Available online at www.sciencedirect.com

sc.ENCE@D.REcT.

Talanta

ELSEVIER Talanta 65 (2005) 1221-1225

www.elsevier.com/locate/talanta

Reflections on the calculation and publication of
potentiometrically-determined formation constants

Montserrat Filell&*, Peter M. May

a Department of Inorganic, Analytical and Applied Chemistry, University of Geneva, Quai Ernest-Ansermet 30,
CH-1211 Geneva 4, Switzerland
b Chemistry, Division of Science and Engineering, Murdoch University, Murdoch, WA 6150, Australia

Received 16 April 2004; received in revised form 8 August 2004; accepted 25 August 2004
Available online 1 October 2004

Abstract

Calculation and reporting procedures are described, which aim to improve the quality and comparability of published formation constant
values obtained by glass-electrode potentiometry. Ways in which the processing of data by computer optimization programs can be standardized
are the main concern, particularly in respect of improving the usefulness of equilibrium data through incorporation into large publically
available databases. These recommendations may be particularly valuable to researchers beginning in this field as well as to those who
determine formation constants only occasionally.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction different answers, have become readily available. The
ease with which titration parameters other than formation
The specific problem addressed in this paper is that manyconstants (e.g. the analytical concentrations and electrode
formation constants now being published in the literature calibration parameters) can now be optimized simultane-
are calculated and reported in disparate ways so that it isously is responsible for much of this latter (calculational)
difficult to incorporate them into thermodynamic databases diversity. Choices also have to be made, implicitly or
and to make valid comparisons between the results from explicitly, regarding the nature of the objective function
different investigators. This can be troublesome enough for (e.g. whether the residuals are expressed in terms of e.m.f.,
general readers who may not appreciate the implicationstitre volumes, etc.) and what weighting of residuals is to
of the various experimental and calculational procedures, be applied. Further variation occurs if corrections are made
but it is especially difficult for modellers with practical for the effects of changes in ionic strength, liquid junction
applications who must make critical assessments to identify potentials and/or ion selectivity of electrodes. Thirdly, and
the best equilibrium data available. perhaps most importantly, formation-constant determination
There are at least three reasons why this difficulty remains necessary but is less fashionable than it used to be.
has become acute in recent years. First, there has been &o, results are now often performed by researchers with less
proliferation of computer programs to determine formation background and experience in this field. Available reference
constants (even though some of these codes contribute little manuals are either old (e.§82]) and do not encompass
or nothing, new)1-31]. Secondly, many possible methods the use of computer calculation-based approaches or are
of calculation, each capable of producing significantly restricted to a particular calculation progr§d3].
Since it is unlikely that anything practical can, or even
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tablish some common ground between the various methodsof stock solutions in common. This is because the so-called
of calculation. Accordingly, our purpose here is to describe ‘linkages of systematic error$49] make correlations with
and justify a number of appropriate procedures and to detail global parameters such as formation constants all the larger
the information required to make valid cross-comparisons and often the more misleading.
between results. This establishes a minimum of information It follows that before any data processing is commenced,
that ought to be included when formation constants opti- considerable care must be taken to ensure that there are no
mized by computer program are reported. These recommen-gross errors in the titration data, and that there is as much
dations are the outcome of our experiences (i) using ESTA independence between titrations as possible. Neither of these
[34] for the calculation of stability constants (e[§5-42]), requirementsis as easy to achieve as is often assumed. Ideally,
(i) building thermodynamically consistent stability constant the entire titration procedure should be replicated a number of
database$t3,44] and (iii) refereeing stability constant pa- times, absolutely independently and the results shown to be
pers. Since they are in part based on certain arbitrary de-satisfactorily superimposable. This is simply not feasible in
cisions, there is of course no intention to restrict sensible the strictest sense and, in any event, is far from practicable in
alternative approaches; on the contrary, further investigation the vast majority of formation constant determinations. Thus,
of these issues is only to be encouraged. We hope to compleindividual workers must judge what is reasonable and report
ment the general recommendations that have been issued bgarefully what they do, so that their results can be assessed
IUPAC over the yearfd5-47]. accordingly. It is doubtful that ‘computer complexes’ can be
avoided unless the whole titration and calculation procedure,
at least duplicated, gives the same result using independent
2. Rationale stock solutions and two sets of electrodes.

It is well known that the considerable discrepancies be- 2.2. Model selection
tween values published for the same chemical system by vari-
ous authors are a notorious feature of formation constantmea- Model selection poses a formidable problem in the
surementf34,48]. To deal with the worst effects of this, those characterization of many equilibrium systems. In essence,
using results from different laboratories need sufficient infor- the difficulty is to know when an optimized formation
mation to judge the reliability of respective sets of formation constant for a proposed species reflects a genuine reaction
constants. At present, this is often impossible because differ-occurring in solution. All formation constant optimizations
ent calculational procedures and poorly specified experimen-use a pre-defined set of species, which are supposed to exist
tal conditions do not allow like to be compared with like. The in the solution, so the calculation is undermined if tals
following reflections address this problem. They are divided initio assumption is untrue.
into four sections, each concerned with stages of the overall In practice, the inclusion of such non-existent species

procedure that are especially important to the outcome. in the least-squares analysis often leads to a spurious
improvement between observed and calculated data (as
2.1. Data collection and evaluation manifest, for example, in a lowered objective function value).

