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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
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re the main concern, particularly in respect of improving the usefulness of equilibrium data through incorporation into large p
vailable databases. These recommendations may be particularly valuable to researchers beginning in this field as well as to
etermine formation constants only occasionally.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The specific problem addressed in this paper is that many
ormation constants now being published in the literature
re calculated and reported in disparate ways so that it is
ifficult to incorporate them into thermodynamic databases
nd to make valid comparisons between the results from
ifferent investigators. This can be troublesome enough for
eneral readers who may not appreciate the implications
f the various experimental and calculational procedures,
ut it is especially difficult for modellers with practical
pplications who must make critical assessments to identify

he best equilibrium data available.
There are at least three reasons why this difficulty

as become acute in recent years. First, there has been a
roliferation of computer programs to determine formation
onstants (even though some of these codes contribute little,
r nothing, new)[1–31]. Secondly, many possible methods
f calculation, each capable of producing significantly
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different answers, have become readily available.
ease with which titration parameters other than forma
constants (e.g. the analytical concentrations and elec
calibration parameters) can now be optimized simult
ously is responsible for much of this latter (calculation
diversity. Choices also have to be made, implicitly
explicitly, regarding the nature of the objective funct
(e.g. whether the residuals are expressed in terms of e
titre volumes, etc.) and what weighting of residuals i
be applied. Further variation occurs if corrections are m
for the effects of changes in ionic strength, liquid junc
potentials and/or ion selectivity of electrodes. Thirdly,
perhaps most importantly, formation-constant determina
remains necessary but is less fashionable than it used
So, results are now often performed by researchers with
background and experience in this field. Available refere
manuals are either old (e.g.[32]) and do not encompa
the use of computer calculation-based approaches o
restricted to a particular calculation program[33].

Since it is unlikely that anything practical can, or e
should, be done to limit the range of these computer
E-mail address:montserrat.filella@cabe.unige.ch (M. Filella). grams, it seems that the only feasible way forward is to es-
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tablish some common ground between the various methods
of calculation. Accordingly, our purpose here is to describe
and justify a number of appropriate procedures and to detail
the information required to make valid cross-comparisons
between results. This establishes a minimum of information
that ought to be included when formation constants opti-
mized by computer program are reported. These recommen-
dations are the outcome of our experiences (i) using ESTA
[34] for the calculation of stability constants (e.g.[35–42]),
(ii) building thermodynamically consistent stability constant
databases[43,44] and (iii) refereeing stability constant pa-
pers. Since they are in part based on certain arbitrary de-
cisions, there is of course no intention to restrict sensible
alternative approaches; on the contrary, further investigation
of these issues is only to be encouraged. We hope to comple-
ment the general recommendations that have been issued by
IUPAC over the years[45–47].

2. Rationale

It is well known that the considerable discrepancies be-
tween values published for the same chemical system by vari-
ous authors are a notorious feature of formation constant mea-
surements[34,48]. To deal with the worst effects of this, those
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of stock solutions in common. This is because the so-called
‘linkages of systematic errors’[49] make correlations with
global parameters such as formation constants all the larger
and often the more misleading.

It follows that before any data processing is commenced,
considerable care must be taken to ensure that there are no
gross errors in the titration data, and that there is as much
independence between titrations as possible. Neither of these
requirements is as easy to achieve as is often assumed. Ideally,
the entire titration procedure should be replicated a number of
times, absolutely independently and the results shown to be
satisfactorily superimposable. This is simply not feasible in
the strictest sense and, in any event, is far from practicable in
the vast majority of formation constant determinations. Thus,
individual workers must judge what is reasonable and report
carefully what they do, so that their results can be assessed
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
stock solutions and two sets of electrodes.

2.2. Model selection

Model selection poses a formidable problem in the
characterization of many equilibrium systems. In essence,
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sing results from different laboratories need sufficient in
ation to judge the reliability of respective sets of forma

onstants. At present, this is often impossible because d
nt calculational procedures and poorly specified experi

al conditions do not allow like to be compared with like. T
ollowing reflections address this problem. They are div
nto four sections, each concerned with stages of the ov
rocedure that are especially important to the outcome.

