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Abstract

The high ion selectivity of potentiometric and optical sensors based on ionophore-based polymeric
membranes is thermodynamically limited. Here, we report that the voltammetric selectivity of thin
ionophore-based polymeric membranes can be kinetically improved by several orders of
magnitude in comparison with their thermodynamic selectivity. The kinetic improvement of
voltammetric selectivity is evaluated quantitatively by newly introducing a voltammetric
selectivity coefficient in addition to a thermodynamic selectivity coefficient. Experimentally, both
voltammetric and thermodynamic selectivity coefficients are determined from cyclic
voltammograms of excess amounts of analyte and interfering ions with respect to the amount of a
Na* or Li*-selective ionophore in thin polymeric membranes. We reveal the slower ionophore-
facilitated transfer of a smaller alkaline earth metal cation with higher hydrophilicity across the
membrane/water interface, thereby kinetically improving voltammetric Na* selectivity against
calcium, strontium, and barium ions by 3, 2, and 1 order of magnitude, respectively, in separate
solutions. Remarkably, voltammetric Na* and Li* selectivity against calcium and magnesium ions
in mixed solutions is improved by 4 and >7 orders of magnitude, respectively, owing to both
thermodynamic and kinetic effects in comparison with thermodynamic selectivity in separate
solutions. Advantageously, the simultaneous detection of sodium and calcium ions are enabled
voltammetrically in contrast to the potentiometric and optical counterparts. Mechanistically, we
propose a new hypothetical model that the slower transfer of a more hydrophilic ion is controlled
by its partial dehydration during the formation of the adduct with a “water finger” prior to
complexation with an ionophore at the membrane/water interface.
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lonophore-doped polymeric membranes have been widely used for potentiometric and
optical sensors to yield the high ion selectivity based on ion-transfer and ion-complexation
equilibria.1~3 The potentiometric selectivity of an ionophore-based polymeric membrane has
been quantitatively evaluated as a selectivity coefficient in separate or mixed solutions of
analyte and interfering ions. Theoretically, a potentiometric selectivity coefficient is
thermodynamically dictated by the overall equilibrium exchange of an analyte ion in the
membrane with an interfering ion in the aqueous sample. Experimentally, the
thermodynamic control of potentiometric selectivity is ensured by Nernstian responses to
both analyte and interfering ions. Otherwise, potentiometric selectivity can be biased by the
mass transport of analyte and interfering ions to the membrane/sample interface during their
exchange, which is fast enough to achieve local equilibrium within the response time of a
potentiometric sensor. In fact, thermodynamic ion selectivity can be determined from the
optical response of a thin polymeric membrane doped with an ionophore and a
chromoionophore, which is thin enough to be fully equilibrated with a sample solution.®

Recently, we demonstrated that the voltammetric response of an ionophore-based polymeric
membrane®’ can be controlled not only thermodynamically, but also kinetically in contrast
to the potentiometric and optical counterparts.8 Advantageously, cyclic voltammetry (CV)
enabled us to quantitatively and separately assess the thermodynamics and kinetics of
ionophore-facilitated ion transfer across the membrane/sample interface, where mass
transport can be simulated®-10 or neglected.11:12 Specifically, we obtained kinetically limited
CVs of silver, potassium, calcium, and lead ions with the corresponding ionophores to
determine standard rate constants of 9.0 x 1073-9.7 x 10~%.cm/s.8 Importantly, these rate
constants support the electrochemical mechanism!2 based on ion-ionophore complexation at
the membrane/sample interface, which excludes the alternative electrochemical-chemical
mechanism based on simple ion transferl# followed by ion-ionophore complexation in the
bulk membrane.15 Interestingly, a thermodynamically Ca2*-selective ionophore mediated the
faster transfer of barium ion than calcium ion, which was ascribed to the faster formation of
a 1:2 complex than a 1:3 complex of the respective ions.®

Herein, we demonstrate that the voltammetric ion selectivity of ionophore-doped polymeric
membranes can be improved kinetically by several orders of magnitude in comparison with
their thermodynamic selectivity as expected for the potentiometric and optical counterparts.
Significantly, this work is the first to define and evaluate a voltammetric selectivity
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coefficient, K[, where 1z and jz; represent analyte and interfering ions. We compare a

voltammetric selectivity coefficient with the corresponding thermodynamic selectivity
coefficient, Kff““, to quantitatively assess the kinetic improvement of voltammetric
selectivity against thermodynamic selectivity. Conveniently, both voltammetric and
thermodynamic selectivity coefficients are determined from CVs of thin ionophore-based
polymeric membranes in the separate or mixed solution of an excess amount of a target ion
with respect to the amount of an ionophore.11:12 Advantageously, this approach not only
eliminates mass-transport effects to simplify voltammetric theory, but also widens the
potential window to observe the transfer of a highly discriminated ion, because only its salt
is used as aqueous supporting electrolytes.

