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Abstract. A simplified thermodynamic model of potentiometric and optical ion sensor
membranes allows to improve their properties and the measurement of complex
formation constants in membrane phases. The simultaneous optical and potentiometric
investigation of sensing films revealed diffusion-related long-term drifts. The lower
detection limit of ion-selective electrodes was shifted from the micromolar to the
picomolar range, thus allowing many new applications especially in environmental and
biological trace metal analysis. Also, various prediction methods of spectroscopic and
other physical data from chemical structures have been created which allow a fast
compatibility check between structures and molecular spectra. Furthermore, programs
are being developed for automatic spectra interpretation.

1. Introduction

Research related to chemical sensors
and computer-aided analytical chemistry
has a long-lasting tradition at the ETH-
Ziirich. Pioneering work on ionophore-
based ion-selective electrodes (ISEs) in
the group of Prof. W. Simon [1] led not
only to a worldwide acceptance but also to
a real breakthrough of sensor applications
in clinical chemistry [2] so that well over
10% assays per year are performed with
ISEs [3]. Similarly, the theoretical frame-
work developed by Morf is widely ap-
proved, his book published in 1981 still
being considered a standard reference [4].
The vigorous initial development of opti-

cal sensors based on coupled equilibria
(bulk optodes) was also due to the same

group [5]. Asto computer-aided analytical
chemistry, pioneering work on spectro-
scopic databases and computer-aided spec-
tra interpretation was done by Prof. J.T.
Clerc and collaborators [6], originally at
the ETH and later at the University of
Berne.

2. TIon-Selective Electrodes and Optical
Sensors

Sincetheirintroduction in the late 60ies,
ionophore-based ISEs have been described
forover 60 analytes [7]. On the other hand,
bulk optodes for over 30 analytes [7] have
been developed within a few years after
discovering that the basis of their response

is closely related to that of the correspond-
ing ISEs [5]. Meanwhile, ISEs are in wide-
spread routine use but a real breakthrough
of bulk optodes for practical applications
has not yet been accomplished. Actually,
both fields are in continuous rapid expan-
sion. In the following, various recent
achievements are summarized.

2.1. Membrane Response Mechanisms
The theoretical basis of the response
and selectivity behavior of ISEs [4] and
optodes [5] has been simplified mainly by
Prof. E. Bakker [8—10]. Based on thermo-
dynamic considerations, he succeeded in
establishing corresponding response mech-
anisms for both sensor types, thus show-

ing that various characteristics such as
selectivities and theoretical detection lim-

its are closely related [11]. A very impor-
tant achievement in these lines was the
development of a new formalism [9] re-
placing the traditional Nikolskii-Eisenman
equation [12] long known to be incorrect
if two ions of different valences simulta-
neously affect the ISE response [13].
The selectivity of both types of sensors
is, in particular, influenced by the interac-
tion of ions with the ionophore. Experi-
ments with optodes allowed to determine
formal complex formation constants in
the order of 108-10'% 1 mol~! for 1:1 com-
plexes of well established ionophores in
the membrane phase [14]. Very recently,
potentiometric studies on ISE membranes
with twoionophores have also been shown
to allow the determination of such thermo-
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dynamic parameters [15]. The values ob-
tained with the two different methods are
in excellent agreement and, hence, sup-
port the validity of the underlying model
assumptions.

2.2. Fine-Tuning of Selectivities

The above-mentioned simple thermo-
dynamic approach is also helpful for opti-
mizing the composition of sensor mem-
branes [9]. Thus, the optimal concentra-
tion ratio of ionophore/ion exchanger in
polymer pH electrode membranes could
be predicted [16]. It is known that mem-
branes based on electrically neutral iono-
phores must contain charged sites for prop-
er functioning [4]. 1t is now well estab-
lished that in many cases, ionic impurities
of the membrane matrix [17-19] and of
other membrane components [19] served
as sites. Their electrochemically relevant
concentration can be determined with good
precision from selectivity measurements
on membranes containing different
amounts of added lipophilic sites [20].

