynomials (n = 7) fitted to the results of PVC- and PCTFE-shelled
sensors are shown as solid and dotted lines, respectively. Measurements were performed in 10−2 M
acetic acid titrated with a mixture of 0.25 M NaOH and 10−2 M sodium acetate. See Table 1 for
membrane compositions.

Figure 4. pH sensitivity of sensors with either the best-performing ion-selective membrane or its
corresponding control membrane. Polynomials (n = 7) fitted to the results of PVC- and PCTFE-
shelled sensors are shown as solid and dotted lines, respectively. Measurements were performed in
10−2 M acetic acid titrated with a mixture of 0.25 M NaOH and 10−2 M sodium acetate. See Table 1
for membrane compositions.

3.6. Potentiometric Selectivity

Sensors incorporating MC12 were shown again [30] to be the most selective towards
acetate overall when compared to sensors with any of the other receptors included in
this study (Tables A7, A9, and A11). The MC12N2/50 sensors (Table 3) were less affected
by the interference caused by Cl–, NO –

3 , formate, and lactate than the sensors reported
by Amemiya et al., but were more susceptible to interference from HCO –

3 , I–, SCN–,
and benzoate [37].

o-NPOE proved to be a better choice than DOS as the plasticizer for all of the receptors
except MC5, which became more susceptible to interference, unlike the other receptors.
The macrocyclic receptors did maintain the overall trend of improved discrimination
of interfering ions, as the size of the macrocycle’s cavity increased when using DOS
as the plasticizer [30], and this pattern became more pronounced when using o-NPOE.
The selectivity coefficients of AC with o-NPOE improved or remained the same for the
most part, but the selectivity coefficients for F–, HPO 2–

4 , SO 2–
4 , and Cl– were higher than

previously [31] by approximately 0.1–0.6 logarithmic units in this study. The PVC- and
PCTFE-shelled sensors with DOS-plasticized membranes exhibited minor differences
in selectivity regardless of the ionophore (or lack thereof), with HPO 2–

4 being the only
exception for MC5. However, several larger differences in selectivity could be observed
between the PVC- and PCTFE-shelled sensors when o-NPOE was used as the plasticizer
and either MC5 or MC12 was used as the ionophore. Sensors with either MC9 or AC
in their o-NPOE-plasticized membranes were affected much less by the material of the
electrode body.
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Decreasing the concentration of the ionophore (MC9) and/or the anion exchanger
resulted in improved selectivity toward acetate (Table A11). Discrimination of interfer-
ents improved primarily for the more hydrophilic F–, HPO 2–

4 , H2PO –
4 , and SO 2–

4 , but the
PVC-shelled sensors also showed greater improvement in the discrimination of the more
lipophilic Br–, NO –

3 , I–, and SCN– than their PCTFE-shelled counterparts did. The dif-
ferences in selectivity between PVC- and PCTFE-shelled sensors were minor when the
concentration of MC9 was 2 wt.%, while MC5 and MC12 showed larger differences at
the same concentration. Reducing the concentration of MC9 and/or the anion exchanger
resulted in larger differences in selectivity between the PVC- and PCTFE-shelled sensors.
The selectivity of the control sensors followed the Hofmeister series for the most part,
regardless of membrane composition.

Overall, the sensors incorporating any of the ionophores exhibited selectivity for
carboxylates in general. For the most part, the sensors in this study were less selective
for acetate than previously reported sensors based on derivatives of porphyrin or uranyl
salophene [37,46,47,49]. While the sensors’ selectivity for acetate was modest, selectivity
for more lipophilic carboxylates, e.g., benzoate, was good.

Table 3. Average potentiometric selectivity coefficients determined with the separate solution
method (ai = aj = 10−2.05 M) for sensors with either the best-performing ion-selective membrane
or its corresponding control membrane. The number of measurements and the number of sensors
were n = 1 and k = 2, respectively, unless noted otherwise. See Table A8 for standard deviations.
See Table 1 for membrane compositions.

log Kpot
acetate,j

N2/50 MC12N2/50Ion, j

PVC PCTFE PVC PCTFE

F– −0.84 −0.61 −2.35 −2.42
HPO 2–

4 −0.55 −0.39 −2.39 −2.10
H2PO –

4 −0.36 −0.14 −2.17 −1.88
SO 2–

4 −0.21 −0.04 −1.68 −1.11
HCO –

3 0.18 0.28 −0.06 −0.02
HCO –

2 0.60 0.66 −0.16 −0.14
LacO– 0.64 0.70 −0.33 −0.32
PivO– 1.27 1.28 1.08 1.14

Cl– 1.71 1.69 −1.03 −1.04
BzO– 2.83 2.76 1.91 2.05
Br– 3.25 3.30 −0.17 −0.00

NO –
3 4.21 4.22 0.22 0.45

I– 5.61 5.57 1.04 1.44
SCN– 6.20 6.07 1.01 1.52

4. Conclusions

The selectivity of the sensors incorporating the macrocyclic receptors was shown to
follow a trend of macrocyclic receptors with larger cavities producing more selective sensors
for acetate, in good agreement with a preliminary study [30]. It was shown that this trend
held true with both of the plasticizers that were tested in this study. Sensors incorporating
the acyclic receptor (AC) performed, in many cases, similarly to sensors incorporating
either of the two larger macrocyclic receptors (MC9 or MC12). However, the sensors
incorporating either MC9 or MC12 discriminated the more hydrophilic interfering ions
more strongly than sensors incorporating AC. o-NPOE-plasticized membranes containing
MC12 produced the best sensors overall. The sensors’ selectivity for acetate was modest,
but they were clearly selective for carboxylates. Consequently, the sensors could be used
for more lipophilic carboxylates like benzoate. Most of the sensors prepared with o-NPOE
as the plasticizer performed better than or as well as the sensors prepared with DOS in
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terms of slope, detection limit, and selectivity. However, the sensors incorporating MC5
performed worse when prepared with o-NPOE: Linear ranges became narrower, the limits
of detection worsened, and roughly half of the selectivity coefficients worsened.