Experimentally, we find that the voltammetric Na*- or Li*-selectivity of ionophores 1-3
(Figure 1) is kinetically improved more against a smaller alkaline earth metal cation as a
more hydrophilic interfering ion. Significantly, this work is the first to report the kinetic
effect of ion hydrophilicity on ionophore-facilitated ion transfer in contrast to the well-
known thermodynamic dependence of its formal potential on ion hydrophilicity.14
Specifically, Na*-selective ionophore 116:17 gives irreversible CVs of calcium, strontium,
and barium ions in separate solutions to kinetically improve voltammetric selectivity by 3, 2,
and 1 order of magnitude, respectively. Moreover, the voltammetric Na* and Li* selectivity
of ionophore 218 and 319 is improved by 4 and >7 orders of magnitude against calcium and
magnesium ions, respectively, in mixed solutions owing to both thermodynamic and kinetic
effects in comparison with thermodynamic selectivity in separate solutions. Mechanistically,
we propose that the slower transfer of a more hydrophilic ion is controlled by its partial
dehydration upon its attachment to a “water finger” as predicted theoretically.20-22

Global Model

Here, we define a global model to simulate CV of ion transfer facilitated by an ionophore
doped in a thin polymeric membrane. We assume that an excess amount of an analyte or
interfering ion is present in its separate aqueous solution so that the ion-transfer reaction can
be treated as a first-order reaction, i.e.,

ke x .
nXL(m)k# LHXX x (m)

)

where an ion, X*x (=I*1or J%), forms 1:7x (= m or ny, respectively) complexes with an
ionophore, L. This model considers the kinetics of facilitated ion transfer within a wide
range from reversible cases to irreversible cases, whereas only reversible cases were
considered in previous models.11:12 The rate constants for forward and reverse reactions,
ke x and A, x, respectively, are given by the Butler-Volmer type model® to yield
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where k?( is the standard ion-transfer rate constant, ay is transfer coefficient (~ 0.5 as
determined experimentally®), Lt is the total concentration of the ionophore, A is the
phase boundary potential across the membrane/water interface, and A§;¢SX is the formal

potential of facilitated ion transfer. Noticeably, kg is conditional and is dependent on the

aqueous concentration of the target ion, [ X*x]_, and the total concentration of the ionophore
as given by (see Supporting Information)

0 =0r Do)

where A9 is the concentration-independent standard rate constant. In addition, the formal
potential is conditional as given by12

’ / RT
AV =Aud +

-1
l LoX 7 [Xx
ZX F n/BnX T [ ]W

)

where Ag,lqb?( is the formal potential of simple ion transfer that represents ion

hydrophilicity,!4 and 5, is an overall formation constant for the 1:/% ion—ionophore
complex in the membrane.

In thin-layer CV, the bulk concentration of any species is maintained near the interface
without mass-transport effects, because the membrane is thin enough to uniformly deplete
an ionophore and its complexes,®-12 and because the aqueous phase contains an excess
amount of an analyte or interfering ion.11:12 Accordingly, the uniform membranous
concentrations of an ionophore in its free and complexed forms, [L] and [L,, X*x],

respectively, as well as free ion, [X*x]_, are used to define the overall formation constant,
ie,

L XA
O I X, ()
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Similarly, the mass balance of the ionophore in the thin membrane is given by using the
uniform membranous concentrations as

LT:[L]+nX [Lnx IZX] (7)

The membrane composition depends on the phase boundary potential across the membrane/
water interface, which is externally controlled to drive the interfacial transfer of a target ion.
The resultant current response, / is given by

i

=k
z, FA

L]nX - kb‘X [LnX XZX]

f,x[

(8)

where A is the area of the membrane phase. Moreover, the Faraday’s law yields

ts »
J o idt 2
S0 1, X
z FAL ["X X 9)
during the forward potential sweep, and
idt L
b =[L, X - =T
z, FAI X nyx  (10)

during the reverse potential sweep, where /is the membrane thickness, and & and & are times
at switching and final potentials during the potential cycle.

Egs 6-8 are combined with eq 9 or 10 and solved numerically by using Mathematica 10
(Wolfram Research, Champaign, IL) with dimensionless parameters (see Supporting
Information) to calculate the dimensionless current, /, as given by

,__iRT
T F2 AlvL,, (11)

where vis the sweep rate of the phase boundary potential. A positive current response based
on the ionophore-facilitated transfer of an aqueous cation is obtained during the forward
sweep of the phase boundary potential from an initial potential to a more negative switching
potential.

In addition, we develop a local model to obtain analytical expressions for peak currents and
peak potentials in irreversible cases (see Supporting Information). Peak potentials for

irr

forward and reverse potential sweeps, Ay ¢, and Ay¢”" , respectively, are given by
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where KQ is the dimensionless standard rate constant defined by

o :k‘gRT
* oz Rl (14)

Importantly, the average of forward and reverse peak potentials is equivalent to the formal
potential when 7y =1 (and ax = 0.5 for kinetically controlled CVs), which is shown for
irreversible cases by using egs 12 and 13 to yield

pngd _ARGETAVOT AT I(K) (1 F )
w
LX (15)

2 z F a KO

X X

The forward peak current of an irreversible reaction depends on complexation stoichiometry

and is given in the dimensionless form, I'",, with nx = 1 by

2
irr % ZX

T -2 X
X" e (16)

When ry = 2 or greater, the dimensionless forward peak current is given by

2
irr __ aX ZX

pf,X n§(2nx —1)/(ngx—1)

(17)
By contrast, the reverse peak current is given in the dimensionless form, I;”X for any
complexation stoichiometry by

3 (1 4ax)z)2(

eny (18)

irr
Ipr,X -
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We ensure that peak currents and peak potentials of the local model agree with those of the
global model (see below).

