
Academic Editor: Michael Lyons

Received: 10 August 2026

Revised: 5 September 2026

Accepted: 7 September 2026

Published: 16 September 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Potentiometric Selectivity of Potassium Ion-Selective
Electrodes Based on Silane- and Disiloxane-Bridged
Bis(15-crown-5) Ionophores
Shoichi Katsuta 1,* and Manami Sano 2

1 Department of Chemistry, Graduate School of Science, Chiba University, 1-33 Yayoi-cho, Inage,
Chiba 263-8522, Japan

2 Department of Chemistry, Division of Advanced Science and Engineering, Graduate School of Science and
Engineering, Chiba University, 1-33 Yayoi-cho, Inage, Chiba 263-8522, Japan

* Correspondence: katsuta@faculty.chiba-u.jp

Abstract

Potassium-selective ionophores with high selectivity and chemical stability are essen-
tial for electrochemical sensing in clinical, biological, and environmental analysis. Here,
three new silane- and disiloxane-bridged bis(15-crown-5) derivatives—two silane-bridged
isomers bearing two octyl groups (1) or two 2-ethylhexyl groups (2), and a disiloxane-
bridged derivative bearing four isopropyl groups (3)—were synthesized and evaluated
as ionophores for poly(vinyl chloride) membrane ion-selective electrodes (ISEs). The ISEs
based on 1–3 exhibited near-Nernstian responses to K+. Electrodes based on silane-bridged
1 and 2 showed higher K+ selectivity over Li+, Na+, Mg2+, and Ca2+ than the commer-
cially available pimelate-bridged bis(benzo-15-crown-5) ionophore 4, and their selectivity
was comparable to that of valinomycin for most of the metal cations examined. Notably,
compound 2, bearing bulky 2-ethylhexyl groups, showed exceptional tolerance in strongly
acidic media and maintained a nearly constant K+/Na+ selectivity (potentiometric selec-
tivity coefficient, log kK,Na ≈ −3.4) for more than 200 days under intermittent dry-storage
conditions, whereas the ISE based on 4 showed a marked loss of selectivity after approxi-
mately 100 days. Disiloxane-bridged 3 also exhibited high K+ selectivity and acid tolerance.
Overall, sterically optimized silane/disiloxane bridging units offer an effective strategy for
designing durable, high-performance synthetic K+ ionophores.

Keywords: bis(crown ether); silane-bridged; disiloxane-bridged; 15-crown-5; ionophore;
potassium ion; ion-selective electrode

1. Introduction
The potassium ion (K+) is an essential electrolyte involved in crucial physiological

functions such as neurotransmission, muscle contraction, and osmotic pressure regulation
in living bodies [1]. Fluctuations in extracellular K+ concentration are clinically significant
and closely associated with renal diseases, cardiovascular disorders, and hypertension [1,2].
Therefore, precise, rapid, and continuous monitoring of K+ levels in blood and urine is
of paramount importance in clinical diagnostics [3]. Furthermore, in agricultural and
environmental sciences, the determination of K+ in soils and fertilizers is highly demanded
to optimize crop yields and manage agricultural resources [4].

Various analytical techniques, including flame photometry [5] and ion chromatogra-
phy [6], have been traditionally employed for K+ determination. Although these methods
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provide high accuracy, they often suffer from several drawbacks, such as the requirement of
large, expensive, and sophisticated instruments, and relatively long analysis times [5,6]. To
overcome these limitations, potentiometric sensors based on ion-selective electrodes (ISEs)
have emerged as highly attractive alternatives. Potentiometric ISEs offer distinct advan-
tages, including low cost, simplicity of operation, rapid response, and applicability to direct
measurements in aqueous environments without destructive sample pretreatment [7,8].

Among the various types of ISEs, plasticized poly(vinyl chloride) (PVC) membrane
electrodes (liquid-membrane type) are highly versatile because their ion selectivity can be
easily customized by incorporating appropriate ionophores embedded within the poly-
meric matrix [9]. For potassium-selective electrodes (K+-ISEs), the natural ionophore
valinomycin [10] and synthetic bis(crown ether)s, particularly bis(benzo-15-crown-5) deriva-
tives [11,12], are the most widely used ionophores. Bis(15-crown-5) ionophores are particu-
larly attractive for K+ recognition because the two crown ether moieties can cooperatively
coordinate K+ through sandwich-type complexation [11,12]. However, these commercially
available ionophores are relatively expensive, which can limit their widespread application.
Structural modification and immobilization of bis(crown ether)-type K+ ionophores have
also been investigated to improve their selectivity and durability in polymeric membrane
electrodes [13,14]. Nevertheless, there remains a demand for alternative K+ ionophores that
combine high selectivity and stability with structural simplicity and synthetic accessibility.

