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The concept of so-called pulstrodes is introduced where a 2 m
multipulse electrochemical excitation signal is imposed onto an
ionophore-based ion-selective liquid membrane operating on the 1
basis of assisted ion transfer voltammetry principl@sis yields
a tunable potential difference signal that is independent of the
reference electrode potential and gives a significantly larger
sensitivity than predicted classically on the basis of the Nernst
equation.

lon-selective electrodes normally obey the Nernst equation, which
predicts that a 10-fold sample activity change of a monovalent ion
yields a ca. 59 mV change in the observed electromotive force.
For ions of higher valency, this sensitivity is proportionally smaller.

A second important limitation of ion-selective electrodes is the direct
dependence of the electromotive force on the reference electrode.
The required bridge electrolyte and well-defined liquid junction of
such reference electrodes require high maintenance and do not lend TIME

themselves easily to m'n'atlfr'z?‘t'(?n' S'.nce very few reports on well- Figure 1. Time profile of the triple pulse experiment to control the ion-
defined and -understood liquid junction-free reference electrode selective electrode. Pulse | applies a cathodic current to generate a defined
concepts have been published in the past dechtthés remains an ion flux in the direction of the membrane (the potential may be measured
important fundamental problem. Today, potentiometric sensors with at f?g ?rr:c‘)g:; tni)s %’Jlsseeaﬁmgdae ')62:]'3; "Cijn?rcz)ﬁé?j'ct;g;iﬂtn?ee:fl:;eg‘ﬁ”t
extremely h_'g_h selectivifyand dgtectlon limits down to the low Pc:generation of the membrane. Surl;sequent current pulses may hgve different
parts per trillion range are availabte? but the two challenges  ampiitudes for differential detection as shown in Figure 2.

mentioned above remain important bottlenecks of modern ion-

selective electrode research. detection purposes, and a reversible sensor for the polyion protamine
Earlier work has already described or utilized zero current ion was proposed on the basis of this princiffi¢iere, however, the
fluxes with ion-selective electrode membranes by passive coun- cathodic pulse | is followed by a zero current measurement pulse
terdiffusion processes. When a less preferred hydrophilic ion in 1. During this pulse, the previously extracted background ions are
the membrane spontaneously exchanges with the analyte ion in thellowed to exchange with silver ions from the sample according to
sample, a large so-called super-Nernstian response slope is observegero current counterdiffusion transport principles. This leads to a
in a critical concentration rangé. While interesting analytical  super-Nernstian response slope at lower concentrations than during
applications have been proposed on the basis of this unusualthe cathodic pulse I, without anR drop. Note that the second
response principlé,® such spontaneous processes are difficult to mechanism is analogous to that observed in zero current potenti-
control in classical zero current potentiometry because of the ometry5but that the amount of exchangeable ions is instrumentally
continuously changing diffusion layer thickness in the membrane controlled during pulse 1 All extracted ions are again expelled
phase'? from the membrane during a baseline potential pulse Ill (of 10-
We introduce here a novel response principle to impose a definedfold duration compared to the uptake pulse to ensure effective
concentration polarization on the sample side of the membrane membrane renewal, see ref 16) before this triple pulse sequence is
while the system can still be interrogated at zero current. The repeated. The magnitude of this potential pulse I, which should
measurement principle is illustrated in Figure 1 with a silver- pe close to the open circuit potential, was chose®a/ vs Ag/
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selective membrane containing a bis-thioether functionaliegel AgCl. By applying subsequent cathodic current pulses | of different
butyl calix[4]arene ionophore as a model sysfémhis ionophore magnitude, the amount of extracted ions can be varied, which leads
is known to possess an excellent selectivity over alkali métafs. to a reproducible shift in the super-Nernstian response region. The

controlled cathodic current pulse | of defined magnitude and difference potential from two subsequent pulses may also be used
duration is first imposed, which leads to a flux of sample cations as the analytical signal.

in direction of the ion-selective membrakeAt high silver As shown in Figure 2A, the two response modes of the membrane
concentrations, the imposed flux can be fully maintained by silver (potentials at the end of pulse | and pulse Il) can be simultaneously
ions, but as the concentration is lowered, other sample ions (sodium)monitored during the same pulse sequence. In this example, current
must also be extracted. The inner solution of the membrane pulses | of alternating magnitude-9 and—10uA; current density
contained a high concentration of a hydrophilic salt (10 mM NaCl) —72 and—80 uA/mm?) were imposed. The potential readings at

to minimize the depletion of the co-extracting anion into the inner the end of each current pulse | are shown in Figure 2A (mode 1) as
membrane side during the cathodic pulse. As recently estabfidhed, a function of the logarithmic silver activity in the sample. So-called
the potential during this current pulse can be monitored for direct super-Nernstian response regions are observed for the two pulses,
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even larger than that observed with mode I, reaching about 100
mV for less than 0.1 logarithmic activity change. This corresponds
to a nearly 20-fold sensitivity increase relative to classical zero
current potentiometry, obtained here at zero current as well.

One single experimental protocol, shown in Figure 1, can be
used to shift the high-sensitivity region of the electrode by orders
of magnitude. By varying the duration of each of the two pulses |
and Il and the magnitude of the galvanostatic pulsel (o —15
uA and 0.1-s to 1.0-s pulse durations), the measuring range was
shifted by about 4 orders of magnitude, from less thar’ 20 to
more than 10* M (see Supporting Information). The direct potential

POTENTIAL [V]

120
100 reading during the galvanostatic pulse (mode 1) is most useful for
monitoring changes at concentrations in the near millimolar range.
g 80 The potential reading during the zero current pulse (mode Il) is
w 60 attractive for trace-level analysis or for systems where the membrane
< 40 resistance is relatively large or unstable (see Supporting Informa-
tion).
20 Note that the difference potentials shown in Figure 2B are
0 independent of the reference electrode potential and are highly

52 5 438 4'2 :'4 42 4 38 attractive for the realization of miniaturized sensor systems.

_ 98Ag Approximate potential control is still required during the baseline

_ng_‘”etza GV I_(t)b;erved potenélaltstaor t""g S}Utzsequle”t(curgenlt) PU';%S of potential pulse Ill, without which the membrane could not be
Inaicated amplituaes, measured al e endo € pulse (moae |) an uring .

i accurately renewed between the measurement pulses. The potential
the following zero current measurement pulse (mode Il). The super- . . )
Nernstian response region of interest is shifted for mode Il (see text). (8) Of the reference electrode or of a third measuring pulse (at a different
Difference potential of the data shown in (A). applied current) is also needed to quantify the sign of the activity

separated by about 0.1 logarithmic activity units because of the change in the differential mode.

amplitude difference of the applied current. Clearly, a critical range  Acknowledgment. We acknowledge NIH (EB002189 and
exists where the imposed flux starts to be maintained predominantly GM071623) and ACS-PRF for financial support. S.M.-M. thanks
by silver ions, not only by background ions, which dominate the the Danish Academy of Technical Sciences (ATV) and PBI-
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from the data in Figure 2A is shown in Figure 2B (mode 1), and . ) ) o L

the data illustrate that a peak-shaped response with a very high SuPPorting Information Available: ~ Tunability of calibration
sensitivity of about 60 mV per 10% activity change is observed, curves, r.eprod.umbmty and selecﬂv@ data, experlmenta.ll details. This
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the Supporting Information, the potential responses were reproduc-
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