The results show that electrode shells made from PVC can significantly influence
the response characteristics of anion-selective SC-ISEs. The bulk dielectric constant was
estimated for each membrane based on the recorded impedance spectra. Elevated dielectric
constants were observed for o-NPOE-plasticized membranes when drop-cast onto PVC-
shelled electrode bodies. The results could not be explained by an increase in the PVC
content of the membrane due to partial dissolution of the electrode body during drop-
casting or by differences in leakage of the plasticizer resulting from different membrane
thicknesses. o-NPOE-plasticized membranes containing the MC5 ionophore produced
anomalous behavior during pH sensitivity measurements when those membranes were
drop-cast onto PVC-shelled electrode bodies. Since the exact composition of the commercial
PVC shells is not known, it can only be speculated at this point that some component (e.g.,
plasticizer, additive) of the PVC shell dissolved into the plasticized PVC anion-selective
membrane and interfered with the anion recognition process. PVC- and PCTFE-shelled
sensors with o-NPOE-plasticized membranes exhibited larger differences in selectivity
when either MC5 or MC12 were used as the ionophore.

Varying the concentration of the ionophore (MC9) and/or the anion exchanger (TD-
MACl) showed several important effects. First, reducing the concentration of the anion
exchanger improved selectivity, extended the linear range, and improved the detection
limit. Second, the concentration of the ionophore made little difference within the range
that was tested (1–4 wt.%), but as long as the ionophore was present in the membrane,
the aforementioned response characteristics were improved further. Third, disparities be-
tween the responses of the PVC- and the PCTFE-shelled sensors grew as the concentrations
of the ionophore and/or the anion exchanger were reduced. These differences were partic-
ularly apparent for the control sensors in the calibration measurements when measuring
activities below 10−4 M and for the ion-selective sensors in the selectivity measurements
involving the most lipophilic interfering anions (Br–, NO –

3 , I–, and SCN–).
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EIS Electrochemical impedance spectroscopy
HMW High molecular weight
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ISE Ion-selective electrode
ISM Ion-selective membrane
MC5 Macrocyclic receptor with five methylene units in the linker
MC9 Macrocyclic receptor with nine methylene units in the linker
MC12 Macrocyclic receptor with twelve methylene units in the linker
OCP Open-circuit potential
o-NPOE 2-nitrophenyl octyl ether
PCTFE Poly(chlorotrifluoroethylene)
PEDOT Poly(3,4-ethylenedioxythiophene)
PVC Poly(vinyl chloride)
RMS Root mean square
SC-ISE Solid-contact ion-selective electrode
TDMACl Tridodecylmethylammonium chloride
THF Tetrahydrofuran

Appendix A

Appendix A.1. Receptor Binding Constants

Table A1. Binding constants that have been published previously for the receptors and the mono-
carboxylates that were included in this study [28,30]. The binding constants were determined using
99.5 %:0.5 % (w/w) dimethyl sulfoxide (DMSO)-d6:H2O as the solvent system. See Figure 1 for
receptor structures.

log Kass
Ion

AC MC5 MC9 MC12

PivO– 5.39 4.93 5.82 5.40
AcO– 4.98 5.00 5.69 5.00
BzO– 4.20 4.17 4.95 4.41
LacO– 3.83 3.36 4.07 3.62
HCO –

2 3.63 4.06 4.59 3.86
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Figure A1. Impedance spectra of sensors with membranes containing 2 wt.% ionophore, 50 mol.%
(relative to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer. PVC-shelled
sensors are shown in the main plots and PCTFE-shelled sensors in the insets. Measurements were
performed in 10−1 M sodium acetate with the parameters f = 100 mHz–100 kHz, Edc = 0 V vs OCP,
and ∆Eac = 100 mV (RMS). See Table 1 for membrane compositions.

Figure A1. Impedance spectra of sensors with membranes containing 2 wt.% ionophore, 50 mol.%
(relative to the ionophore) tridodecylmethylammonium chloride (TDMACl), and either (a) DOS or
(b) o-NPOE as the plasticizer. PVC-shelled sensors are shown in the main plots and PCTFE-shelled
sensors in the insets. Measurements were performed in 10−1 M sodium acetate with the param-
eters f = 100 mHz–100 kHz, Edc = 0 V vs. OCP, and ∆Eac = 100 mV (root mean square—RMS).
See Table 1 for membrane compositions.
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Figure A2. Impedance spectra of (a) sensors incorporating MC9 and (b) control sensors. The
membranes were all plasticized with o-NPOE. PVC-shelled sensors are shown in the main plots
and PCTFE-shelled sensors in the insets. Measurements were performed in 10−1 M sodium acetate
with the parameters f = 100 mHz–100 kHz, Edc = 0 V vs OCP, and ∆Eac = 100 mV (RMS). See Table
1 for membrane compositions.

