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Abstract

Selectivity is extremely important in analytical chemistry but its definition is elusive despite continued
efforts by professional organizations and individual scientists. This paper shows that the existing
selectivity concepts for univariate analytical methods broadly fall in two classes: selectivity concepts
based on measurement error and concepts based on response surfaces (the response surface being the
3D plot of the univariate signal as a function of analyte and interferent concentration, respectively).
The strengths and weaknesses of the different definitions are analyzed and contradictions between
them unveiled. The error based selectivity is very general and very safe but its application to a range of
samples (as opposed to a single sample) requires the knowledge of some constraint about the possible
sample compositions. The selectivity concepts based on the response surface are easily applied to
linear response surfaces but may lead to difficulties and counterintuitive results when applied to
nonlinear response surfaces. A particular advantage of this class of selectivity is that with linear
response surfaces it can provide a concentration independent measure of selectivity. In contrast, the
error based selectivity concept allows only yes/no type decision about selectivity.
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1. Introduction

Selectivity is one of the most important features of any analytical measurement. Without
selectivity, i.e.,if the measuring system responded to every substance in exactly the same way both
qualitatively and quantitatively, it would not be possible to determine the concentration of any
particular substance in a mixture. It is therefore logical to expect that analytical chemists have a widely
accepted definition of selectivity of analytical methods. One would also expect that selectivity can be
guantitated in a meaningful way, so that one could compare methods or method variants according to
their selectivities.
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1.1. Lack of a general definition and of a measure of selectivity

Surprisingly, there is no generally accepted dediniof selectivity in analytical chemistry, as
shown by a recent review [1] and opinions divergete measurability. Some notable sources on the
subject may be mentioned here. IUPAC has issueddéammmendations and a technical report about
the selectivity of general analytical methods [2-#]has also published selectivity definitions for
particular methods, like potentiometry [5]. Guidels for good laboratory practice require selegtivit
tests as part of method validation [6]. Metrologieeganizations define selectivity of measurements,
including chemical ones [7, 8]. Clinical chemisggpaar to avoid the term selectivity and discuss
interferences instead [9]. Textbooks of analyticAemistry usually devote very little space to
selectivity and either redefine it in an approxien&shion or cite an IUPAC definition as it hasrbee
shown in a review [1]. No two of the mentioned smgr define selectivity in exactly the same way,
and none of them quantitates selectivity (excepsémne special techniques, like potentiometry).

The common denominator of some of the more recettmmendations by the mentioned
professional organizations is that they considearzadytical method selective only if interferences
not influence the measurement result at all oeastl not significantly [1]. This is a very stricich
therefore quite safe definition but it has someadisntages. Analytical chemists often develop
methods which need to work reliably with a largeiety of samples. The question is then how one
can prove that a method will be selective (in theva very strict sense) in any future samples to be
investigated. Thus the recommendations shift thiddyuto the analytical chemist who should define
the range of future samples which can be selegtivhalyzed with a particular method.
Recommendations for solving this task have beerlighddl in clinical chemistry [9], where the
possible range of samples is more or less knowh similar recommendations are unlikely to be
available or even possible for many other anallypcablems.

The other disadvantage of the above mentioned itlefin of selectivity is that while they
may be satisfactory to characterize a fully devetbpethod, they do not provide any quantitative
measure of selectivity, not even an approximate wéch could guide the analytical chemist during
method development in assessing and improving thatgc

1.2. Narrowing of the problem

Interferences to an analytical method can be ofynuifierent types. One may have sample
matrix effects, analytical reagents may underge séctions with some sample components, etc. In a
frequently encountered type of interference somepmments of the sample may influence the
measured signal in the same way as the analyts.i$ta typical problem with sensors, but spectral
overlaps are of the same type, and in immunoass&yslso have cross sensitivities. Even if we
reduce the selectivity problem to such cases (disbei done in this paper), there is no general
definition and measure of selectivity available.ndividual analytical techniques, though, measures
of selectivity have been defined for this type mieiference. In absorption spectroscopy at a single
wavelength, when the Lambert Beer law is valid foixtures, the ratio of the respective molar
absorbances of the analyte and the interfereriectisely, is an obvious measure of selectivitye(se
below). In ion selective electrode potentiometriestvity coefficients have been widely used. Such
selectivity concepts are typically based on the@aase characteristics of a technique or a device in
mixed solutions of the analyte and the interfent(
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This paper investigates if the common selectivitpaepts used in analytical chemistry are
meaningful, i.e. free of internal contradictionslanutually compatible. This work appears to be the
first one to carry out such analysis. It is basewbag others on our experience with selectivity
problems of ion selective electrodes [10-13], nwusrmethod validations following guidelines for
Good Laboratory Practice (GLP) [14, 15] and inygations about the selectivity of molecularly
imprinted polymers [16, 17]. An impulse to this wdras been given by important recent recognitions
about the selectivity of ion selective electrod&8-21] supported by a large body of experimental
data. This study was also motivated by the workMofValcarcel and coworkers, who have also
recognized the lack of general approaches to acalygelectivity and contributed to the clarificati
of the term selectivity [22].