Recently, we reported a novel class of sodium (Na+) ionophores based on silane-
bridged bis(12-crown-4) ethers as highly effective ionophores for Na+-selective elec-
trodes [15]. These silane-bridged ionophores could be easily prepared in high yields
under solvent-free conditions at room temperature [15]. Based on the success of this silane-
bridging approach, we envisioned that expanding the crown ether cavity from 12-crown-4
to 15-crown-5 would shift the ion selectivity from Na+ to K+ due to the size-matching effect,
while maintaining the synthetic simplicity and structural tunability of the silane-based
bridging unit.

In the present study, we designed and synthesized three new silane- and disiloxane-
bridged bis(15-crown-5) derivatives as potential ionophores for K+-ISEs. Unlike our pre-
vious solvent-free synthesis of silane-bridged bis(12-crown-4)s [15], the starting material
2-hydroxymethyl-15-crown-5 used in this work is highly viscous, making solvent-free mix-
ing and reaction difficult. Although a solvent such as tetrahydrofuran (THF) is necessary
to ensure efficient stirring, a continuous nitrogen stream—previously employed to sweep
away the byproduct HCl gas [15]—would cause rapid evaporation of the volatile solvent.
To circumvent this problem, we adopted a common solution-phase synthetic approach
using THF as the solvent in the presence of imidazole as a base. This allowed the byproduct
HCl to be trapped as an insoluble imidazolium chloride precipitate, enabling the reaction
to proceed smoothly in a sealed vessel without solvent loss. We prepared silane-bridged
bis(15-crown-5)s with octyl (1) and 2-ethylhexyl (2) groups, and a disiloxane-bridged
bis(15-crown-5) with isopropyl groups (3). PVC membrane ISEs incorporating these newly
synthesized ionophores were fabricated, and their potentiometric performances, including
response slopes, pH dependence, and potentiometric selectivity coefficients (log kK,C) for K+

over various interfering cations Cn+ (Li+, Na+, Rb+, Cs+, Mg2+, Ca2+, NH4
+, and H+), were

evaluated. Furthermore, the effects of the bridging structures and the substituent groups
on the electrode selectivity and potentiometric performance in strongly acidic media were
compared with those of commercially available pimelate-bridged bis(benzo-15-crown-5) (4)
and valinomycin. The principal novelty of this molecular design lies in demonstrating
that the ion selectivity of the silicon-bridged bis(crown ether) platform can be tuned by
changing the crown ether ring size: together with our previously reported Na+-selective
bis(12-crown-4) ionophores, the present bis(15-crown-5) derivatives establish a switch in
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preferred ion from Na+ to K+ within the same molecular design concept. The structural
formulas of ionophores 1–4 are shown in Figure 1.

 

Figure 1. Chemical structures of the silane-bridged bis(15-crown-5) ionophores (1 and 2), the
disiloxane-bridged bis(15-crown-5) ionophore (3), and the commercially available pimelate-bridged
bis(benzo-15-crown-5) ionophore (4).

2. Materials and Methods
2.1. Chemicals and Apparatus

2-Hydroxymethyl-15-crown-5 (15C5-CH2OH) (TCI, Tokyo, Japan; >96.0%) was dried
with Molecular Sieves 3A 1/16 for more than 24 h, and further dried under vacuum over
P2O5. Imidazole (TCI; >98.0%) was also dried in vacuo over P2O5 before use. Dichloro-
dioctylsilane (TCI; >96.0%), dichlorobis(2-ethylhexyl)silane (TCI; >95.0%), 1,3-dichloro-
1,1,3,3-tetraisopropyldisiloxane (Sigma-Aldrich/Merck, Darmstadt, Germany; 97%), and
tetrahydrofuran (Fujifilm Wako Pure Chemical Corp., Osaka, Japan; Super Dehydrated,
Stabilizer Free) were used as received for the synthesis of the ionophores. For the prepa-
ration of the PVC membranes, bis[(benzo-15-crown-5)-4-methyl]pimelate (Fujifilm Wako;
for Cellbiology; >98.0%), valinomycin (Fujifilm Wako; for Cellbiology), and o-nitrophenyl
octyl ether (Fujifilm Wako; for Cellbiology; >99.0%) were used as received. Poly(vinyl
chloride) (PVC) (Wako Pure Chemical Industries, Osaka, Japan) was purified by dissolving
it in tetrahydrofuran, followed by precipitation via the addition of distilled methanol and
subsequent filtration; this process was repeated three times, and the PVC was dried under
reduced pressure. Potassium tetrakis(4-chlorophenyl)borate (Fujifilm Wako; 98%) was used
as a lipophilic anion exchanger. Deionized water was obtained using a Demi-Ace Model
DX-15A demineralizer (Kurita Water Industries, Tokyo, Japan) and further purified with a
Millipore Simplicity UV System (Merck, Darmstadt, Germany).