Figure A2. Impedance spectra of (a) sensors incorporating MC9 and (b) control sensors. The mem-
branes were all plasticized with 2-nitrophenyl octyl ether (o-NPOE). PVC-shelled sensors are
shown in the main plots and PCTFE-shelled sensors in the insets. Measurements were per-
formed in 10−1 M sodium acetate with the parameters f = 100 mHz–100 kHz, Edc = 0 V vs. OCP,
and ∆Eac = 100 mV (RMS). See Table 1 for membrane compositions.
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Table A2. Average membrane bulk resistance (Rb), geometric capacitance (Cg), conductivity (σ), and dielectric constant (εr)
of the sensors. The membrane thicknesses were approximately 300 µm and 150 µm for the PVC-shelled and the PCTFE-
shelled sensors, respectively. The number of measurements and the number of sensors were n = 1 and k = 2, respectively,
unless noted otherwise. See Table A3 for standard deviations. See Table 1 for membrane compositions.

Rb (MΩ) Cg (pF) σ (µS m−1) εr
Membrane

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

N1/25 2.0 a 0.8 a 11.1 a 11.3 a 7.4 a 12.6 a 18.9 a 12.8 a

N1/50 1.0 a 0.3 a 9.5 a 12.7 a 14.9 a 29.5 a 16.1 a 14.4 a

N2/50 0.4 0.1 11.3 14.2 39.5 72.7 19.1 16.1
D2/50 6.8 4.8 5.9 6.0 2.2 2.1 9.9 6.8
N4/50 0.4 a 0.1 a 11.4 a 14.8 a 42.2 a 78.0 a 19.3 a 16.7 a

MC5N2/50 0.6 0.2 11.1 14.1 27.0 45.9 18.8 16.0
MC5D2/50 8.1 4.8 6.2 6.4 1.9 2.1 10.5 7.2
MC9N1/25 2.0 a 0.7 a 11.2 a 12.1 a 7.7 a 13.6 a 18.9 a 13.7 a

MC9N1/50 1.0 a 0.4 a 9.6 a 12.2 a 15.0 a 24.0 a 16.2 a 13.8 a

MC9N2/50 0.5 0.2 11.8 13.7 31.4 52.3 19.9 15.6
MC9D2/50 5.5 3.1 6.1 6.4 2.7 3.2 10.3 7.3
MC9N4/50 0.3 a 0.1 a 12.0 a 14.7 a 50.0 a 84.3 a 20.3 a 16.7 a

MC12N2/50 0.4 0.2 11.6 14.5 34.9 66.4 19.6 16.4
MC12D2/50 5.7 3.1 6.3 6.4 2.6 3.2 10.7 7.3

ACN2/50 0.7 0.3 11.2 12.5 21.6 37.2 18.9 14.1
ACD2/50 9.3 4.2 6.2 6.2 1.6 2.4 10.5 7.0

a n = 1, k = 3.

Table A3. Standard deviations for the average membrane bulk resistance (Rb), geometric capacitance (Cg), conductivity (σ),
and dielectric constant (εr) of the sensors in Table A2. The number of measurements and the number of sensors were n = 1
and k = 2, respectively, unless noted otherwise. See Table 1 for membrane compositions.

SD of Rb (MΩ) SD of Cg (pF) SD of σ (µS m−1) SD of εr
Membrane

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

N1/25 0.1 a <0.1 a 0.3 a 0.3 a 0.2 a 0.7 a 0.5 a 0.4 a

N1/50 <0.1 a <0.1 a 0.6 a 0.2 a 0.7 a 0.7 a 0.9 a 0.2 a

N2/50 <0.1 <0.1 0.9 0.1 1.7 0.2 1.5 0.2
D2/50 0.3 0.5 0.6 0.2 0.1 0.2 1.0 0.2
N4/50 <0.1 a <0.1 a 0.2 a 0.5 a 1.3 a 2.6 a 0.4 a 0.6 a

MC5N2/50 <0.1 <0.1 0.1 0.4 0.2 1.1 0.1 0.4
MC5D2/50 0.1 0.4 0.6 0.1 <0.1 0.2 1.1 0.2
MC9N1/25 0.2 a <0.1 a <0.1 a 0.1 a 0.9 a 0.8 a <0.1 a 0.1 a

MC9N1/50 0.1 a <0.1 a 0.4 a 0.4 a 1.0 a 1.5 a 0.7 a 0.4 a

MC9N2/50 <0.1 <0.1 0.1 0.4 1.3 2.2 0.2 0.5
MC9D2/50 0.4 0.1 0.7 <0.1 0.2 0.1 1.2 <0.1
MC9N4/50 <0.1 a <0.1 a 0.3 a 0.2 a 2.0 a 3.7 a 0.4 a 0.3 a

MC12N2/50 <0.1 <0.1 1.0 <0.1 1.3 3.0 1.6 <0.1
MC12D2/50 0.2 0.2 0.5 <0.1 0.1 0.2 0.8 <0.1

ACN2/50 <0.1 <0.1 0.7 0.1 0.6 0.4 1.2 0.1
ACD2/50 <0.1 <0.1 0.3 0.2 <0.1 <0.1 0.5 0.2

a n = 1, k = 3.
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Figure A3. Impedance spectra of the following PCTFE-shelled electrodes: bare glassy carbon (GC),
glassy carbon with a membrane (GC+M), glassy carbon with PEDOT:Cl as a solid contact (SC),
and glassy carbon with both PEDOT:Cl as a solid contact and a membrane (SC+M). The electrodes
with membranes were prepared by drop-casting 40 µL of the MC9N1/50 membrane cocktail. The
solid contacts were identical to the solid contacts used throughout the rest of this study. The redox
capacitances of the PEDOT:Cl layer and the bare glassy carbon were approximately 400 µF and 1 µF,
respectively. See Table 1 for the composition of the MC9N1/50 membrane.