Effect of lon-Transfer Kinetics

We apply the global model to demonstrate the kinetic effect on thin-layer CVs of a target ion
with zx = +1 and 7 = 1 by systematically changing K from 1073 to 102 (Figure 2A). CVs
with K2:102 and 10 overlap with each other, which corresponds to reversible cases. In fact,

a reversible reaction with 1 = 1 yields dimensionless peak currents of 0.25 for both forward
and reverse sweeps and the corresponding peak potentials that are very close to the formal

potential, A;‘qu&gx.ll By contrast, voltammetric peaks during forward and reverse potential
sweeps shift toward more negative and positive potentials, respectively, as KE decreases to 1

and lower values. Specifically, CVs with K)‘Q:l and 101 are quasi-reversible, where peak
potentials are still close to the formal potential and peak currents are lowered with a lower

K7 value. Irreversible voltammograms are obtained with K9=10"2and 10~3, where

normalized peak currents of 0.18 are independent of Kg as expected from eqgs 16 and 18
with ax = 0.5.

Noticeably, the forward (or reverse) peak of quasi-reversible and irreversible CVs is
asymmetric with respect to the peak potential, whereas the symmetric peak of a reversible
voltammogram is expected with 77 = 1.11 Specifically, the forward (or reverse) peak of a
kinetically controlled CV with 1 = 1 is broader at the positive (or negative) side of the peak
potential. This asymmetry contrasts to the asymmetric forward (or reverse) peak of a
reversible voltammogram with 7 = 2 or greater, which is broader at the negative (or
positive) side of the peak potential.11

Effect of Complexation Stoichiometry

We employed the global model to find that complexation stoichiometry can be determined
from its distinct effects on forward and reverse peak currents of a kinetically limited CV.

When rny = 2 (Figure 2B) or greater, the forward wave of a slower reaction with lower Kg
becomes lower and, subsequently, broader to become more symmetric with respect to the
peak potential. By contrast, the reverse wave of a slower reaction becomes higher, whereas
its asymmetric peak shape is maintained. Accordingly, complexation stoichiometry can be
estimated from the ratio of the reverse peak current with respect to the forward peak current,
which is given for irreversible cases with 1y = 2 by eqs 17 and 18 as

irr n ny —1
or X :(1—ax)nxx/( x 1)
L axe (19)

Eq 19 with ax = 0.5 yields a peak current ratio of 4/efor r7x = 2 and a higher ratio for higher
stoichiometry. By contrast, the reverse peak current is identical to the forward peak current
when 7% = 1 (see Figure 2A and also compare eq 16 with eq 18).
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Noticeably, it is anomalous that the reverse peak current of a kinetically limited wave with
ny = 2 is higher than that of a reversible wave (Figure 2B). This anomalous behavior is due
to the lowered peak current of a reversible wave with 1y = 2, which is broadened at the
negative side of the peak potentialll (see orange and green lines in Figure 2B). In fact, the
local model predicts that the peak current of an irreversible reverse wave varies inversely
with complexation stoichiometry (eq 18), but becomes higher than that of a reversible wave,

which varies inversely with n, ( /ny,+1)%11

EXPERIMENTAL SECTION

Chemicals

Sodium ionophore X617 (1), fert-butylcalix[4]arene-tetrakis( N, N-dimethylacetamide) (2),
lithium ionophore VIII (3; NN,N N N, N’ -hexacyclohexyl-4,4",4” -propylidynetris(3-
oxabutyramide)), tetradodecylammonium (TDDA) bromide, PVVC (high molecular weight),
and 2-nitrophenyl octyl ether (o0NPOE) were obtained from Aldrich (Milwaukee, WI).
Potassium tetrakis(pentafluorophenyl)borate (TFAB) was purchased from Boulder Scientific
Company (Mead, CO). All reagents were used as received. TDDATFAB was prepared by
metathesis?3 and used as organic supporting electrolytes in PVC membranes. All sample
solutions were prepared by using ultrapure water (18.2 MQ-cm and TOC of 3 ppb) from the
Milli-Q Advantage A10 system and Elix 3 Advantage (EMD Millipore, Billerica, MA).10

Electrode Modification

A bare 5 mm-diameter gold disk was cleaned, electrochemically modified with an
oxidatively doped film of decyl-substituted poly(3,4-ethylenedioxythiophene) (PEDOT-C1),
and spin-coated with a thin plasticized PVC membrane as reported elsewhere.1 A 2 uL THF
solution of membrane components (ionophore, 4.0 mg PVC, 16.0 mg oNPOE, and 2.2 mg
TDDATFAB in 1 mL THF) contained a low PVC content to ensures a negligible ohmic
potential drop across the spin-coated membrane.2* An amount of an ionophore in the THF
solution was selected to yield an ionophore concentration of 5.0 mM, otherwise mentioned,
in the PVC membrane with a density of 1 g/mL.

