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Current Response of lonophore-Based
lon-Selective Electrode Membranes at
Controlled Potential

Werner E. Morfa, Titus ZwicklIP, Erné Pretsch,”* and Nico F. de Rooij2*

Abstract: From electrochemical measurements at the interface of two immiscible electrolytes, the current at
controlled potential is usually a linear function of the ion concentration in the aqueous phase. Surprisingly, a
linear relationship between the current and the logarithm of the sample ion activity is found here for corre-
sponding measurements on ion-selective electrode membranes. Here we document these new findings and
give a theoretical explanation for the apparent contradiction between the results obtained with the two kinds

of systems.
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1. Introduction

Ton-selective electrodes (ISEs) based on
ionophore membranes continue to be a fo-
cus of interest in analytical chemistry. Be-
sides highly relevant applications of poten-
tiometric sensors, a series of more funda-
mental aspects have been addressed in
recent papers on this subject (for a review
see [1]). The aim of different investigations
was to improve the lower detection limit
and the selectivity behavior of commonly
applied ISE types [2][3]. Spectacular ef-
fects have been achieved by optimizing the
inner solution and the membrane composi-
tion [4—6]. Additionally, it has been shown
that the modulation of the potentiometric
response by a controlled transmembrane
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current can improve the response character-
istics [7-9]. The insight gained from these
studies led us to the design of new experi-
ments on ionophore membranes [10-12].
Here, we report first results on the current
response of ISE systems in measurements
performed at constant potential.

In the past, the ionophore-mediated cur-
rent flow through membranes has been in-
vestigated by several groups ([13—15] and
references found therein). While earlier
two-phase systems were preferably investi-
gated (electrochemistry at the interface of
two immiscible electrolytes, ITIES [13]
[14][16]), three-phase systems consisting
of a lipophilic and two aqueous phases be-
came the focus of more recent studies
[17-22]. Cyclic voltammetric investigations
on such systems [17][18] were primarily of
fundamental interest. However, pulsed am-
perometry with polymeric membranes turn-
ed out to be a promising new analytical
method [19-22]. Chronoamperometry, on
the other hand, seems to be especially use-
ful for the diagnosis of the membrane
[23][24].

Concerning the voltammetric or amper-
ometric current response, the results pre-
sented so far were partly contradictory. For
example, it was concluded from investiga-
tions of ion transfer across the interfaces
(aqueous/organic phase) between immisci-
ble electrolyte solutions that such systems
may exhibit a voltammetric or amperomet-
ric current response that is directly propor-

tional to the concentration of the ions
involved [25][26]. This is definitely at
variance with results obtained from bipolar
pulse conductance measurements on iono-
phore membranes where the current signals
apparently turned out to be proportional to
the logarithm of ion concentration or activ-
ity [27].

The present contribution offers an ex-
planation for the conflicting current-re-
sponse behavior found for ISE membranes
and related model systems.

2. Theoretical Section

The electrical characteristics of iono-
phore-based ISEs have been successfully
interpreted by treating the membrane as an
electroneutral phase that contains a given
amount of nearly immobile anions [6]
[15][28]. These ‘fixed’ anionic sites ensure,
together with the ionophores as cation-spe-
cific complexing agents, a highly selective
transfer of the primary cations M“™ into
and through the membrane. Hence, the po-
tentiometric response of such ideally per-
forming ISEs follows the Nernst equation,
Eqn. (1) [15][28]:

E@i=0)=E°_ + (RT/z_F)lna_ (1)
where E(i = 0) is the electrode potential at

zero current (electromotive force), B is
the reference potential of the ISE, including
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all contributions except for the membrane-
sample interface, RT/z_F is the Nernstian
factor (25.69 mV/z  at 25 °C), and a_, is the
nominal activity of primary ions in the sam-
ple solution.

When an electrical current flows
through the ISE membrane, two major de-
viations from the above-described behavior
occur. First, the current-induced flux of
cations results in the generation of a diffu-
sion layer between the bulk of sample solu-
tion and the ion-sensing membrane surface.
Correspondingly, a difference between the
nominal bulk activity a  and the actually
sensed boundary activity a’~arises. Sec-
ondly, an additional potential drop is gener-
ated within the membrane having an ohmic
resistance Rygp:

E=E° +(RT/z F)lna’ -Rigsi  (2)
where E is the electrode potential at a given
current i.