Table A4. The membrane bulk resistance (Rb), geometric capacitance (Cg), conductivity (σ), and
dielectric constant (εr) of CWEs with MC9N1/25 membranes of different thicknesses (L). The number
of measurements and the number of sensors were n = 1 and k = 3, respectively, unless noted otherwise.
Measurements were performed in 10−1 M sodium acetate with the parameters f = 100 mHz–100 kHz,
Edc = 0 V vs OCP, and ∆Eac = 100 mV (RMS). See Table 1 for the composition of the MC9N1/25
membrane.

L ( µm) Rb ( MΩ) Cg ( pF) σ ( µS m−1) εr

100 0.6± 0.1a 17.0± 2.0a 12.1± 0.9a 12.7± 0.2a

150 0.8± 0.0a 11.4± 0.2a 13.1± 0.9a 13.5± 0.3a

240 1.2± 0.1a 8.8± 0.2a 12.9± 0.8a 15.8± 0.7a

270 1.3± 0.0a 7.9± 0.2a 13.6± 0.4a 16.1± 0.5a

300 2.1± 0.2b,c 11.2± 1.2b,c 7.2± 0.4b,c 19.0± 1.4b,c

a PCTFE-shelled electrode (d = 6.35 mm).
b PVC-shelled electrode (d = 8.5 mm). c n = 1, k = 4

Figure A3. Impedance spectra of the following PCTFE-shelled electrodes: bare glassy carbon (GC),
glassy carbon with a membrane (GC+M), glassy carbon with PEDOT:Cl as a solid contact (SC),
and glassy carbon with both PEDOT:Cl as a solid contact and a membrane (SC+M). The elec-
trodes with membranes were prepared by drop-casting 40 µL of the MC9N1/50 membrane cocktail.
The solid contacts were identical to the solid contacts used throughout the rest of this study. The redox
capacitances of the PEDOT:Cl layer and the bare glassy carbon were approximately 400 µF and 1 µF,
respectively. See Table 1 for the composition of the MC9N1/50 membrane.

Table A4. The membrane bulk resistance (Rb), geometric capacitance (Cg), conductivity (σ), and di-
electric constant (εr) of coated wire electrodes (CWEs) with MC9N1/25 membranes of different
thicknesses (L). The number of measurements and the number of sensors were n = 1 and k = 3,
respectively, unless noted otherwise. Measurements were performed in 10−1 M sodium acetate with
the parameters f = 100 mHz–100 kHz, Edc = 0 V vs. OCP, and ∆Eac = 100 mV (RMS). See Table 1
for the composition of the MC9N1/25 membrane.

L ( µm) Rb (MΩ) Cg (pF) σ (µS m−1) εr

100 0.6 ± 0.1 a 17.0 ± 2.0 a 12.1 ± 0.9 a 12.7 ± 0.2 a

150 0.8 ± 0.0 a 11.4 ± 0.2 a 13.1 ± 0.9 a 13.5 ± 0.3 a

240 1.2 ± 0.1 a 8.8 ± 0.2 a 12.9 ± 0.8 a 15.8 ± 0.7 a

270 1.3 ± 0.0 a 7.9 ± 0.2 a 13.6 ± 0.4 a 16.1 ± 0.5 a

300 2.1 ± 0.2 b,c 11.2 ± 1.2 b,c 7.2 ± 0.4 b,c 19.0 ± 1.4 b,c

a PCTFE-shelled electrode (d = 6.35 mm). b PVC-shelled electrode (d = 8.5 mm). c n = 1, k = 4.
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Figure A4. Potentiometric calibrations of sensors with membranes containing 2 wt.% ionophore,
50 mol.% (relative to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer.
Potentials have been adjusted to separate membranes and so that each sensor in a group starts at the
same potential at log a = −1.11. Error bars express standard deviations. PVC- and PCTFE-shelled
sensors are shown as solid lines with wide error bars and dotted lines with narrow error bars,
respectively. See Table 1 for membrane compositions.
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Figure A5. Potentiometric calibrations of (a) sensors incorporating MC9 and (b) control sensors. The
membranes were all plasticized with o-NPOE. Potentials have been adjusted to separate membranes
and so that each sensor in a group starts at the same potential at log a = −1.11. Error bars express
standard deviations. PVC- and PCTFE-shelled sensors are shown as solid lines with wide error bars
and dotted lines with narrow error bars, respectively. See Table 1 for membrane compositions.