2. Selectivity concepts and their propertiesin the univariate case

The problem discussed here is defined as follomsaalytical output quantity (a signal or an
estimate of the analyte concentration, in eitheseca scalar quantity) is influenced by two
components’ concentration (Figure 1). One of thes®ponents is considered the analyte, the other
the interferent. It is assumed that the responsleet@nalyte alone is a strictly monotonous funmctb
the analyte concentration. The interferent is sspddo affect the measurement in a similar marmer t
the analyte. This means here that the interferemeavould also give a monotonous calibration line
with the same direction as the analyte. For sintpliwe shall assume that the calibration lines are
both monotonously increasing. It is also assumetl tte addition of any of the two components to
any mixture of them will increase the output valddl. these assumptions are satisfied by many
analytical methods.

The main ideas of the paper will be introduced tsgwksing first the simplest possible case,
i.e., that of linear response in both concentratiamables.

2.1.Linear response function

Let the measured signgl,be a homogeneous linear function of the two cotnagons, i.e.,

y= f(CI' C]) = kICI S k]C] (1)

Here | denotes the analyte, J the interferemijth a subscript stands for the respective comagon.
Thek-s are constants. (The equation might also inciudadditive constant. This would, however, not
influence the final result.) The analyst wants sbireate the concentration of the analyte from the
measured signay, Without having any further information, this istrpossible, because there are two
unknown concentrations but only one equation. Aditemhal information the analyst may know, for
example, that the ratio of interferent to analyteeentration is less than a certain value in aliri
samples. In another scenario the analyst may astény a quick test or by sample preparation that t
interferent concentration is less than a certalnesdn either case a rational approach is to clamsat
first the total signal to be due to the analytenaldBy this procedure one obtains the highest plassi
value of the analyte concentration (because ofntlb@otonicity criteria made above) which is in
accordance with the measured signal value andddligicnal condition at the same time. This estimate
of the analyte concentration may be in error, lsuivdl be shown immediately, the maximum of this
error may be estimated and compared with the redqualerance level.
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The biased estimaté;, of the analyte concentration is calculated, appsed above, by dividing the
signal,y, by k;, which is the slope of the calibration line in puirsolutions:

N y kICI+k]C] k]
Ci=T7—=—""7"T7"=¢ —C 2
1= P 1+k1 Ji (2)

This equation shows that the estimate is biasad,htgher than the trug. The relative error of the
estimate is:

ér=cp _ [J]
o —kyg 3)
where
k

The maximum committed relative error can be estahatow from the maximal ratio of the
two concentrations if this was the additional imfiation. If this error is higher than the maximum
allowed error, the method needs improvement. Famgte the interferent concentration may be
reduced by sample pretreatment. Alternatively,ahalytical device may be improved. If in the end
the error of the method is less than the predeferedr limit, then one may say that the method is
selective for | compared to J, at least as lonth@sdditional information about the samples isdval

Analytical chemists have, also other approachegefme selectivity. This is easily discussed
for linear response functions [23]. One comparesviiues ok andk; with each other. The method is
considered selective for | i >k; (which is equivalent t&;<1) and selective for J K <k;. If k =k;
the method is not selective. These criteria arg veasonable. The relationship between the two
constants shows to which compound is the methode reensitive. This type of selectivity may be
simply characterized blg;, which may therefore be called a selectivity coeght. One should note
that this second type of selectivity depends omiyth@ response surface (which in the linear case is
plane), and does not depend on additional infoonadbout the samples.