All chloride salts (LiCl, NaCl, KCl, RbCl, CsCl, MgCl2·6H2O, CaCl2·2H2O, and
NH4Cl), as well as HCl, NaOH, and the organic solvents used for extraction and HPLC
(toluene and methanol), were of guaranteed reagent grade and used without further purifi-
cation.
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An HPLC system for purification of the products was composed of an LC-10AD
pump (Shimadzu, Kyoto, Japan), a CTO-10A column oven (Shimadzu), a DGU-14A de-
gasser (Shimadzu), and an RI-101 refractive index detector (Showa Denko, Tokyo, Japan).
Identification of the synthetic products was carried out using a JNM-ECS400 FT-NMR spec-
trometer (JEOL, Tokyo, Japan) and an Exactive mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) at the Center for Analytical Instrumentation, Chiba University. An
F-72 pH/ion meter (Horiba, Kyoto, Japan) was used as a potentiometer for the performance
testing of the ion-selective electrodes, along with a 2565A double-junction-type reference
electrode (Horiba).

2.2. Synthesis of Silane- and Disiloxane-Bridged Bis(15-crown-5) Ionophores
2.2.1. Bis[(15-crown-5)methoxy]dioctylsilane 1

Dichlorodioctylsilane (0.213 g, 0.000655 mol), 2-(hydroxymethyl)-15-crown-5 (0.402 g,
0.00161 mol), imidazole (0.109 g, 0.00161 mol), and tetrahydrofuran (3 mL) were mixed and
stirred in a sealed vessel for 15 h. The byproduct HCl reacted with imidazole to form an
imidazolium chloride precipitate. After most of the tetrahydrofuran was removed under
reduced pressure, water (10 mL) and toluene (10 mL) were added to the residue, and the
mixture was shaken for 5 min. After centrifugation, the toluene phase was transferred
to another vessel. Another 10 mL of toluene was added to the remaining aqueous phase,
and the mixture was shaken for 5 min. The resulting organic phase was separated and
combined with the previously collected toluene phase. Water (10 mL) was added to the
combined organic phase (approximately 20 mL) and shaken for 5 min for water washing.
This water-washing process was repeated three times in total. Toluene was removed under
reduced pressure to afford the crude product (0.40 g). A portion of the crude product
was purified by preparative HPLC using an ODS column (Mightysil RP-18(L)GP, Kanto
Chemical Co., Inc., Tokyo, Japan; I.D.: 20 mm, length: 250 mm, particle size: 5 µm) at 40 ◦C
with methanol as the mobile phase at a flow rate of 5 mL min−1. The fraction corresponding
to the product peak (retention time ≈ 19 min) was collected, the solvent was removed
under reduced pressure, and the residue was further dried under vacuum over P2O5. The
overall yield of the purified product, estimated from the amount recovered from a portion
of the crude product subjected to preparative HPLC, was approximately 49% based on
the limiting starting material (dichlorodioctylsilane). The purified compound 1 was used
for preparation of the PVC membrane electrodes and was characterized by 1H NMR and
HRMS (ESI+). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.60 (t, J = 7.8 Hz, 4H, SiCH2 of
octyl), 0.88 (t, J = 6.8 Hz, 6H, CH3 of octyl), 1.26–1.32 (m, 24H, CH2 of octyl), 3.63–3.84 (m,
42H, CH and CH2 of (15-crown-5)methoxy). HRMS (ESI+) m/z: calcd for C38H80NO12Si+

[M + NH4]+ 770.5450, found 770.5440; calcd for C38H76O12SiNa+ [M + Na]+ 775.5004, found
775.4967; calcd for C38H76O12SiK+ [M + K]+ 791.4743, found 791.4723.