Figure A4. Potentiometric calibrations of sensors with membranes containing 2 wt.% ionophore,
50 mol.% (relative to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer.
Potentials have been adjusted to separate membranes and so that each sensor in a group starts at the
same potential at log a = −1.11. Error bars express standard deviations. PVC- and PCTFE-shelled
sensors are shown as solid lines with wide error bars and dotted lines with narrow error bars,
respectively. See Table 1 for membrane compositions.
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Figure A4. Potentiometric calibrations of sensors with membranes containing 2 wt.% ionophore,
50 mol.% (relative to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer.
Potentials have been adjusted to separate membranes and so that each sensor in a group starts at the
same potential at log a = −1.11. Error bars express standard deviations. PVC- and PCTFE-shelled
sensors are shown as solid lines with wide error bars and dotted lines with narrow error bars,
respectively. See Table 1 for membrane compositions.
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Figure A5. Potentiometric calibrations of (a) sensors incorporating MC9 and (b) control sensors. The
membranes were all plasticized with o-NPOE. Potentials have been adjusted to separate membranes
and so that each sensor in a group starts at the same potential at log a = −1.11. Error bars express
standard deviations. PVC- and PCTFE-shelled sensors are shown as solid lines with wide error bars
and dotted lines with narrow error bars, respectively. See Table 1 for membrane compositions.

Figure A5. Potentiometric calibrations of (a) sensors incorporating MC9 and (b) control sensors.
The membranes were all plasticized with o-NPOE. Potentials have been adjusted to separate mem-
branes and so that each sensor in a group starts at the same potential at log a = −1.11. Error
bars express standard deviations. PVC- and PCTFE-shelled sensors are shown as solid lines with
wide error bars and dotted lines with narrow error bars, respectively. See Table 1 for membrane
compositions.
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Table A5. Averages of the response characteristics determined from potentiometric calibrations. All linear regressions had
an R2 ≥ 0.999. The number of measurements and the number of sensors were n = 2 and k = 2, respectively, unless noted
otherwise. See Table A6 for standard deviations. See Table 1 for membrane compositions.

Slope (mV/dec) log aLLL
a log aLOD

b

Membrane
PVC PCTFE PVC PCTFE PVC PCTFE

N1/25 −51.51 c −55.50 c −3.92 c −4.50 c −4.90 c −5.44 c

N1/50 −54.68 c −56.76 c −3.92 c −4.00 c −5.08 c −5.20 c

N2/50 −54.23 −56.13 −4.00 −4.00 −4.87 −4.97
D2/50 −54.44 −55.55 d −3.88 −4.00 d −4.82 −4.90 d

N4/50 −56.84 c −56.78 c −4.00 c −4.00 c −4.86 c −4.88 c

MC5N2/50 −55.98 −55.82 −3.51 −3.88 −4.44 −4.83
MC5D2/50 −55.59 −55.60 −3.88 −4.00 −4.77 −4.82
MC9N1/25 −56.58 c −56.99 c −4.50 c −4.50 c −5.56 c −5.48 c

MC9N1/50 −57.37 c −57.58 c −4.50 c −4.50 c −5.44 c −5.38 c

MC9N2/50 −58.37 −57.81 −4.00 −4.00 −5.22 −5.20
MC9D2/50 −57.64 −57.51 −4.00 −4.00 −5.21 −5.17
MC9N4/50 −58.66 c −57.84 c −4.00 c −4.00 c −5.22 c −5.15 c

MC12N2/50 −58.55 −58.01 −4.00 −4.00 −5.37 −5.27
MC12D2/50 −58.15 −57.55 −4.00 −3.88 −5.38 −5.19

ACN2/50 −58.43 −58.30 −4.00 −4.00 −5.32 −5.21
ACD2/50 −57.57 −57.56 −4.00 −4.00 −5.11 −5.03

a Lower limit of linearity. b Limit of detection. c n = 2, k = 3. d n = 2, k = 1.

Table A6. Pooled standard deviations or standard deviations for the average response characteristics in Table A5. All linear
regressions had an R2 ≥ 0.999. The number of measurements and the number of sensors were n = 2 and k = 2, respectively,
unless noted otherwise. See Table 1 for membrane compositions.

SD of Slope (mV/dec) SD of log aLLL
a SD of log aLOD

b

Membrane
PVC PCTFE PVC PCTFE PVC PCTFE

N1/25 0.69 d 0.81 d 0.20 d c,d 0.07 d 0.08 d

N1/50 0.40 d 0.56 d 0.20 d c,d 0.15 d 0.02 d

N2/50 0.82 0.43 c c 0.10 0.04
D2/50 0.21 1.15 e 0.25 c,e 0.14 0.04 e

N4/50 0.33 d 0.10 d c,d c,d 0.05 d 0.04 d

MC5N2/50 0.49 0.35 c 0.25 0.09 0.07
MC5D2/50 0.55 0.77 0.25 c 0.10 0.04
MC9N1/25 0.91 d 0.62 d c,d c,d 0.07 d 0.06 d

MC9N1/50 0.31 d 0.26 d c,d c,d 0.03 d 0.02 d

MC9N2/50 0.19 0.20 c c 0.02 0.05
MC9D2/50 0.98 0.75 c c 0.04 0.04
MC9N4/50 0.05 d 0.10 d c,d c,d 0.03 d 0.04 d