In ISE membranes based on charged
ionophores, the presence of sites is not
mandatory. However, it could be predict-
ed by theory and proved in practice that
sites, as assumed earlier [21], are also
beneficial in the presence of a charged
carrier if their charge is the same as that of
the analyte, which is contrary to what is
needed with an electrically neutral carrier
[22]. These findings not only allowed to
improve a nitrite-selective microelectrode
[23] but also served as abasis of investiga-
tions on membrane response mechanisms
[24}[25].

At an early stage already, lipophilic
salts lackingion-exchanger properties were
added to membranes to increase their con-
ductivity but it was not recognized that
they may affect the selectivity behavior
[26][27]. Recently, in the case of an ISE
membrane a surprising influence of such
salts on the selectivity was observed that
could not be explained properly [28]. A
new general treatment, which also consid-
ers activity coefficients in the membrane
phase, now provides a theoretical frame-
work to explain such effects and their
dependence on other membrane parame-
ters {29].
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2.3. Observation of Membrane
Processes: Spectropotentiometry

The first optical investigations on pol-
ymeric membranes as used in ISEs was
done by Harrison and coworkers [30].
From time-dependent concentration pro-
files, a detailed view of water diffusion
through membranes was established [31].
Simultaneous optical and potentiometric
measurements on membranes, however,
were introduced only recently [32]. This
spectropotentiometric monitoring of the
processes during cation and anion inter-
ference in chromoionophore-based H*-
selective membranes allowed to deter-
mine diffusion coefficients and to eluci-
date the origin of long-term potential drifts
induced by such interferences [32][33].
By using the same experimental setup and
a new lipophilic water indicator, it could
be shown [34] that the water uptake of
polymeric membranes was influenced by
the hydrophilic indicator used {31].

2.4. Lowering of the Detection Limit of
ISEs from Micromolar to Picomolar
Concentrations

The lower detection limit of polymer-
based ISEs usually is around 10-5 M. The-
oretical response below this concentration
was only found in buffered sample solu-
tions [35]. It was assumed that ions leach-
ing from the membrane [36] bias the ana-
lyte concentration at the sensor surface
and impede the assessment of true detec-
tion limits. The selectivities were biased
as well and could only be determined by
using special measuring procedures [37].
Till now, no analytical use of true detec-
tion limits and selectivity values was pos-
sible. Very recently, however, the lower
detection limit of ISEs has been improved
by a factor of = 10 so that measurements
down to the picomolar concentration range
are now feasible (Fig.) [38]. Also, true
selectivities towards strongly discriminat-
ed ions are now directly accessible. These
achievements open up new dimensions in
ISE applications, especially for trace met-
al analyses in environmental and biologi-
cal samples.

2.5. New Sensors

In recent years, our main focus has
been placed on developing optical sensors
with measuring ranges required for envi-
ronmental analyses [39—-42]. Further work
is in progress to realize inexpensive test
strips for heavy metal pollutants such as
Pb2+/Cd?*, Ag*, and Hg?*. The extension
of the ISE response range (see Sect. 2.4)
will allow the development of correspond-
ing potentiometric sensors as well.
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Figure. Response of two Pb2* ISEs with the same membrane but different internal electrolytes: a) 1:1
mixture of 10-3M PbCl; and 0. tMm MgCl, (conventional), b) 1 mi of 0.1M Pb(NO5), in 100 ml of 0.05M

EDTA-Na,; measured pH: 4.34.

3. Computer-Aided Analytical
Chemistry

Owing to the ever increasing amount
of stored and newly generated data, their
automatic reduction to relevant informa-
tion is a problem of high actuality. Most of
the activities described below are, there-
fore, focused on this problem domain.