This is because the optimization procedure can, in general,
It seems trite to say that no method or amount of data exploit the additional degree of freedom so as to reduce the
analysis can overcome faulty data i.e. grossly mistaken effects of experimental errors that are always present in real
values lying distinctly outside the experimentalist’s ordinary titration data (i.e. even when there are no outliers). Hence,
error distribution. Nevertheless, the occurrence of such the question that always arises during model selection is
errors in titration data, which remain undetected before the whether or not the effect of including an additional species
data is processed by an optimizing computer program, isis ‘significant enough’ to establish that the species has a
one of the commonest causes of the discrepancies betweeneal existence. In other words, a decision must be made as
published sets of formation constants referred to above. to what precisely constitutes an effect that is ‘significant
This is because the effects of many kinds of analytical enough’ to permit the species to be characterized.
errors become obscured by correlations within the system In principle, the answer to this question can be obtained
[49] whenever formation constant values are optimized, es- by a Monte Carlo analys[g9]; simple statistics such as Stu-
pecially, when this involves an unknown chemical species in dent’st-test are not appropriate because of the systematic
the procedure to select a chemical model. As is well known, errors involved. However, in practice, model selection by
‘computer complexes’ (artefacts of the least-squares calcu-Monte Carlo methods can be costly in terms of computer time
lation) frequently arise from poor experimentation. What it and it has proved difficult to determine results unequivocally.
is less well appreciated, however, is that the nature of titra-  The traditional approach, taken by many working in this
tions (in which many observations are made at highly inter- area (e.g. see referen&®]), has been to employ a variety of
dependent points) exacerbates this effect, and that mattersmodel selection criteria’. Foremost amongst these is to look
can be made even worse if there is further inter-dependencefor a substantial improvement in objective function (where,
between titrations. The latter arises especially from the usesay, a reduction of 50% is regarded as impressive but 10% is
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not). However, this criterion, by itself, is not sufficiently dis- The (absolute) objective function values thus obtained are
criminating. For a minor species to be accepted as genuine directly comparable between chemical systems in a way that
it should, when included in the model, also (i) lead to an im- weighted objective functions, depending on estimates of er-
provement in internal consistency of the data as reflected byrors and how the weighting is done, are not.
better calculated standard deviations of formation constants;
improvements in respect to other (more major) species are2.3. Assessment of the effects of ionic strength
especially encouraging, (ii) be calculated to occur at signifi- corrections and of weighting
cant concentrations over a range of points in more than one
titration-complexes not reaching 10% of the total metal ion Neither corrections for changes in ionic strength nor the
concentration, say, should always be regarded as dubious an@hoices made regarding weighting should significantly alter
(iii) display a markedly better fit between observed and cal- the formation constant values obtained. However, in practice,
culated data in graphical visualizations of the data such asboth produce differences which, depending on the system and
given by the formation functior. the ranges over which data have been collected, can some-
One problem with these criteria, of course, is that they are times be too large to be ignored. The aim of recommendations
inherently subjective. Another is that, unless applied with 3a and 3b is thus to ensure that investigators do not overlook
caution and knowledge of their limitations, they can be pos- thisissue and, if necessary, provide sufficient information for
itively misleading. Each of these effects (supposedly indi- its effects on their final ‘best values’ to be assessed.
cating a genuine minor species) can equally well arise from  Introducing a correction for changes in ionic strength
removal of systematic experimental errors by the optimiza- should only have a marginal influence on the objective func-
tion process. This means that such criteria must be supple-tion value because experimental conditions should be cho-
mented by chemical commonsense and judged overall, in-sen so as to minimize such changes. However, the ionic
cluding some Monte Carlo analysis. strength must vary to some extent over the course of a titra-
The number of possible complex stoichiometries that can tion and it may sometimes do so quite markedly (e.g. when
in general be formed by binary metal-ligand co-ordination is the concentration of one ion from the background electrolyte
large. Glass-electrode potentiometry is with few exceptions is maintained constant at relatively low concentrations, say
the only analytical technique capable of distinguishing be- 100 mM). Under such circumstances, the chief consequence
tween so many (labile) species. Nevertheless, it is commonof applying activity coefficient corrections in programs that
to find that the analytical information required to distinguish allow it (such as ESTA) is to improve the internal consistency
between models is close or below to the limit of analytical between data points and to ensure that all refer precisely to
detection. Under these circumstances, it is impossible to dis-the same reference ionic strength. This can sometimes al-
tinguish between the effects of a small, but real interaction in ter the formation constant values significantly. If it does, the
solution and those of errors in (correlated) titration parame- experiment needs to be re-designed.
ters. It then becomes preferable, for reasons discussed below, Similarly, the use of corrections for changes in liquid junc-
to exclude from the ‘best model’ the species in question. In tion potential or ion selectivity of electrodes should not be
other words, during model selection, it is always better to err regarded as means by which formation constant determina-
on the side of too few species than too many. tions can be improved. It seems most unlikely at the present
The implication is that species should only be selected time that these effects can usefully be modelled due to poorly
when their effect on titration behaviour is clearly beyond any developed theory and the lack of suitable parameter values in
other reasonable explanation. This principle underpins thethe literature. Rather, they can be used to test the sensitivity of
thrust of recommendation 2a (see Secti8); it is impor- results with respect to such effects so that unstable formation
tant to perform the model selection stage only using titration constant values are identified.
parameter values that have been determined independently. Exact comparability between different optimization pro-
Simultaneous optimization of titration parameters other than grams and between different objective functions is not possi-
the formation constants being determined precludes a ver-ble as far as weighting is concerned. This is because the coded
dict ‘beyond reasonable doubt'. It is important to note that methods used for weighting differ at a very fundamental level
this requirement for independently determined values of titra- and because there must always be some inherent dependence
tion parameters arises out of the need to maximize the in- of estimates of error that are specific to individual u$ggg.
formation content of the titrations for the purpose of model Provided the experimental data are not too badly affected
selection and not because optimization of titration parame- by systematic errors, however, the effect of such differences
ters is in some sense ‘improper’. For example, simultaneouson the final, published formation constants obtained can be
refinement of titration parameters and formation constants restricted.
has proved generally advantagef@s-40,51]as long as the
chemical species in solution are well established. 2.4. Refinement of values
There is another practical advantage of using total concen-
trations (or titre volumes). As the dependent variable, these  Refinement of the formation constant values by simultane-
quantities permit optimization with unit-weighted residuals. ously optimizing other titration parameters generally yields
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better values than are obtained otherwise, as is discussed iterminations that closely follow the philosophy and general