Electrochemical Measurement

Electrochemical workstations (CHI 600A and 660B, CH Instruments, Austin, TX) were
used for voltammetric measurements. A Pt-wire counter electrode was employed in the
following three-electrode cell

Ag |AgCl‘3 M KCl|sample solution|PVC membrane|PEDOT—C10| Au (cell 1)
The compositions of sample solutions are given in figure captions. The positive current is
carried by the transfer of a cation from the aqueous phase to the PVC membrane. A peak

potential was determined from the first derivative of a voltammogram.2® All electrochemical
experiments were performed at 22 + 3 °C.
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RESULTS AND DISCUSSIONS

Voltammetric and Thermodynamic Selectivity Coefficients

We determine a voltammetric selectivity coefficient, K{jﬂ, of a thin ionophore-based
polymeric membrane for an analyte ion against an interfering ion to quantitatively estimate
its kinetic improvement against the corresponding thermodynamic selectivity coefficient,

K™erm e can deduce from the results of the Theory section that the thermodynamic

stability of ionophore complexes of analyte and interfering ions, i.e., 5, and 5, ,
respectively, affect both voltammetric and thermodynamic selectivity. In addition, the

kinetics of ionophore facilitated transfer of analyte and interfering ions, i.e., k? and k:?,
respectively, contributes to voltammetric selectivity.

In this work, we apply the formula of a potentiometric selectivity coefficient* to define the
voltammetric counterpart by using forward peak potentials of thin-layer CV for analyte and
interfering ions as

logKV()l: ZIF(Aglgbpf.,J - Ag/lqﬁpf,l)
Ly 2.303RT (20)

where AT ¢ . and AT ¢ . are the corresponding phase boundary potentials for the
respective ions. We employ separate or mixed solutions containing excess amounts of
analyte and interfering ions with respect to the amount of an ionophore in a thin membrane.
Theoretically, a forward peak potential is obtained analytically for reversiblel1:12 and
irreversible (eq 12) cases and numerically for any reversibility (see Theory section). By
contrast, forward peak potentials in eq 20 are replaced with formal potentials of ionophore-

facilitated transfer, i.e., A?J(?SI and A" | to define a thermodynamic selectivity coefficient

Ly
as

ZI F(Agvlqsg‘] - Ag}(ﬁgl)
2.303RT (21)

therm __
logK Ly =

A formal potential is obtained from the average of forward and reverse peak potentials of
thin-layer CV in this study, where 4 = 1= 1 and ax = 0.5 (see eq 15 for irreversible cases).

Experimentally, thin-layer CV is obtained by using a double-polymer-modified electrode,26
where an ~1.5 pm-thick PVC membrane is doped with an ionophore and spin-coated onto a
gold electrode modified with the oxidized form of a conducting polymer membrane,
PEDOT-Cqy, as an efficient voltammetric ion-to-electron transducer for aqueous
cations.8-11.27 The plasticized PVC membrane also contains hydrophobic supporting
electrolytes, TDDATFAB, to obtain negligibly small chmic potential drop across the thin
membrane.

Anal Chem. Author manuscript; available in PMC 2016 September 21.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Amemiya Page 10

Thermodynamic Control of Voltammetric Selectivity

The voltammetric Na* selectivity of a thin dNPOE/PVC membrane doped with ionophore
11617 was controlled thermodynamically against potassium and lithium ions as confirmed
by reversible thin-layer CVs with small separations between forward and reverse peak
potentials (Figure 3). Qualitatively, voltammetric selectivity is higher for a more positive
forward peak potential to follow the order of Na* > K* > Li*, which is consistent with the
potentiometric ion selectivity of ionophore 1 as discussed below. Quantitatively,
voltammetric selectivity coefficients were determined by using eq 20 based on forward peak
potentials (Table 1). A voltammetric selectivity coefficient was nearly identical to the
corresponding thermodynamic selectivity coefficient as determined by using eq 21 based on

therm

formal potentials, i.e., log(K;:}J/KMJ ) = 0. A formal potential was equivalent to the
average of forward and reverse peak potentials of a reversible thin-layer CV (dashed lines in
Figure 3) when an ionophore forms a 1:1 complex with a target ion.12 The formation of a
1:1 complex with ionophore 1 was ensured for sodium ion from the symmetric peak shape
of its CV11 as well as lithium and potassium ions, which yielded similarly high peak
currents in comparison with sodium ion (Figure 3).12 Overall, both voltammetric and
thermodynamic selectivity coefficients confirm that the Na* selectivity of ionophore 1 is ~10
times higher against lithium ion than potassium ion. The superior selectivity against lithium
ion is due to its hydrophilicity as confirmed by the requirement of more negative potentials
to yield the current response based on simple Li* transfer (<-0.5 V in Figure 3C) than
simple K* transfer (<—0.3 V in Figure 3B).

Advantageously, our voltammetric approach with an analyte-free ionophore-doped
membrane allows for the determination of a thermodynamic selectivity coefficient without
the bias caused by mass transport of analyte and interfering ions during their exchange
across the membrane/sample interface. We speculate that potentiometric selectivity

coefficients, KP°°, of dNPOE/PVC membranes doped with ionophore 1

1,J 1
(logKE®, = — 251617 and log KF°| = — 1.916 and -2.017) are biased and, subsequently,
inferior to the thermodynamic selectivity coefficients determined by thin-layer CV in this
work. Theoretically, an unbiased equilibrium potentiometric selectivity coefficient?8 is
equivalent to the thermodynamic selectivity coefficient based on eq 21 when z = z and
[171] =[J?], (see eq S-28).