2.2.2. Bis[(15-crown-5)methoxy]bis(2-ethylhexyl)silane 2

Dichlorobis(2-ethylhexyl)silane (0.444 g, 0.00136 mol), 2-(hydroxymethyl)-15-crown-5
(0.817 g, 0.00326 mol), imidazole (0.232 g, 0.00322 mol), and tetrahydrofuran (6 mL) were
mixed and stirred in a sealed vessel for 50 h. The byproduct HCl reacted with imidazole to
form an imidazolium chloride precipitate. After most of the tetrahydrofuran was removed
under reduced pressure, water (10 mL) and toluene (10 mL) were added to the residue, and
the mixture was shaken for 5 min. After centrifugation, the toluene phase was transferred
to another vessel, and water (10 mL) was added and shaken for 5 min for water washing.
This water-washing process was repeated three times in total. Toluene was removed under
reduced pressure to afford the crude product (0.91 g). A portion of the crude product
was purified by preparative HPLC (retention time ≈ 22 min) under the same conditions

https://doi.org/10.3390/electrochem7030027

https://doi.org/10.3390/electrochem7030027


Electrochem 2026, 7, 27 5 of 12

as described for 1. The collected fraction was evaporated under reduced pressure, and
the residue was further dried under vacuum over P2O5. The overall yield of the purified
product, estimated in the same manner as for 1, was approximately 62% based on the
limiting starting material (dichlorobis(2-ethylhexyl)silane). The purified compound 2 was
used for preparation of the PVC membrane electrodes and was characterized by 1H NMR
and HRMS (ESI+). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.59 (d, J = 7.2 Hz, 4H, SiCH2 of
2-ethylhexyl), 0.83 (t, J = 7.4 Hz, 6H, CH3 of hexyl), 0.89 (t, J = 7.0 Hz, 6H, CH3 of 2-ethyl),
1.19–1.39 (m, 16H, CH2 of 2-ethylhexyl), 1.46–1.51 (m, 2H, CH of 2-ethylhexyl), 3.62–3.81 (m,
42H, CH and CH2 of (15-crown-5)methoxy). HRMS (ESI+) m/z: calcd for C38H80NO12Si+

[M + NH4]+ 770.5450, found 770.5469; calcd for C38H76O12SiNa+ [M + Na]+ 775.5004, found
775.4997; calcd for C38H76O12SiK+ [M + K]+ 791.4743, found 791.4755.

2.2.3. 1,3-Bis[(15-crown-5)methoxy]-1,1,3,3-tetraisopropyldisiloxane 3

1,3-Dichloro-1,1,3,3-tetraisopropyldisiloxane (0.222 g, 0.000704 mol), 2-(hydroxymethyl)-
15-crown-5 (0.405 g, 0.00162 mol), imidazole (0.110 g, 0.00162 mol), and tetrahydrofuran
(3 mL) were mixed and stirred in a sealed vessel for 15 h. The byproduct HCl reacted with
imidazole to form an imidazolium chloride precipitate. After most of the tetrahydrofuran
was removed under reduced pressure, water (10 mL) and toluene (10 mL) were added
to the residue, and the mixture was shaken for 5 min. After centrifugation, the toluene
phase was transferred to another vessel. Another 10 mL of toluene was added to the
remaining aqueous phase, and the mixture was shaken for 5 min. The resulting organic
phase was separated and combined with the previously collected toluene phase. Water
(10 mL) was added to the combined organic phase (approximately 20 mL) and shaken
for 5 min for water washing. This water-washing process was repeated three times in
total. Toluene was removed under reduced pressure to afford the crude product (0.46 g). A
portion of the crude product was purified by preparative HPLC (retention time ≈ 16 min)
under the same conditions as described for 1. The collected fraction was evaporated under
reduced pressure, and the residue was further dried under vacuum over P2O5. The overall
yield of the purified product, estimated in the same manner as for 1, was approximately
70% based on the limiting starting material (1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane).
The purified compound 3 was used for preparation of the PVC membrane electrodes and
was characterized by 1H NMR and HRMS (ESI+). 1H NMR (400 MHz, CDCl3) δ (ppm):
0.88–1.04 (m, 28H, CH3 and CH of isopropyl), 3.59–3.81 (m, 42H, CH and CH2 of (15-
crown-5)methoxy). HRMS (ESI+) m/z: calcd for C34H74NO13Si2+ [M + NH4]+ 760.4699,
found 760.4709; calcd for C34H70O13Si2Na+ [M + Na]+ 765.4253, found 765.4222; calcd for
C34H70O13Si2K+ [M + K]+ 781.3992, found 781.4003.