MC12N2/50 0.21 0.13 c c 0.01 0.04
MC12D2/50 0.60 0.67 c 0.25 0.07 0.20

ACN2/50 0.25 0.38 c c 0.04 0.02
ACD2/50 0.80 0.61 c c 0.05 0.02

a Lower limit of linearity. b Limit of detection. c All sensors reached the same lower limit of linearity without R2 dropping below 0.999.
d n = 2, k = 3. e n = 2, k = 1.
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Figure A6. pH sensitivity of sensors with membranes containing 2 wt.% ionophore, 50 mol.% (relative
to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer. Polynomials (n = 7)
fitted to the results of PVC- and PCTFE-shelled sensors are shown as solid and dotted lines, respectively.
Measurements were performed in 10−2 M acetic acid titrated with a mixture of 0.25 M NaOH and
10−2 M sodium acetate. See Table 1 for membrane compositions.
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Figure A7. pH sensitivity of (a) sensors incorporating MC9 and (b) control sensors. The membranes
were all plasticized with o-NPOE. Polynomials (n = 7) fitted to the results of PVC- and PCTFE-shelled
sensors are shown as solid and dotted lines, respectively. Measurements were performed in 10−2 M
acetic acid titrated with a mixture of 0.25 M NaOH and 10−2 M sodium acetate. See Table 1 for
membrane compositions.

Figure A6. pH sensitivity of sensors with membranes containing 2 wt.% ionophore, 50 mol.% (relative
to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer. Polynomials
(n = 7) fitted to the results of PVC- and PCTFE-shelled sensors are shown as solid and dotted lines,
respectively. Measurements were performed in 10−2 M acetic acid titrated with a mixture of 0.25 M
NaOH and 10−2 M sodium acetate. See Table 1 for membrane compositions.
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Figure A6. pH sensitivity of sensors with membranes containing 2 wt.% ionophore, 50 mol.% (relative
to the ionophore) TDMACl, and either (a) DOS or (b) o-NPOE as the plasticizer. Polynomials (n = 7)
fitted to the results of PVC- and PCTFE-shelled sensors are shown as solid and dotted lines, respectively.
Measurements were performed in 10−2 M acetic acid titrated with a mixture of 0.25 M NaOH and
10−2 M sodium acetate. See Table 1 for membrane compositions.
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Figure A7. pH sensitivity of (a) sensors incorporating MC9 and (b) control sensors. The membranes
were all plasticized with o-NPOE. Polynomials (n = 7) fitted to the results of PVC- and PCTFE-shelled
sensors are shown as solid and dotted lines, respectively. Measurements were performed in 10−2 M
acetic acid titrated with a mixture of 0.25 M NaOH and 10−2 M sodium acetate. See Table 1 for
membrane compositions.

Figure A7. pH sensitivity of (a) sensors incorporating MC9 and (b) control sensors. The membranes
were all plasticized with o-NPOE. Polynomials (n = 7) fitted to the results of PVC- and PCTFE-shelled
sensors are shown as solid and dotted lines, respectively. Measurements were performed in 10−2 M
acetic acid titrated with a mixture of 0.25 M NaOH and 10−2 M sodium acetate. See Table 1 for
membrane compositions.
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Appendix A.5. Selectivity Coefficients

Table A7. Average potentiometric selectivity coefficients determined with the separate solution method (ai = aj = 10−2.05 M)
for sensors with membranes containing 2 wt.% ionophore, 50 mol.% (relative to the ionophore) TDMACl, and DOS as the
plasticizer. The number of measurements and the number of sensors were n = 1 and k = 2, respectively, unless noted
otherwise. See Table A8 for standard deviations. See Table 1 for membrane compositions.

log Kpot
acetate,j

D2/50 MC5D2/50 MC9D2/50 MC12D2/50 ACD2/50Ion, j

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

F– −0.35 −0.14 a −1.15 −1.19 −2.03 −2.01 −2.28 −2.21 −1.51 −1.49
HPO 2–

4 −0.14 0.00 a −1.49 −1.18 −1.11 −1.02 −1.63 −1.67 −0.67 −0.61
H2PO –

4 0.09 0.25 a −0.89 −0.91 −0.69 −0.58 −1.32 −1.20 −0.73 −0.66
SO 2–

4 0.17 0.32 a −0.60 −0.58 −0.29 −0.16 −0.81 −0.74 0.29 0.35
HCO –

3 0.42 0.43 a 0.58 0.72 0.30 0.31 −0.08 −0.10 0.12 0.15
HCO –

2 0.43 0.47 a 0.19 0.13 0.14 0.19 −0.20 −0.23 −0.19 −0.21
LacO– 0.49 0.52 a −0.11 −0.10 −0.25 −0.23 −0.27 −0.26 −0.35 −0.31
PivO– 1.44 1.44 a 1.64 1.72 0.98 1.00 1.10 1.11 1.48 1.50

Cl– 1.52 1.50 a 0.92 0.98 −0.58 −0.54 −0.83 −0.80 −0.19 −0.09
BzO– 2.86 2.80 a 2.60 2.77 2.16 2.24 2.06 2.12 2.17 2.22
Br– 2.92 2.89 a 1.59 1.68 0.24 0.31 −0.03 0.02 0.23 0.32

NO –
3 3.63 3.62 a 1.10 1.04 0.66 0.77 0.18 0.25 0.20 0.24

I– 5.00 4.95 a 2.23 2.27 1.46 1.58 1.02 1.14 0.96 1.03
SCN– 5.64 5.58 a 2.26 2.32 1.27 1.40 1.11 1.26 1.20 1.28

a n = 1, k = 1.