detail in[49]. This is because the effects of (unavoidable) guidelines explained in this paper can be found in references

systematic errors, from whatever source, are at least par{39,42].

tially adsorbed into the additional refinable parameters. This

is beneficial because the latter are not relevant to the result of3.1. Data collection and evaluation

primary interest, namely the formation constants to be pub-

lished. Note, for example, that the ill effects of omitting a 1a) Reportthe number of titrations, the number of data points

genuine minor species from the model are likely to be re- in each, and the titrant and titrand concentrations.

duced by simultaneous refinement of an appropriate titration 1b) Report the degree of independence between titrations,

parameter whereas, if an extra (incorrect) speciesisincluded, especially regarding stock solutions and sets of elec-

its effects on the formation constants being optimized can trodes.

only be harmful. 1c) Report precisely the measures taken to ensure repro-
To achieve this potential improvement in formation con- ducibility of the measured data.

stantvalues, itis necessary to find a suitable set of titration pa-

rameters for simultaneous optimization. Clearly, these should 3.2. Model selection

be such that correlations with the formation constants being

determined are minimized whereas correlations with param- 2a) Optimize the sets of formation constants under investiga-

eters likely to introduce the most harmful systematic errors tion on their own i.e. using externally determined values

(when held constant) are maximized. This optimum set of for all other parameters. Employ an objective function

parameters to optimize can be found using a Monte Carlo based on unit-weighted residuals in total analytical con-

analysis of error propagation, as describef#i. centrations (or, with some programs, the equivalent titre
Thus, for the chosen model, those optimized values of the volumes). Do not use program-applied corrections for
formation constants should be regarded as ‘best’ i.e. approxi- changes in ionic strength, liquid junction potential or

mating the true values most closely. These are the data, which  ion selectivity of electrodes.
should be used by others, e.g. in speciation calculations. Ac-2b) Report, for the ‘best model’ and any other model consid-

cordingly, they should be clearly identified as the final result ered appropriate, the optimized formation-constant val-
and distinguished as such from the other, intermediate setsof ~ ues, corresponding standard deviations, objective func-
constants. tion values and the Hamilton R-factor.

Estimation of the standard deviations associated with these
‘best’ values is accomplished directly during the Monte Carlo 3.3. Assessment of the effects of ionic strength
procedure. There is no doubt that these estimates representorrections and of weighting
a much more realistic assessment of error than the so-called
‘conventional standard deviations’ mentioned in 2b (see ref- 3a) Optimize as in 2a but with an objective function based

erence[49]). Authors are therefore strongly encouraged to on weighted residuals in e.m.f. Apply ionic strength cor-

report the uncertainties determined by Monte Carlo meth- rections, if necessary.

ods. 3b) Report the optimized formation constants and the asso-
Even more important, however, alongside their ‘best’ set ciated standard deviations obtained at this stage.

of formation constants authors should report for comparison

the corresponding values obtained when only the formation 3.4. Refinement of values

constants themselves are optimized (i.e. no simultaneous re-

finement of titration parameters). Here again, any substantive4a) Optimize, simultaneously with the formation constant

difference between the two sets is indicative of calculation values, those titration parameters, which have been se-
instability (typically arising through the correlation of pa- lected as most appropriate, using the same objective
rameters), which can only be addressed by covering a better  function, weighting and correction methods as in 3a
range of titration conditions. above.

4b) Report the formation constants produced at this stage as
the ‘best’ values.
3. Recommendation checklist
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