2.3. Preparation of PVC Membrane Electrodes and Potentiometric Measurements

The PVC membrane solutions were prepared by dissolving the ionophore (2.5–3.2 mg),
a plasticizer (o-nitrophenyl octyl ether, 47.8 mg), a lipophilic anion exchanger (potassium
tetrakis(4-chlorophenyl)borate, 0.5 mg), and purified PVC (16.5 mg) in tetrahydrofuran
(1 mL). Approximately 10 µL of this solution was dropped onto a PTFE membrane filter
(FP-100, Sumitomo Electric Industries, Osaka, Japan; pore diameter 1 µm, thickness 0.1 mm,
diameter 9 mm) twice to ensure uniform coverage; this process was performed 6 times
every 10 min, followed by air-drying for 24 h. The resulting membrane was attached to
the tip of a silver/silver chloride (Ag/AgCl) electrode body filled with an internal filling
solution of 0.001 mol L−1 KCl aqueous solution to construct the liquid-membrane-type ISE.
The electrode was immersed in a 0.1 mol L−1 KCl solution for more than 12 h for condi-
tioning. A double-junction-type Ag/AgCl electrode with a composition of Ag/AgCl/KCl
(3.3 mol L−1)/CH3COOLi (1.0 mol L−1) was generally employed as the reference electrode.
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The electromotive force between these electrodes was measured at 25 ◦C by immersing
them in KCl aqueous solutions ranging from 10−6 to 10−1 mol L−1. To evaluate the influ-
ence of interfering ions, similar potentiometric measurements were also performed in the
presence of various coexisting electrolytes, namely LiCl (0.50 mol L−1), NaCl (0.30 mol L−1),
RbCl (0.0010 mol L−1), CsCl (0.0010 mol L−1 for valinomycin and 0.050 mol L−1 for others),
MgCl2·6H2O (0.50 mol L−1), CaCl2·2H2O (0.50 mol L−1), NH4Cl (0.050 mol L−1), and HCl
(0.050 or 0.50 mol L−1). The concentration of each interfering ion was selected according
to the expected magnitude of its interference. For the HCl system only, a double-junction
reference electrode of Ag/AgCl/KCl (3.3 mol L−1)/NaCl (1.0 mol L−1) was used.

To evaluate the pH dependence of the potentiometric responses for the ISEs based
on 2 and valinomycin, the KCl concentration was kept constant at 1.0 × 10−4 mol L−1,
while the pH of the test solution was varied from 1.1 to 12.7 by adding HCl or NaOH.
The ionic strength of the solution was adjusted to 0.10 mol L−1 by NaCl. For the pH-
dependence measurements, a Ag/AgCl/NaCl (1 mol L−1) electrode was utilized as the
reference electrode. The pH-dependence measurements for each ionophore were performed
sequentially using the same electrode.

3. Results and Discussion
3.1. Potentiometric Response of ISEs and Potentiometric Selectivity Coefficients in the Presence of
Interfering Ions

Figure 2 shows the potentiometric response curves, electromotive force (E) vs. loga-
rithm of the K+ activity (log aK), for the liquid-membrane ISEs incorporating ionophores 1,
2, and 3 in aqueous KCl solutions at 25 ◦C in the absence of interfering salts (black filled
circles). The activity coefficients (γ) of ions were estimated using the Davies equation at
25 ◦C [16]:

log γ = −0.51z2

(
I1/2

1 + I1/2 − 0.3I

)
, (1)

where z represents the ionic charge and I is the ionic strength of the solution. For all three
ionophores, the ISEs exhibited linear responses with slopes of 55–57 mV/decade in the ac-
tivity range of aK ≥ 10−5 mol L−1 and 58–59 mV/decade in the range of aK ≥ 10−4 mol L−1,
confirming near-Nernstian potentiometric responses (theoretical slope: 59.2 mV/decade at
25 ◦C).