Kinetic Improvement of Voltammetric Selectivity

The voltammetric Na* selectivity of ionophore 1 was dramatically improved kinetically
against alkaline earth metal cations, which yielded totally irreversible thin-layer CVs with
wide separations between forward and reverse peak potentials (Figure 4). A peak separation
was wider for a smaller cation to follow the order of Ca2* > Sr2* > Ba2*, which indicates
that the transfer of a more hydrophilic ion was slower. By contrast, the transfer of a smaller
cation was thermodynamically more favorable, because the formal potential (dashed lines in
Figure 4) followed the order of Ca2* > Sr2* > Ba2*, which indicates that a more hydrophilic
ion bound to ionophore 1 more strongly. In this assessment, the formal potential was
equivalent to the average of forward and reverse peak potentials of an irreversible CV (eq
15), because ionophore 1 forms 1:1 complexes with calcium, strontium, and barium ions as

Anal Chem. Author manuscript; available in PMC 2016 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Amemiya

Page 11

confirmed by relatively similar forward and reverse peak currents (Figure 4). By contrast,
the reverse peak current of an irreversible thin-layer CV is higher than its forward peak
current with 11y = 2 (Figure 2B) or greater to yield a peak current ratio of 4/¢ or higher as
given by eq 19 with ay = 0.5.

More quantitatively, we evaluated voltammetric and thermodynamic selectivity coefficients
of ionophore 1 for sodium ion against calcium, strontium, and barium ions (Table 1) to
reveal that voltammetric selectivity was kinetically improved by 1-3 orders of magnitude

against thermodynamic selectivity as represented by log(K ' /K *™). The kinetic

improvement of voltammetric selectivity is theoretically given for a reversible analyte ion
against an irreversible interfering ion with 4 = n; = 1 by (see Supporting Information)

Kvol KO
log ( L ) B log (—J>
Ktherm s a
1J Ehat) I (22)

Eq 22 indicates that a more negative log(K;SJ / K;lfj"‘) value for a smaller and more

hydrophilic interfering ion corresponds to its slower transfer with a lower K? value.
- - 0 - - - - 8
Quantitatively, K values were obtained by using eq 22 with a typical a; value of 0.5° and

converted to &9 values of (3 +2) x 1077, (5 1) x 1075, and (6 + 1) x 107> cm/s for calcium,
strontium, and barium ions, respectively, by using eq 14 with an effective membrane
thickness of 1.5 um and a potential sweep rate of 0.065 V/s. The effective potential sweep
rate was slower than an actual potential sweep rate of 0.1 V/s owing to the polarization of
the PEDOT-C1o membrane.11

Improvement of Voltammetric Selectivity in Mixed Solution

We investigated Na*-selective ionophore 218 by thin-layer CV to demonstrate that its
voltammetric selectivity against calcium ion is enhanced not only kinetically in separate
solutions, but also further both thermodynamically and Kkinetically in mixed solutions. In
separate solutions, o0NPOE/PVC membranes doped with ionophore 2 gave nearly reversible
thin-layer CVs for sodium ion (Figure 5A), whereas nearly irreversible CVs with wide peak
separations were obtained for calcium ion despite relatively similar formal potentials for

both ions (dashed line in Figure 5B). These CVs yielded log Ky, = — 1.97 4 0.06 and
logK (™= — 0.8 + 0.05 (N'=8). Subsequently, log (K, /K "™ values of ~1.08

Na,Ca Na,Ca
+ 0.08 indicate that voltammetric selectivity was kinetically improved by a factor of 12 in

comparison with thermodynamic selectivity. In this analysis, log K ﬁ,ﬂ?éfjl values were

obtained by using averages of forward and reverse peak potentials as formals potential in eq
21, because ionophore 2 forms 1:1 complexes with calcium ion as confirmed by similar
forward and reverse peak currents (Figure 5B) as well as sodium ion, which yielded peak
currents that were similar to those of calcium ion in their mixed solutions2 (Figure 5C).
Noticeably, we found that ionophore 2 gave nearly reversible voltammograms to lithium,
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potassium, strontium, and barium ions (Figure S-1), which are less hydrophilic than calcium
ion 29
ion.

A voltammetric Ca2* response was observed at much more negative potentials in mixed
solutions as represented by a forward peak potential of —0.32 V (Figure 5C) in comparison
with that of —0.15 V in separate solutions (Figure 5B). The preceding Na* response around 0
V in mixed solutions indicate that the following Ca?* response was based on the
voltammetric exchange of sodium ion in the membrane with calcium ion in the aqueous
solution as given by12

LNa™(m)+Ca*"(w) = LCa*" (m)+Na™(w) (23)

By contrast, the reverse potential sweep yielded only a single voltammetric peak around 0 V,
which is negative enough to drive not only the reverse reaction of eq 23, but also the
dissociation of the resultant Na* complex to yield

LCa?" (m)+Na™(w) — LNa™ (m)+Ca?" (w) — L(m)+Na™ (w)+Ca?" (w) (24)

In fact, the reverse peak current based on the transfer of +2 charge per ionophore molecule
(eq 24) is higher than the coupled forward peak current based on the transfer of +1 charge
per ionophore molecule (eq 23). Overall, the voltammetric ion-exchange response to calcium
ion is totally irreversible as indicated by a wide separation between forward and reverse
peaks. The average of forward and reverse peak potentials (red dashed line in Figure 5C) is
approximated to the formal potential, which is negatively shifted for the dissociation of a
Na* complex with respect to the formal potential of facilitated Ca2* transfer by a free
ionophore in separate solutions (dashed line in Figure 5B).