It should be noted that the current flow
also causes two other effects, namely an ion
activity gradient formed between the inner
membrane surface and the internal solution
of the ISE, and a concentration gradient of
free ionophores built up within the mem-
brane [29-32]. These phenomena can be
minimized by an adequate choice of the ex-
perimental parameters [33] and are there-
fore neglected in the present work.

From Eqns. (1) and (2), the basic cur-
rent—voltage relationship is given by:

E = E(i=0) + (RT/z, F)ln(@’ /a_) - Ry
3)

The activity ratio as a function of the
current is obtained from an expression for
the diffusion flux J  of primary ions in the
sample boundary layer:

i=AFz J =AFz D (c, —¢ )8 (4

=AFz, D, c /5 o)

Yim
where ¢ and ¢’ are the bulk value and the
boundary value of sample ion concentra-
tion, respectively, D, is the ionic diffusion
coefficient in aqueous solution, A is the
cross section area and 0 the thickness of the
aqueous diffusion layer, ij;  is the limiting
current reached for ¢’, =0, and F is the
Faraday equivalent. When the ratio ¢’ /c
is determined from Eqns. (4) and (5) and
substituted for the activity ratio in Eqn. (3),
the final result reads as:

E = E(i=0) + (RT/z, F)In(1 —ifi, ) - Rygi
(6)

The second term is basically the de-
scription of voltammetric or amperometric
ion transfer across the interface between
two immiscible electrolyte systems [13]
[14][16], and the third term accounts for the
current-induced ion transport through the
interior of the membrane phase [29][31]
[32].

3. Experimental Section

3.1. Reagents

Poly(vinyl chloride) (PVC), bis(2-eth-
ylhexyl) sebacate (DOS), potassium tetra-
kis(p-chlorophenyl) borate (KTpCIPB), the
ionophore N,N-dicyclohexyl-N’,N’-dioc-
tadecyl-3-oxapentanediamide (ETH 5234),
and tetrahydrofuran (THF) were from Flu-
ka AG (CH-9470 Buchs, Switzerland).
Aqueous solutions were prepared with
freshly deionized water (18.0 MQ cm spe-
cific resistance) obtained with a NANO-
pure™ reagent-grade water system (Barn-
stead, CH-4009 Basel, Switzerland). Hy-
drochloric acid, CaCl,, and KCl were of
Suprapur® quality from Merck (Darmstadt,
Germany).

3.2. Membranes

Membranes contained 1.0 wt % (12.7
mmol kg‘l) ETH 5234, 0.3 wt % (5.4 mmol
kg!) KTpCIPB, 65.9 wt % DOS, and 32.8
wt % PVC. Membranes of ca. 150 um
thickness were obtained by casting a solu-
tion of ca. 240 mg of the membrane com-
ponents, dissolved in ca. 2.5 ml of THF, in-
to a glass ring (28 mm i.d.) fixed on a glass
plate.

3.3. Controlled-potential Current
Measurements

A custom-made plexiglass symmetrical
cell with a volume of 3 ml and an exposed
membrane area of 1 cm? was used. One of
its compartments was connected to a reser-
voir containing 97 ml of the sample and the
solution of total 100 ml was continuously
pumped through the cell interior. The cell
was equipped with working and counter
electrodes AglAgCl (1 cm?) and two identi-
cal reference electrodes (Metrohm type
6.0729.100, AglAgCl in 1 M KCI) with a
bridge electrolyte of 10> M KCI, 10* M
HCI; pH 3.8. The external potential differ-
ence was controlled with an SI 1287 Elec-
trochemical Interface (Solartron Instru-
ments, Farnborough, Hampshire, UK) us-
ing a custom-made program written in
LabView 5.1 (National Instruments, Aus-
tin, TX). The same instrument was used to
measure the current response (20-21 °C).
The membrane was initially conditioned
for 2.5 d, and between measurements for
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3.5 h with 103 M CaCl, and a background
electrolyte of 10> M KCl and 104 M HCI
(pH 3.8) in both compartments of the cell.
Then, the calibration curves were taken at
applied external potential differences of
—-30 and -0.3 mV, respectively, by succes-
sive automatic dilution of the conditioning
solution with the background electrolyte
solution in one of the compartments with a
Metrohm Liquino (Metrohm AG, CH-9010
Herisau, Switzerland). At each concentra-
tion, current readings were taken after 30
min.