Figure 2. Dependence of electromotive force (E) of the ISEs containing 1 (A), 2 (B), and 3 (C) on the
logarithmic value of K+ activity (log aK) in aqueous KCl solution at 25 ◦C in the absence of interfering
salt (black filled circles) and in the presence of 0.30 mol L−1 NaCl (red open circles), 0.0010 mol L−1

RbCl (green open circles), 0.050 mol L−1 CsCl (blue open circles), and 0.050 mol L−1 NH4Cl (brown
open triangles). The solid curves represent the nonlinear regression fits to the data obtained in the
presence of interfering salts using Equation (2).
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Figure 2 also overlays the E responses measured in the presence of coexisting salts:
0.30 mol L−1 NaCl, 0.0010 mol L−1 RbCl, 0.050 mol L−1 CsCl, and 0.050 mol L−1 NH4Cl.
In these cases, the E value leveled off in the lower log aK region, thereby narrowing the
Nernstian response range. The E vs. log aK curves measured in the presence of 0.50 mol L−1

LiCl, MgCl2, or CaCl2 were almost identical to that obtained in the absence of interfering
salts (see Tables S1–S3 in Supplementary Materials).

To quantitatively evaluate the preference for K+ over an interfering cation (Cn+), the
logarithm of the potentiometric selectivity coefficient, log kK,C, was determined by nonlinear
least-squares fitting of the data to the Nikolsky–Eisenman equation at 25 ◦C [17,18]:

E = const + 59.2 log
(

aK + kK,Ca1/n
C

)
, (2)

where E is expressed in mV, aC is the activity of Cn+ estimated using Equation (1), n is the
charge number of Cn+, and “const” is an adjustable potential term for each response curve.
The differences in the absolute potential levels among the electrodes likely originate from
differences in the membrane phase-boundary potential and other electrode-specific poten-
tial contributions. These contributions are included in the independently fitted constant
term in Equation (2); therefore, the absolute potential levels themselves are not directly
related to the potentiometric selectivity coefficients. Using the same fixed interference
method [18], the log kK,C values were also determined for the ISEs based on the commer-
cially available pimelate-bridged bis(benzo-15-crown-5) 4 and valinomycin. The resulting
selectivity coefficients are summarized in Table 1, and the complete potentiometric data
used for the nonlinear least-squares analyses are provided in Tables S1–S5.

Table 1. Potentiometric selectivity coefficients (log kK,C) for K+ over interfering cations Cn+ at 25 ◦C *.

Ionophore
Log kK,C

Cn+ = Li+ Na+ Rb+ Cs+ Mg2+ Ca2+ NH4
+ H+

1 <−4.3 −3.47
(0.01)

−0.244
(0.007)

−1.67
(0.04) <−4.5 <−4.5 −1.50

(0.05)
−1.37
(0.03)

2 <−4.3 −3.413
(0.009)

−0.209
(0.004)

−1.64
(0.01) <−4.5 <−4.5 −1.44

(0.02) <−4.3

3 −4.05
(0.06)

−3.01
(0.06)

−0.249
(0.009)

−1.53
(0.05)

−4.39
(0.01)

−4.40
(0.01)

−1.46
(0.05) <−4.3

4 −3.23
(0.05)

−3.12
(0.01)

−0.613
(0.007)

−1.73
(0.08)

−3.66
(0.03)

−3.3
(0.1)

−1.67
(0.03)

−2.5
(0.2)

Valinomycin <−4.3 <−4.1 +0.337
(0.007)

−0.587
(0.005) <−4.5 <−4.5 −2.05

(0.01)
−3.31
(0.03)

* Values in parentheses represent the standard errors of the fitted log kK,C values obtained by nonlinear
least-squares analysis using KaleidaGraph 3.52 (Synergy Software, Reading, PA, USA). The selectivity
coefficients for each ionophore were obtained using a single membrane electrode and therefore do
not represent means or standard deviations of replicate electrodes. Concentrations of interfering
cations added as chloride salts or HCl: Li+, 0.50 mol L−1; Na+, 0.30 mol L−1; Rb+, 0.0010 mol L−1;
Cs+, 0.0010 mol L−1 for valinomycin and 0.050 mol L−1 for other ionophores; Mg2+, 0.50 mol L−1;
Ca2+, 0.50 mol L−1; NH4

+, 0.050 mol L−1; H+, 0.050 mol L−1 for 1 and 4, and 0.50 mol L−1 for 2, 3,
and valinomycin.