Table A8. Standard deviations for the average selectivity coefficients in Table A7. The number of measurements and the
number of sensors were n = 1 and k = 2, respectively, unless noted otherwise. See Table 1 for membrane compositions.

SD of log Kpot
acetate,j

D2/50 MC5D2/50 MC9D2/50 MC12D2/50 ACD2/50Ion, j

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

F– 0.01 a 0.04 0.09 0.07 0.09 0.08 0.06 0.15 0.03
HPO 2–

4 0.01 a 0.05 0.05 0.03 0.03 0.03 0.12 0.02 0.02
H2PO –

4 0.03 a 0.02 0.03 0.04 0.02 0.05 0.02 0.07 0.02
SO 2–

4 0.06 a 0.10 0.18 0.03 0.05 0.02 0.07 0.03 0.02
HCO –

3 <0.01 a 0.07 0.07 0.01 <0.01 0.02 <0.01 <0.01 0.01
HCO –

2 0.01 a 0.08 0.01 <0.01 0.04 0.04 <0.01 0.04 0.01
LacO– <0.01 a 0.03 0.01 0.02 0.01 0.01 0.02 0.02 0.01
PivO– 0.02 a 0.01 0.06 0.01 0.01 <0.01 <0.01 0.01 <0.01

Cl– 0.04 a 0.01 0.01 0.01 0.04 0.05 <0.01 0.02 0.01
BzO– 0.06 a 0.02 0.04 0.02 0.07 0.02 0.03 0.01 0.01
Br– 0.05 a 0.01 0.01 0.04 0.06 0.05 0.03 0.04 0.02

NO –
3 0.04 a 0.03 0.06 0.05 0.09 0.04 0.02 0.03 0.02

I– 0.08 a <0.01 0.07 0.02 0.02 0.04 0.01 <0.01 0.01
SCN– 0.10 a 0.02 0.10 0.01 0.02 0.03 0.01 <0.01 <0.01

a n = 1, k = 1.



Chemosensors 2021, 9, 4 23 of 26

Table A9. Average potentiometric selectivity coefficients determined with the separate solution method (ai = aj = 10−2.05 M)
for sensors with membranes containing 2 wt.% ionophore, 50 mol.% (relative to the ionophore) TDMACl, and o-NPOE as
the plasticizer. The number of measurements and the number of sensors were n = 1 and k = 2, respectively. See Table A10
for standard deviations. See Table 1 for membrane compositions.

log Kpot
acetate,j

N2/50 MC5N2/50 MC9N2/50 MC12N2/50 ACN2/50Ion, j

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

F– −0.84 −0.61 −0.82 −1.24 −2.14 −2.23 −2.35 −2.42 −1.86 −1.97
HPO 2–

4 −0.55 −0.39 −0.57 −0.61 −1.78 −1.78 −2.39 −2.10 −1.32 −1.32
H2PO –

4 −0.36 −0.14 −0.73 −1.13 −1.32 −1.24 −2.17 −1.88 −1.42 −1.38
SO 2–

4 −0.21 −0.04 −0.01 0.33 −0.94 −0.85 −1.68 −1.11 −0.30 −0.24
HCO –

3 0.18 0.28 0.71 0.60 0.22 0.23 −0.06 −0.02 −0.33 −0.27
HCO –

2 0.60 0.66 0.28 0.33 0.25 0.26 −0.16 −0.14 −0.26 −0.24
LacO– 0.64 0.70 −0.18 −0.15 −0.31 −0.30 −0.33 −0.32 −0.48 −0.41
PivO– 1.27 1.28 1.39 1.48 0.96 0.96 1.08 1.14 1.29 1.28

Cl– 1.71 1.69 1.04 1.14 −0.80 −0.83 −1.03 −1.04 −0.40 −0.46
BzO– 2.83 2.76 2.46 2.65 2.04 2.12 1.91 2.05 2.03 2.07
Br– 3.25 3.30 1.79 1.91 0.09 0.14 −0.17 −0.00 0.01 0.03

NO –
3 4.21 4.22 1.21 1.37 0.80 0.94 0.22 0.45 0.24 0.29

I– 5.61 5.57 2.49 2.64 1.48 1.68 1.04 1.44 0.84 0.89
SCN– 6.20 6.07 2.56 2.67 1.00 1.18 1.01 1.52 0.96 1.01

Table A10. Standard deviations for the average selectivity coefficients in Table A9. The number of measurements and the number of
sensors were n = 1 and k = 2, respectively. See Table 1 for membrane compositions.

SD of log Kpot
acetate,j

N2/50 MC5N2/50 MC9N2/50 MC12N2/50 ACN2/50Ion, j

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

F– <0.01 0.01 0.33 <0.01 0.01 0.02 <0.01 0.04 0.05 0.02
HPO 2–

4 0.02 0.02 0.22 0.05 0.03 0.03 0.01 0.01 0.01 0.02
H2PO –

4 0.04 0.02 0.09 0.06 0.02 0.03 0.02 <0.01 0.03 0.01
SO 2–

4 0.04 0.03 0.01 0.04 0.02 0.05 0.04 <0.01 <0.01 0.02
HCO –

3 0.06 0.03 0.03 0.04 0.04 0.02 0.04 0.01 0.01 0.03
HCO –

2 0.05 0.02 0.01 0.04 0.04 0.02 0.04 0.02 <0.01 0.04
LacO– 0.06 0.01 0.03 0.01 <0.01 0.01 0.02 0.01 0.02 0.14
PivO– 0.02 0.06 <0.01 <0.01 0.01 0.01 0.01 0.01 0.02 0.01