4. Results and Discussion

The given relationships offer a straight-
forward description of the current response
i of ISE membranes in experiments per-
formed at controlled potential (i.e. E =
const). Two limiting cases can be discerned
for the resulting current characteristics, de-
pending on the actual parameters of the
measuring system. If the absolute value of
the applied potential is sufficiently low and
the current signal is much lower than the
limiting value, the following simple ex-
pression is obtained from Eqns. (6) and (1):

Rigpi = (E° = E) + (RT/z F)lna_ =
Const + (RT/z_F)lna_ @)

It becomes evident that, in this case, the
current response perfectly mimics the po-
tentiometric response curve of the respec-
tive ISE at zero current. Hence, the current
signal is here strictly related to the loga-
rithm of ion activity (see also below). This
is in striking contrast to the purely linear
concentration-dependence expected from
conventional amperometric or voltammet-
ric experiments [16][25][26].

On the other hand, if the potential value
is very high and the current approaches its
limit, the description according to Eqns. (6)
and (5) clearly reduces to:

i=(AFz D_/o)c ®)

This case obviously agrees with the dif-
fusion-limited current behavior encoun-
tered in classical amperometry or voltam-
metry. Since the resistances of the common
polymer membranes used for ISEs are com-
paratively high, the basic condition i—i;,
can be fulfilled only if the potential is high
enough and/or the sample concentration
quite low.
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The current-voltage relationship in Eqn.
(6) can also be rearranged to yield the ex-
pression:

Ryggi = (E°, - E) + (RT/z, Fln(a,, + Aa
Aay, o = (@, /fiy)i = ~(8Y,/AFz, D )i

where Aa_ , constitutes a contribution to
the detection limit of the ISE system [9].
This activity increment obviously depends
on the current, but is independent of all
membrane parameters except for the area A
(v, 1s the ion activity coefficient in the sam-
ple). The result illustrates that the analyti-
cally useful activity range of an ISE in the
constant-potential mode differs to some ex-
tent from the measuring range of the corre-
sponding potentiometric sensor, depending
on the sign and the magnitude of the current
signal (see also [7-9]).

Fig. 1 shows theoretical response cur-
ves calculated with Eqns. (9) and (10). At
high activities, the linear dependence of the
current on the logarithm of the sample ac-
tivity is apparent. The lower detection lim-
it (arrows) depends on the current (Eqn.
(10)) and thus on the external potential. It
increases with increasing negative current
because cations are driven from the mem-
brane into the sample. If the current is pos-
itive, the cation uptake by the membrane
leads to an increased slope at low sample
activities. This behavior is in full analogy to
the potentiometric responses observed at

m,el)

9
(10)

zero-current when primary ion fluxes from
the sample to the membrane come into play
[34-36].

Fig. 2 shows preliminary results ob-
tained from experiments on a Ca”*-selec-
tive membrane. The current responses were
measured on the ISE cell at two different,
relatively low, values of the applied poten-
tial E. The calculated curves obtained with
otherwise identical parameters document
that the response behavior of the present
system follows the case described in Eqns.
(7) and (9), respectively. Evidently, the two
sets of data basically differ in the value of
the total reference potential, E°  —E, which
is decisive for the intercept of the current vs.
log(activity) curve. The slope of the linear
range is nearly the same for both curves and
is consistent with a membrane resistance
Rgp of around 2 MQ. The detection limits
are slightly different, as predicted by Eqn.
(10). Both detection limits are somewhat
higher than for the usual case of potentio-
metric measurements since the observed
currents at low sample activities are nega-
tive. The experimental results finally attest
a good agreement with the theoretical ex-
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pectations. Details of extended studies on
the present subject will be reported else-
where [33].

5. Conclusions

At constant external potential, the cur-
rent across ion-selective membranes is usu-
ally a linear function of the logarithm of the
sample ion activity. This contrasts with the
common behavior known from electro-
chemistry at the interface of two immisci-
ble liquids where the current is directly re-
lated to the sample concentration. The re-
sults can be accounted for by a simple
theoretical model.
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Fig. 1. Calculated response curves of a divalent ion-selective membrane at
different external potentials E. Calculations according to Eqgns. (9) and (10)
using the following parameters: Rigg = 2.145 x 106 Q, E° | =92 mV, i, /a

=5mAM.

Fig. 2. Current response of a Ca2*-selective membrane (see Experimental)
at two different external potential values. The superimposed calculated
curves were obtained with the same parameters as in Fig. 1.
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