A smaller kK,C value indicates higher potentiometric selectivity for K+ over the inter-
fering cation Cn+. As shown in Table 1, ISEs incorporating ionophores 1 and 2 exhibited
higher K+ selectivity than the commercial bis(benzo-15-crown-5) ionophore 4 over Li+, Na+,
Mg2+, and Ca2+, all of which have smaller effective ionic radii than K+ [19]. Specifically,
the K+/Na+ selectivity for 1 and 2 was approximately twofold higher (a difference of
about 0.3 log unit), and the selectivities over Li+ and Ca2+ were improved by more than
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one order of magnitude (>1 log unit), while that over Mg2+ was improved by more than
sixfold (>0.8 log unit). When compared with valinomycin, 1 and 2 displayed comparable
or even superior selectivity toward Li+, Rb+, Cs+, Mg2+, and Ca2+, but lower selectivity
toward Na+ and NH4

+. For reference, BME-44 (2-dodecyl-2-methyl-1,3-propanediyl bis[N-
[5′-nitro(benzo-15-crown-5)-4′-yl]carbamate]), another commercially available bis(benzo-
15-crown-5)-type K+ ionophore, has been reported to exhibit a log Kpot

K,Na value of −3.35
in plasticized PVC membranes [13], which is in a similar range to the log kK,Na values
obtained for 1 and 2 in the present study. However, direct quantitative comparison is
difficult because different methods and experimental conditions were used.

A comparison among the three newly synthesized ionophores reveals that the silane-
bridged isomers 1 and 2 have very similar log kK,C values. Although 1 and 2 differ in the
branching of their alkyl substituents (octyl vs. 2-ethylhexyl), this structural difference has
negligible influence on their K+ complexation selectivities. On the other hand, compound 3,
which possesses a disiloxane bridge and a slightly longer inter-crown distance than 1 and
2, exhibited slightly lower selectivity for K+ over Na+, Mg2+, and Ca2+ relative to 1 and 2.
Nevertheless, the selectivity of 3 remained superior or comparable to that of commercial 4.

For the bis(crown ether)-type ionophores (1–4), the overall selectivity sequence for
the smaller cations (Li+, Na+, Mg2+, and Ca2+) follows the order: 1 ≈ 2 > 3 > 4. This trend
appears to correlate with the structural rigidity and length of the bridging unit connecting
the two 15-crown-5 rings. A shorter and more rigid linker may restrict the conformational
freedom of the two crown rings and thereby facilitate a spatial arrangement favorable for
intramolecular 1:2 (cation:crown) sandwich complexation with K+ (151 pm for coordination
number 8 [19]), while disfavoring the binding of smaller cations.

Together with our previous results for Na+-selective silane-bridged bis(12-crown-4)
ionophores [15], the present results demonstrate that the ion selectivity of this silane-
bridged bis(crown ether) platform can be effectively tuned from Na+ to K+ by changing the
crown ether ring size.

3.2. Effect of Hydrogen Ions and pH Dependence

Figure 3 illustrates the E vs. log aK plots for ISEs based on ionophores 1, 2, and 3
in the presence of 0.050 mol L−1 and 0.50 mol L−1 HCl, alongside the response curves in
the absence of acid. For ISEs containing 2 and 3, the potentiometric response curves were
barely affected even in the presence of a high concentration of acid (0.50 mol L−1 HCl),
with 2 showing outstanding acid tolerance. In contrast, for 1, the potentiometric response
to K+ was severely degraded even at a lower acid concentration of 0.050 mol L−1 HCl.

 

Figure 3. Dependence of E of the ISEs containing 1 (A), 2 (B), and 3 (C) on log aK in aqueous KCl
solution at 25 ◦C in the absence of HCl (black filled circles) and in the presence of 0.050 mol L−1 HCl
(red open circles) and 0.50 mol L−1 HCl (red filled circles). The solid curves represent the nonlinear
regression fits to the data obtained in the presence of HCl using Equation (2).
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The resulting log kK,H values listed in Table 1 show that 2 and 3 (log kK,H < −4.3)
exhibit exceptionally high K+/H+ selectivity, exceeding those of commercial ionophore
4 (log kK,H = −2.5) and valinomycin (log kK,H = −3.31). In contrast, ionophore 1 showed
substantially lower K+/H+ selectivity (log kK,H = −1.37). While the detailed mechanism
remains under investigation, the structural difference of 2 and 3 from 1 lies in the presence
or absence of alkyl chain branching. It is plausible that protonation or acid-catalyzed
interaction occurs primarily at the electron-dense oxygen atoms adjacent to the silicon unit
(Si–O–C linkage); the branched alkyl groups in 2 and 3 may provide steric shielding around
the silicon center, thereby suppressing unwanted proton coordination.