3.1. Hypermedia — The Electronic Book
Concept

The undiminished popularity of a print-
ed collection of spectroscopic reference
data [43] prompted us to develop a corre-
sponding electronic book [44-47]. Based
on hypermedia technology [48], it inte-
grates reference data, spectra, and compu-
ter tools required for the interpretation of
'H-NMR, 3C-NMR, IR, and mass spectra.

A fast and reliable estimation of prop-
erties from chemical constitutions is re-
quired both for the design of drugs and
agrochemicals and inenvironmental chem-
istry. Therefore, the hypermedia concept
has also been used to generate a prototype
of an electronic book for chemical proper-
ties [49]. In addition, a new method has
been developed for estimating distribu-
tion coefficients in the octanol/water sys-
tem [50]: From a reference database, clus-
ters of related compounds are found and
used to buildindividual local models. Since
the process is fully automatic, it can be
implemented as a self-learning system,.

So far, the bottleneck of the develop-
ment of electronic books was the fact that

data had to be entered manually. There-
fore, the concept of automatic hypermedia
generation was introduced [49].

3.2. NMR Spectra Prediction

Programs have been developed for the
prediction of 13C-NMR [51-54] and 'H-
NMR [55][56] chemical shifts of organic
compounds. Various automatic extrapo-
lation techniques are used so that shifts of
over 90% of C- and H-atoms in ca. 150000
differentchemical environments of a large
test set can be predicted. The time re-
quired to estimate a single chemical shift
is in the order of ms.

3.3. Automatic Spectra-Structure
Compatibility Tests

Based on NMR chemical shift predic-
tions, the automatic ranking of solutions
produced by structure generators is made
possible [54][57]. For IR spectra, a meth-
od developed by Clerc and coworkers has
been implemented [58][59]. As to MS,
although a reliable spectra prediction is
notfeasible, heuristic methods can be used
for testing the compatibility of a mass
spectrum with a proposed structure [46].

Mainly driven by the demands of com-
binatorial chemistry and by new possibil-
ities of automatic sample processing and
spectra recording, the number of spectra
to be interpreted is increasing rapidly. A
program for the fully automatic compati-
bility check of a proposed structure with a
'H-NMR, '3C-NMR, IR, or mass spec-
trum is, therefore, being developed.
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3.4. Automatic Spectra Interpretation

In cases where no proposed structure is
available, a new program serving as a
front-end of structure generators [60] au-
tomatically extracts relevant information
from various spectra [61]. This new rule-
based spectra interpretation system has
been developed considering the strengths
and weaknesses of different techniques
[62][63]. By making simultaneous use of
several spectroscopic methods, both high
reliability and good performance are
achieved. For small- and medium-sized
molecules, the system is capable of auto-
matically reducing the solution space to
under 3%.

3.5. Design of Genetic Algorithms
Stochastic automatization methods
such as genetic algorithms (GAs) are the
optimization method of choice for com-
plex search spaces of high dimensions and
multiple minima. A GA has been designed
to find unbiased starting structures for
molecular mechanic calculations [64].
There is a wide range of possibilities as to
the specific design and parameter settings
of a GA fora given task. Unfortunately, no
objective means is yet available to judge
the performance of stochastic optimiza-
tion techniques. Therefore, various quali-
ty criteria have been developed very re-
cently {65] which make use of the whole
evolving population and allow to judge
both the coverage of search space and the
reproducibility of the optimization.

The projects described have been partly sup-
ported by the Swiss National Foundation, the
Eidgendssische Stiftung zur Forderung Schwei-
zerischer Volkswirtschaft durch wissenschaftli-
che Forschung (Ziirich), the Bundesministerium
fiir Bildung, Wissenschaft, Forschung und Tech-
nik of the Federal Republic of Germany, by
Chemical Concepts (Weinheim), Hitachi Ltd.
(Tokyo),and Orion Research, Inc. (Beverly, MA).
The author thanks Dr. D. Wegmann for careful
reading of the manuscript.
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