The two selectivity concepts discussed here, hieone based on error considerations and the
one based on sensitivities, are not very simplgteel to each other. This is immediately seen if one
considers the following example. Let there be admresponse surface wikh = 1. In a particular
sample the ratio of the concentratioa;;, should be 0.01. The relative error of theneasurement is
then 1% as predicted by Equation 3. If this erexel is tolerable, then the method will be consder
selective (at least in the case of this samplefandny other samples wheegc,< 0.01), because the
effect of the interferent on the measurement resuiegligible. But according to the other, serigiti
based definition of selectivity, the method is selective at all, sindg; =1, i.e. .k =k;.

The conclusion from these considerations is that wemmonly used and apparently
meaningful selectivity concepts are in conflictiwiiach other even for the simplest possible regpons
surface. This ambiguity may have contributed todfusion about selectivity definitions.

Another conclusion is that the error based seliggtiefinition is only meaningful if we apply
it either to a single sample instead of a methddiclvis not very practical in analytical chemistrg)
if we make some tacit assumption about the compasif all future samples. Such assumptions may
be difficult to check unless the composition of $amples is very restricted. In bioanalysis such
restriction often exists for endogenous interfesemthich have a relatively narrow natural
concentration range.
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The selectivity concept based on the responsecauffarametek;; has a great advantage: it
provides a meaningful measure of selectivity foedir response surfaces in the fornkeflt is also
independent of assumptions about the sample cotiggosBut it has also some disadvantages. Most
importantly it cannot be transferred in a unique/ wanonlinear response surfaces. This is so becaus
ki, of a linear response surface can be interpretedaimy different ways, which give the same result
for a linear surface but usually different restitisa nonlinear one. To give just two examgtgsan
be interpreted as the ratio of the slopes of tiparsge calibration lines for | and J, respectivelyas
the ratio of the two partial derivativesyfvith respect to | and J, respectively.

A third approach to selectivity which is also itively appealing, consists of comparing the
pure | and pure J concentrations, respectivelychvbielong to the same signal value. From Equation 1
these are easily obtained for linear responsessfa

= k% %)
and
= kl] (6)

If ¢<c; then the measurement may be regarded selectivie $arce the same signal is caused by a
smaller concentration of | than of J (and as assua®ve the signal increases with concentration).
From Equations 5 and 6 this type of selectivity farccurs ifk;; <1, just like before. However, for
nonlinear response surfaces this selectivity défimimay have a complex relationship with the ather

2.2.General response function

In case of a more or less general response fungwibich still maintains monotonicity and
smoothness as in Figure 1) the problems of defisilgctivity and of estimating the measurement
error become worse. Sensitivity, i.e., the partafivative of the signal with respect to either
concentration, is no more a constant as it wakernfarm ofk; andk;, respectively, in the linear case.
The ratio of sensitivities for | and J, respectyyés only a local quantity (changing with baghandc;)
and not a universal constant.

Nonlinear response surfaces may complicate angrstatt about method selectivity. It is
possible (as has been found, for example, in pot@etry[21] ) that in certain ranges of andc; the
method is selective for | and in other ranges fofllus one cannot always say that the method is
selective for | or J, even if we consider only thsponse surface.

With some nonlinear surfaces a further type of cieléy has been defined, e.g., in
potentiometry [18], which is conceptually differeftom those discussed so far. An interesting
property of such surfaces is that given the pararseif the calibration line for the pure analytéhk
whole response surface (including the responseute @) can be described by a single additional
parameter. In potentiometry this parameter is ifferdnce between the standard potentials measured
in | and J solutions, respectively. This paraméthvided by a constant factor) has been called
selectivity coefficient, although it does not ddlserselectivity in any of the above mentioned ways.
However, it can be used to calculate any of thosasures because it describes (together with the
calibration parameters for I) the whole responstasa.
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2.3.Pseudo linear response functions

Since interpretation of selectivity becomes sdidalift with nonlinear response surfaces, it is
natural to ask if there are any practically exigtitonlinear response surfaces which retain thelsimp
properties of linear ones, with respect to sel@gtiinterestingly, such surfaces exist. The Nichgl
equation in potentiometry (Equation 7) describesgkample, such a response surface if it is agplie
to two ions of identical charge.

¥4

RT Iy
E:E,O+ZI—Fln (a; +kyya, ™) (7)

(The notation is well known, onll is not in capital letter as in potentiometry. Witl be shown now
that this equation is just one representative gpecial class of functions well-behaved in mattdrs
selectivity.