The kinetic improvement of voltammetric selectivity in mixed solutions was assessed
quantitatively by using the corresponding voltammetric and thermodynamic selectivity
coefficients. Forward peak potentials of Na* and Ca2* transfer in mixed solutions (Figure

5C) were used in eq 20 to yield ZOQK;V’Z,ICF — 5.6 £0.3 (N=6). The corresponding

log K™ valyes of -2.9 + 0.3 were estimated by using averages of forward and reverse

Na,Ca

peak potentials (dashed lines) as formal potentials in eq 21. Subsequently,

log(K;z}Ca/K;};fé’a“) values of —=2.7 + 0.4 in mixed solutions indicate that voltammetric
selectivity was kinetically improved by a factor of 5.0 x 102 in comparison with
thermodynamic selectivity. This kinetic improvement in mixed solutions is much more
significant than in separate solutions, which indicates that the formation of a Ca2* complex
coupled with the dissociation of a Na* complex in mixed solutions (eq 23) is much slower
then the formation of a Ca2* complex with a free ionophore in separate solutions. Overall,
voltammetric selectivity in mixed solutions were improved both thermodynamically and
kinetically by a factor of 5.2 x 104 than thermodynamic selectivity in separate solutions (see

above).
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Kinetically Improved Selectivity of Non-Cyclic lonophore

We found that voltammetric selectivity was improved kinetically not only by rigid cyclic
ionophores 1 and 2 with slow ion-binding kinetics,30-31 but also by flexible non-cyclic
ionophore 3.19 These results suggest that the kinetics of facilitated ion transfer is not
controlled by ion-ionophore complexation. Specifically, thin-layer CVs of oNPOE/PVC
membranes doped with ionophore 3 were nearly reversible for lithium ion (Figure 6A) and
nearly irreversible for magnesium ion (Figure 6B) in separate solutions. These CVs were

used to obtain logKEfi,Ig: — 4.7 £ 0.3 (N=T) from eq 20, whereas logKﬂffAr;“: —25+05
was determined from eq 21 using averages of peak potentials (black dashed lines) as formal
potentials. lonophore 3 forms 1:1 complexes not only with lithium ion,12 but also with
magnesium ion to yield similar forward and reverse peak currents (Figure 6B). The resultant

log(KZfll\qg/Kﬁffif?) values of —2.2 + 0.6 indicate that voltammetric selectivity was enhanced
by a factor of ~160 in comparison with thermodynamic selectivity. Noticeably, less
hydrophilic interfering ions, i.e., sodium, calcium, strontium, and barium ions,?° yielded
nearly reversible CVs (Figure S-2), whereas the binding of ionophore 3 with potassium ion
was too weak to clearly resolve the resultant facilitated transfer from simple K* transfer

(data not shown).

A voltammetric response was observed only for lithium ion in its mixed solutions with
magnesium ion (data not shown), because the voltammetric ion-exchange response to the
latter was kinetically prevented. A voltammetric ion-exchange response to magnesium ion is
expected for ionophore 3, which forms 1:1 complexes with both lithium and magnesium
ions (see above) to yield1?

LLi*" (m)+Mg*" (w) = LMg** (m)+Li* (w) (25

Theoretically, the voltammogram based on eq 25 is shifted thermodynamically by

AY ¢(L),Mg AN ¢3;i12 in comparison with the corresponding voltammogram of facilitated
Mg?2* transfer without lithium ion. Accordingly, the forward peak of the Mg?* response
based on the voltammetric ion-exchange mechanism is expected at the potential indicated by
red dashed line in Figure 6B. The resultant forward peak potential is expected within the
potential window, but was not observed experimentally, because voltammetric Li*—Mg2*
exchange (eq 25) was slower than the transfer of magnesium ion facilitated by a free

ionophore (Figure 6B). Overall, the actual potential of the forward peak of the Mg2*

response in mixed solutions is <—0.6 V to yield logKI‘ffiﬂg <-10in eq 20, which is improved
by a factor of 3.2 x 107 in comparison with thermodynamic selectivity in separate solutions
(see above).

Kinetic Effect of lon Hydrophilicity

Here, we propose a hypothetical mechanism based on the formation of a “water finger20-22”
(Figure 7) to explain the slower transfer of a smaller and more hydrophilic alkaline earth
metal cation as the basis of the kinetic improvement of voltammetric selectivity. Specifically,
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we propose that an aqueous ion must be partially dehydrated to form the adduct with a water
finger at the membrane side of the interface before complexation with an ionophore. This
two-step model contrasts to the previously proposed mechanism based on the one-step
formation and transfer of an ion—ionophore complex at the membrane/water interface.® The
rate-determining step of the two-step mechanism is likely the adduct formation, which is
likely slower for a more strongly hydrated ion as observed experimentally. The kinetics of
ion—ionophore complexation seems unimportant, because flexible non-cyclic ionophore 3
mediated the slow transfer of magnesium ion, which is strongly hydrated. Noticeably, this
new model suggests that the facilitated transfer of barium ion was faster than that of calcium
ion because of the higher hydrophilicity of the latter, which was previously ascribed to the
formation of a Ca2* complex with higher stoichiometry.®