Cl– 0.05 0.05 0.01 <0.01 <0.01 0.02 0.01 0.02 0.01 0.01
BzO– 0.03 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.02
Br– <0.01 0.01 <0.01 0.03 0.01 0.02 0.03 <0.01 0.03 <0.01

NO –
3 0.03 0.01 0.02 0.04 0.03 0.01 0.01 0.01 0.02 <0.01

I– 0.06 0.02 0.06 0.04 0.03 0.01 0.02 0.01 0.03 0.02
SCN– 0.08 0.03 0.02 0.05 0.04 0.01 0.01 0.04 0.01 0.02
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Table A11. Average potentiometric selectivity coefficients determined with the separate solution method (ai = aj = 10−2.05 M) for sensors with membranes incorporating MC9 and
plasticized with o-NPOE. The number of measurements and the number of sensors were n = 1 and k = 3, respectively. See Table A12 for standard deviations. See Table 1 for membrane
compositions.

log Kpot
acetate,j

N4/50 MC9N4/50 N1/50 MC9N1/50 N1/25 MC9N1/25Ion, j

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

F– −0.44 −0.44 −2.22 −2.29 −1.21 −1.09 −2.33 −2.37 −0.56 −1.16 −2.05 −2.26
HPO 2–

4 −0.19 −0.22 −1.47 −1.46 −1.20 −0.89 −2.11 −2.03 −1.06 −1.61 −2.29 −2.27
H2PO –

4 0.11 0.12 −0.97 −0.88 −0.94 −0.65 −1.68 −1.55 −1.52 −1.25 −1.95 −1.72
SO 2–

4 0.15 0.17 −0.55 −0.46 −0.78 −0.56 −1.29 −1.12 −1.29 −1.04 −1.64 −1.36
HCO –

3 0.43 0.44 0.28 0.38 0.20 0.08 0.17 0.18 0.52 0.15 0.31 0.19
HCO –

2 0.71 0.71 0.25 0.36 0.62 0.66 0.17 0.23 0.51 0.66 0.15 0.24
LacO– 0.73 0.77 −0.28 −0.18 0.69 0.74 −0.29 −0.30 0.52 0.71 −0.31 −0.31
PivO– 1.33 1.35 0.94 0.97 1.31 1.33 1.01 0.99 1.15 1.24 0.97 0.97

Cl– 1.75 1.78 −0.79 −0.80 1.72 1.78 −0.85 −0.85 1.52 1.74 −0.94 −0.86
BzO– 2.86 2.89 2.11 2.18 2.81 2.81 1.99 2.13 2.68 2.77 1.80 2.12
Br– 3.21 3.29 0.18 0.22 3.22 3.33 −0.02 0.12 3.17 3.35 −0.22 0.12

NO –
3 4.10 4.17 0.89 0.98 4.15 4.23 0.65 0.89 4.19 4.33 0.43 0.91

I– 5.42 5.52 1.61 1.70 5.51 5.54 1.32 1.61 5.65 5.71 1.11 1.62
SCN– 5.99 6.05 1.17 1.24 6.11 6.07 0.88 1.12 6.27 6.27 0.64 1.10

Table A12. Standard deviations for the average selectivity coefficients in Table A11. The number of measurements and the number of sensors were n = 1 and k = 3, respectively. See Table 1 for
membrane compositions.

SD of log Kpot
acetate,j

N4/50 MC9N4/50 N1/50 MC9N1/50 N1/25 MC9N1/25Ion, j

PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE PVC PCTFE

F– 0.01 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.10 0.16 0.07 0.02
HPO 2–

4 0.03 0.03 0.01 0.01 0.03 <0.01 0.02 0.01 0.10 0.07 0.01 0.02
H2PO –

4 0.04 0.03 0.01 0.02 0.07 0.02 0.01 0.02 0.10 0.06 0.03 0.01
SO 2–

4 0.05 0.04 0.02 0.03 0.02 0.01 0.01 0.02 0.04 0.06 0.04 0.02
HCO –

3 0.04 0.01 0.01 0.02 0.14 0.01 0.01 0.01 0.27 0.26 0.08 0.03
HCO –

2 0.03 0.02 0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.02 0.03 0.04 <0.01
LacO– 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.04 0.04 0.01
PivO– 0.03 0.03 0.02 0.02 0.01 0.02 0.02 <0.01 0.04 0.01 0.05 0.01

Cl– 0.03 0.04 0.03 0.03 0.01 0.02 0.03 0.01 0.05 0.04 0.03 0.01
BzO– 0.03 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.09 0.02 0.04 0.01
Br– 0.03 0.04 0.01 0.02 0.01 0.01 <0.01 0.01 0.12 0.02 0.05 0.01

NO –
3 0.02 0.05 0.02 0.02 0.01 0.01 0.02 0.01 0.14 0.03 0.05 0.01

I– 0.02 0.04 0.01 0.01 0.01 0.02 0.02 0.01 0.17 0.03 0.05 0.01
SCN– 0.02 0.05 0.01 0.02 0.01 0.02 0.02 0.01 0.18 0.03 0.05 0.01
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