To further evaluate the practical operational pH range, the pH dependences of E
for ISEs based on 2 and valinomycin were investigated at a constant K+ concentration
(1.0 × 10−4 mol L−1) and constant ionic strength (0.10 mol L−1), and the results are shown
in Figure 4. For each ionophore, all data points were obtained sequentially using the
same electrode at the corresponding pH values. Both electrodes exhibited similarly broad
pH-independent response regions between approximately pH 2 and 12.

Figure 4. pH dependence of E of the ISEs containing 2 (red filled circles) and valinomycin (blue open
circles) at 25 ◦C at a constant K+ concentration (1.0 × 10−4 mol L−1) and constant ionic strength
(0.10 mol L−1, adjusted with HCl, NaOH, and NaCl).

3.3. Long-Term Retention of K+/Na+ Selectivity

To evaluate the long-term retention of K+/Na+ selectivity, the log kK,Na values of ISEs
containing 2, commercial ionophore 4, and valinomycin were determined repeatedly over
an extended period. Between measurements, the electrode membrane caps were detached,
air-dried, and stored in a sealed container at room temperature. For each ionophore, the
same electrode was repeatedly evaluated throughout the storage period.

Figure 5 shows the dependence of log kK,Na on the elapsed time after electrode prepa-
ration. The ISE incorporating ionophore 2 maintained a nearly constant K+/Na+ selectivity
(log kK,Na ≈ −3.4) for more than 200 days under these storage conditions. Its temporal
stability was comparable to that of valinomycin, although its absolute K+/Na+ selectivity
was lower. In contrast, the ISE based on commercial ionophore 4 showed a marked loss of
selectivity after approximately 100 days: its log kK,Na value increased by approximately
one log unit and continued to increase thereafter. Because the electrodes based on 2, 4,
and valinomycin were prepared using the same membrane formulation except for the
ionophore and were stored and measured under the same conditions, the pronounced dete-
rioration observed only for 4 is most reasonably attributed to gradual chemical degradation
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of ionophore 4 and/or its loss from the membrane by leaching during repeated measure-
ments. These results demonstrate that the ISE based on 2 retains its K+/Na+ selectivity
more effectively than the ISE based on 4 under the present storage conditions.

Figure 5. Changes in the K+/Na+ potentiometric selectivity coefficient (log kK,Na) with elapsed time
after electrode preparation for ISEs based on ionophore 2 (red filled circles), commercial ionophore 4
(green open triangles), and valinomycin (blue open circles).

4. Conclusions
In conclusion, new silane-bridged bis(15-crown-5) derivatives (1 and 2) and a

disiloxane-bridged bis(15-crown-5) derivative (3) were successfully evaluated as ionophores
for K+-selective liquid-membrane electrodes. The ISEs based on compounds 1 and 2 demon-
strated near-Nernstian responses and remarkably high K+ selectivity, particularly over
Li+, Na+, Mg2+, and Ca2+, outperforming the widely used commercial pimelate-bridged
ionophore 4 for these cations and exhibiting selectivity comparable to that of the natural
ionophore valinomycin for most of the metal cations examined. In particular, ionophore
2 with branched 2-ethylhexyl groups displayed outstanding tolerance to strongly acidic
media and retained its K+/Na+ selectivity for more than 200 days under intermittent dry-
storage conditions. These findings demonstrate that the introduction of silane/disiloxane
bridges provides a highly effective strategy for designing robust, high-performance syn-
thetic K+ ionophores for potentiometric sensing. Further studies using complex sample
matrices, including biological fluids and agricultural samples, will be required to establish
their practical analytical applicability.

5. Patents
A patent application related to this research has been filed (Japanese Patent Application

No. 2026-031336).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/electrochem7030027/s1, Figure S1: 1H NMR spectrum of 1;
Figure S2: High-resolution mass spectrum of 1; Figure S3: 1H NMR spectrum of 2; Figure S4: High-
resolution mass spectrum of 2; Figure S5: 1H NMR spectrum of 3; Figure S6: High-resolution mass
spectrum of 3; Table S1: Potentiometric data used to determine the selectivity coefficients of the ISE
based on 1 at 25 ◦C; Table S2: Potentiometric data used to determine the selectivity coefficients of the
ISE based on 2 at 25 ◦C; Table S3: Potentiometric data used to determine the selectivity coefficients of
the ISE based on 3 at 25 ◦C; Table S4: Potentiometric data used to determine the selectivity coefficients
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of the ISE based on 4 at 25 ◦C; Table S5: Potentiometric data used to determine the selectivity
coefficients of the ISE based on valinomycin at 25 ◦C.
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