CONCLUSIONS

In this work, we introduced the new concept of voltammetric ion selectivity for ionophore-
based polymeric membranes to experimentally reveal its kinetic enhancement by several
orders of magnitude in comparison with thermodynamic selectivity. Voltammetric ion
selectivity is based on the convolution of thermodynamics and kinetics of ionophore-
facilitated ion transfer at membrane/sample interfaces in contrast to the thermodynamically
limited selectivity of the potentiometric and optical counterparts. Voltammetric selectivity
can be improved not only kinetically in separate solutions of analyte and interfering ions, but
also both thermodynamically and kinetically in their mixed solutions when an interfering ion
yields a voltammetric response based on the ion-exchange mechanism.12 Subsequently,
ionophores that are not selective enough for potentiometric and optical applications may be
sufficiently selective for voltammetric applications. Noticeably, voltammetric selectivity in
real samples depends not only on the concentrations of analyte and interfering ions (see eqs
4 and 5), but also solution compositions including pH, neutral molecules, and
macromolecules. For instance, the interfacial adsorption of lipids3? and proteins33 results in
slower ionophore-assisted ion transfer.

Experimentally, we took advantage of thin-layer CV at double-polymer-modified electrodes
to determine both voltammetric and thermodynamic selectivity coefficients in the presence
of excess amounts of analyte and interfering ions with respect to the amount of an
ionophore. With this approach, voltammetric selectivity can be readily assessed theoretically
without mass-transport effects and quantitatively determined experimentally without the
need of additional aqueous supporting electrolytes, which limit the potential window to hide
a voltammetric response to a highly discriminated ion. The elimination of mass-transport
effects, however, requires slow potential sweep, which yielded reversible CVs for many
interfering ions (see Figures 1, S-1, and S-2). Kinetic effects on voltammetric selectivity will
be more important under higher mass-transport conditions, where an ionophore-doped
membrane is thickened8 or rotated, 10 or an ionophore-based pipet electrode is used to form
micro- and nano-interfaces.®’ The finite ion-transfer kinetics has been considered as a
serious limitation of micropipet potentiometry.34

Mechanistically, we found that the ionophore-facilitated transfer of a more hydrophilic
interfering ion is slower to yield the larger kinetic improvement of voltammetric selectivity.
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Interestingly, this finding suggests that the rate-determining step of ionophore-facilitated ion
transfer is the partial dehydration of a transferred ion for attachment to a “water finger20-22”
rather than interfacial complexation with an ionophore. This hypothetical mechanism
implies that the electrochemical mechanism of ionophore-facilitated ion transfer involves not
one step,813 but at least two steps. In this study, interfering ions that form 1:1 complexes
were studied to yield kinetically limited voltammograms without complication of different
complexation stoichiometry between analyte and interfering ions as observed in the previous
study.8 Importantly, we found that complexation stoichiometry can be determined from the
ratio of the forward peak current with respect to the reverse peak current of kinetically
limited thin-layer CV. This approach is complementary to the determination of complexation
stoichiometry from reversible thin-layer CV in separate!! and mixed2 solutions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was partially supported by the National Institutes of Health (R01 GM112656). | thank Prof. Akihiro
Morita and Dr. Nobuaki Kikkawa for helpful discussion as well as Peter J. Greenawalt for technical assistance.

References

1. Umezawa Y, Biihimann P, Umezawa K, Tohda K, Amemiya S. Pure Appl Chem. 2000; 72:1851.
2. Buhlmann P, Pretsch E, Bakker E. Chem Rev. 1998; 98:1593. [PubMed: 11848943]

3. Amemiya, S. Potentiometric lon-Selective Electrodes. In: Zoski, CG., editor. Handbook of
Electrochemistry. Elsevier; New York: 2007. p. 261

4. Bakker E, Pretsch E, Biihimann P. Anal Chem. 2000; 72:1127. [PubMed: 10740849]
5. Bakker E, Simon W. Anal Chem. 1992; 64:1805.

6. Girault, HH. Electrochemistry at Liquid-Liquid Interfaces. In: Bard, AJ.; Zoski, CG., editors.
Electroanalytical Chemistry. Vol. 23. Taylor & Francis; Boca Raton: 2010. p. 1

7. Amemiya, S.; Wang, Y.; Mirkin, MV. Nanoelectrochemistry at the Liquid-Liquid Interfaces. In:
Compton, RG.; Wadhawan, JD., editors. Specialist Periodical Reports in Electrochemistry. Vol. 12.
RSC; 2013.p. 1

8. Ishimatsu R, Izadyar A, Kabagambe B, Kim Y, Kim J, Amemiya S. J Am Chem Soc. 2011;
133:16300. [PubMed: 21882873]

9. Kabagambe B, 1zadyar A, Amemiya S. Anal Chem. 2012; 84:7979. [PubMed: 22891987]

10. Kabagambe B, Garada MB, Ishimatsu R, Amemiya S. Anal Chem. 2014; 86:7939. [PubMed:
24992261]

11. Greenawalt PJ, Garada MB, Amemiya S. Anal Chem. 2015; 87:8564. [PubMed: 26177943]
12. Greenawalt PJ, Amemiya S. Ana Chem. 2016; 88:5827.