Let us recall that for linear response surfacegetaive error was expressed by Equation 3.
After simple rearrangement:
61=C1+k11C] (8)

Similarly to the linear case, even if the respofsetion is nonlinear, the biased estimate for the
analyte concentration should be calculated from theasured signal by assuming that the
concentration of the interferent is zero. Let ussider now only such response functions where for
any (c, c;) pair which gives the same signyahe relationship of Equation 8 is valid. Then:

y = f(enc) = £(6,0) = f(c; + kyycp,0) 9

Heref means a general bivariate function. The right hsidé of Equation 9 describes a bivariate
response surface which need not be linear. Itésiah however, because it is an apparently urateri
function of the variable

Cr +k1]C] (10)

with ki; being a constant. Due to Equation 9 the error @teinof Equation 3 will be valid for such
functions. As a practical example the Nicholskyaton for two ions of equal valen@ysatisfies this
criterion:

E = EIO + i:%j‘ln (a, + k[]a]) (11)

As immediately seen, for a constant valuddhe value ofz; + k;;a; is also constant. Note also that
this equation is nonlinear.

One may call the response surfaces which satisfyati@pn 9 pseudolinear surfaces. If a
method has such a response surface then it carfhdracterized by a concentration independent
selectivity coefficient. The measurement error$e @asily calculated in this case, just like Witlear
response functions.

If the general condition of Equation 9 is not d&ib one can in many practical applications
limit the allowed range of the variablesandc; so that in the limited range Equation 9 is vahd,
least approximately. In certain analytical problethe analyte concentration can only move in a
narrow range, so that the condition of Eq. 8
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6[ =Cy +kI]C]

needs to be satisfied withlg that is not an overall constant but can be constieonstant in a
narrow range of the analyte concentration. In thigye it must be then independent of the interferen
concentration.

2.4. The measure of selectivity

The previous discussion has shown that with certeBponse functions a constant and
meaningful selectivity factor can be used. The tamisk; has been used here for easy comparison
with the potentiometric selectivity coefficient. Bky; has a large value (i.e., much larger than 1) when
the effect of the interferent on the signal is éarthan that of the analyte. It would be therefoire
appropriate to use the reciprocallpfto measure selectivity. In this paper we have kgelbr easy
comparison with the Nicholsky equation (Equatioj. 11

3. Conclusion

Selectivity is an extremely important property ofyanalytical method but its definition and
guantitation have still remained open questionsnyidefinitions of selectivity are possible and have
indeed been used. They have been divided in thierpmto two classes: definitions based on
measurement error and definitions based on theomsspsurface. Both types have their respective
merits and problems. The error based selectivityery general and very safe but its applicatioa to
range of samples (as opposed to a single sampjeres the knowledge of some constraint about the
possible sample compositions. The selectivity cptecdased on the response surface are easily
applied to linear response surfaces but may leadiffiwulties and counterintuitive results when
applied to nonlinear response surfaces. A partiad@antage of this class of selectivity is thathwi
linear response surfaces it can provide a condemtrandependent measure of selectivity. In comtras
the error based selectivity concept allows onlyry@sype decision about selectivity.

The relationship between the two classes of selgctiefinitions has been derived for linear
response surfaces (and with the necessary assumptiout the constraints of sample composition). It
has been shown that the error based selectivitytidesponse surface based selectivity may be
contradicting, i.e., a measurement classified as@lective by using one definition may be perfectly
selective according to the other definition.

If the response surface is nonlinear the selegtieincepts based on the response surface
diverge and comparison with the error based selgctbecomes difficult. It has been shown here,
however, that a practically relevant class of nmoedr response functions show in this respect time sa
behavior as the linear response functions. Thegdfos type of nonlinear response function allofnes t
use of a simply interpreted concentration-indepahdelectivity measure. Moreover it follows from
our derivations that this is the only kind of noelar function making such simple interpretation
possible.

Future research should investigate the responsidanof common analytical techniques and
find the typical additional constraints used toitithe uncertainty of the result. From these oreukh
derive, wherever possible, simple relationshipsvben the parameters of the response function and
the maximum error of the result. Notably such wbds already been very successfully done in ion-
selective potentiometry [18]. Interference by mthr@n a single compound needs to be addressed, too.
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The uncertainty arising from interference shoulsoabe related to the uncertainty due to limited
precision in measuring the signal and the limitegtjsion of the calibration. One should also clarif
the relations to multivariate concepts of selettivi

Figure 1. A general response surface (y: measured signagnalyte concentration,:cinterferent
concentration)
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Figure 1: A general response surface (y: measured signal, c,: analyte concentration, c;:
interferent concentration)
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