13. Kakutani T, Nishiwaki Y, Osakai T, Senda M. Bull Chem Soc Jpn. 1986; 59:781.

14. Samec Z. Pure Appl Chem. 2004; 76:2147.

15. Evans DH. J Phys Chem. 1972; 76:1160.

16. Cadogan AM, Diamond D, Smyth MR, Deasy M, McKervey MA, Harris SJ. Analyst. 1989;
114:1551.

17. Grady T, Cadogan A, McKittrick T, Harris SJ, Diamond D, McKervey MA. Anal Chim Acta.
1996; 336:1.

18. Brunink JAJ, Bomer JG, Engbersen JFJ, Verboom W, Reinhoudt DN. Sens Actuators, B. 1993; 15—
16:195.

Anal Chem. Author manuscript; available in PMC 2016 September 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Amemiya

19.
20.
21.
22.
23.
24.
25.

26.

217.
28.
29.
30.
31.
32.
33.
34.

Page 16

Bochenska M, Simon W. Mikorchim Acta. 1990; 111:277.

Benjamin I. Science. 1993; 261:1558. [PubMed: 17798113]

Marcus RA. J Chem Phys. 2000; 113:1618.

Kikkawa N, Wang L, Morita A. J Am Chem Soc. 2015; 137:8022. [PubMed: 26057005]

Guo J, Amemiya S. Anal Chem. 2006; 78:6893. [PubMed: 17007512]

Kim Y, Rodgers PJ, Ishimatsu R, Amemiya S. Anal Chem. 2009; 81:7262. [PubMed: 19653661]

Parker, VD. Precision in Linear Sweep and Cyclic Voltammetry. In: Bard, AJ., editor.
Electroanalytical Chemistry. Vol. 14. Marcel Dekker; New York: 1986. p. 1

Amemiya S, Kim J, Izadyar A, Kabagambe B, Shen M, Ishimatsu R. Electrochim Acta. 2013;
110:836.

Garada MB, Kabagambe B, Amemiya S. Anal Chem. 2015:5348. [PubMed: 25925866]
Bakker E, Biihimann P, Pretsch E. Chem Rev. 1997; 97:3083. [PubMed: 11851486]
Marcus Y. Biophys Chem. 1994; 51:111.

Jin T. Phys Chem Chem Phys. 2000; 2:1401.

Moser A, Yap GPA, Detellier C. J Chem Soc, Dalton Trans. 2002:428.

Amemiya S, Bard AJ. Anal Chem. 2000; 72:4940. [PubMed: 11055713]

Guo J, Yuan Y, Amemiya S. Anal Chem. 2005; 77:5711. [PubMed: 16131086]

Buhrer T, Gehrig P, Simon W. Anal Sci. 1988; 4:547.

Anal Chem. Author manuscript; available in PMC 2016 September 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Amemiya

1. R = OCH,CH,
2.R = N(CH3),

Figure 1.
Structures of ionophores 1-3 used in this study.
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Thin-layer CVs simulated with 77x = (A) 1 and (B) 2 in addition to zx = +1 and ax = 0.5.

The potential is defined against the formal potential, A’V‘;qng. Open circles correspond to
peak potentials based on eq 12 and peak currents based on egs (A) 16 or (B) 17. Closed
circles correspond to peak potentials and currents based on egs 13 and 18, respectively.
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Figure 3.
Thin-layer CVs of dNPOE/PVC membranes doped with 5 mM ionophore 1 in solutions of 5

mM (A) sodium, (B) potassium, and (C) lithium acetate. Potential sweep rate, 0.1 V/s. The
potential is defined against the formal potential of sodium ion. Dashed lines represent
average peak potentials.
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Figure4.
Thin-layer CVs of dNPOE/PVC membranes doped with 5 mM ionophore 1 in solutions of 5

mM (A) calcium, (B) strontium, and (C) barium acetate. The potential is defined against the
formal potential of sodium ion. Potential sweep rate, 0.1 V/s. Dashed lines represent average
peak potentials.
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Figure5.
Thin-layer CVs of dNPOE/PVC membranes doped with 5 mM ionophore 2 in solutions of 5

mM acetate salts of (A) sodium ion, (B) calcium ion, and (C) sodium and calcium ions.
Potential sweep rate, 0.1 V/s. The potential is defined against the formal potential of sodium
ion. Dashed lines in part (A) and (B) represent average peak potentials, which are given for
sodium and calcium ions by black and red dashed lines, respectively, in part (C).
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Figure 6.
Thin-layer CVs of dNPOE/PVC membranes doped with 5 mM ionophore 3 in solutions of

(A) 5 mM lithium acetate and (B) 5 mM magnesium acetate. The potential is defined against
the formal potential of lithium ion. Potential sweep rate, 0.1 V/s. Black dashed lines
represent average peak potentials. The red dashed line represents the potential of the
thermodynamically shifted forward peak based on voltammetric Li*—Mg?2* exchange in
mixed solutions of 5 mM acetate salts of lithium and magnesium ions.
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. ionophore
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Figure7.
Scheme of the electrochemical mechanism based on the formation of the adduct of a target

ion with a “water finger” followed by complexation with an ionophore.
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Table 1

Na* Selectivity Coefficients of lonophore 1

T3 logi\Z,  logKQ™ log(KY /K™
Litd -413+0.04 -413+0.02 0.00+0.05

K+b -29%03 -29%0.2 0.0+0.4

cat¢ -81%02  -50%02  -31%03

g2+¢  -810+005 -619+009 -19+0.1

Ba2t¢ ~—7.70+0.09 -6.89+0.06 -08+0.1
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