.1. Data collection and evaluation

It seems trite to say that no method or amount of
nalysis can overcome faulty data i.e. grossly mist
alues lying distinctly outside the experimentalist’s ordin
rror distribution. Nevertheless, the occurrence of s
rrors in titration data, which remain undetected before
ata is processed by an optimizing computer program
ne of the commonest causes of the discrepancies be
ublished sets of formation constants referred to above

This is because the effects of many kinds of analy
rrors become obscured by correlations within the sy

49] whenever formation constant values are optimized
ecially, when this involves an unknown chemical specie

he procedure to select a chemical model. As is well kno
computer complexes’ (artefacts of the least-squares c
ation) frequently arise from poor experimentation. Wha
s less well appreciated, however, is that the nature of
ions (in which many observations are made at highly in
ependent points) exacerbates this effect, and that m
an be made even worse if there is further inter-depend
etween titrations. The latter arises especially from the
he difficulty is to know when an optimized formati
onstant for a proposed species reflects a genuine re
ccurring in solution. All formation constant optimizatio
se a pre-defined set of species, which are supposed to

n the solution, so the calculation is undermined if thisab
nitio assumption is untrue.

In practice, the inclusion of such non-existent spe
n the least-squares analysis often leads to a spu
mprovement between observed and calculated dat

anifest, for example, in a lowered objective function val
his is because the optimization procedure can, in gen
xploit the additional degree of freedom so as to reduc
ffects of experimental errors that are always present in

itration data (i.e. even when there are no outliers). He
he question that always arises during model selectio
hether or not the effect of including an additional spe

s ‘significant enough’ to establish that the species h
eal existence. In other words, a decision must be ma
o what precisely constitutes an effect that is ‘signific
nough’ to permit the species to be characterized.

In principle, the answer to this question can be obta
y a Monte Carlo analysis[49]; simple statistics such as S
ent’s t-test are not appropriate because of the system
rrors involved. However, in practice, model selection
onte Carlo methods can be costly in terms of computer
nd it has proved difficult to determine results unequivoc

The traditional approach, taken by many working in
rea (e.g. see reference[50]), has been to employ a variety

model selection criteria’. Foremost amongst these is to
or a substantial improvement in objective function (wh
ay, a reduction of 50% is regarded as impressive but 1
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not). However, this criterion, by itself, is not sufficiently dis-
criminating. For a minor species to be accepted as genuine,
it should, when included in the model, also (i) lead to an im-
provement in internal consistency of the data as reflected by
better calculated standard deviations of formation constants;
improvements in respect to other (more major) species are
especially encouraging, (ii) be calculated to occur at signifi-
cant concentrations over a range of points in more than one
titration-complexes not reaching 10% of the total metal ion
concentration, say, should always be regarded as dubious and
(iii) display a markedly better fit between observed and cal-
culated data in graphical visualizations of the data such as
given by the formation function,Z.

One problem with these criteria, of course, is that they are
inherently subjective. Another is that, unless applied with
caution and knowledge of their limitations, they can be pos-
itively misleading. Each of these effects (supposedly indi-
cating a genuine minor species) can equally well arise from
removal of systematic experimental errors by the optimiza-
tion process. This means that such criteria must be supple-
mented by chemical commonsense and judged overall, in-
cluding some Monte Carlo analysis.

The number of possible complex stoichiometries that can
in general be formed by binary metal-ligand co-ordination is
large. Glass-electrode potentiometry is with few exceptions
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The (absolute) objective function values thus obtained are
directly comparable between chemical systems in a way that
weighted objective functions, depending on estimates of er-
rors and how the weighting is done, are not.

2.3. Assessment of the effects of ionic strength
corrections and of weighting

Neither corrections for changes in ionic strength nor the
choices made regarding weighting should significantly alter
the formation constant values obtained. However, in practice,
both produce differences which, depending on the system and
the ranges over which data have been collected, can some-
times be too large to be ignored. The aim of recommendations
3a and 3b is thus to ensure that investigators do not overlook
this issue and, if necessary, provide sufficient information for
its effects on their final ‘best values’ to be assessed.

Introducing a correction for changes in ionic strength
should only have a marginal influence on the objective func-
tion value because experimental conditions should be cho-
sen so as to minimize such changes. However, the ionic
strength must vary to some extent over the course of a titra-
tion and it may sometimes do so quite markedly (e.g. when
the concentration of one ion from the background electrolyte
is maintained constant at relatively low concentrations, say
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he only analytical technique capable of distinguishing
ween so many (labile) species. Nevertheless, it is com
o find that the analytical information required to distingu
etween models is close or below to the limit of analyt
etection. Under these circumstances, it is impossible to

inguish between the effects of a small, but real interactio
olution and those of errors in (correlated) titration para
ers. It then becomes preferable, for reasons discussed b
o exclude from the ‘best model’ the species in questio
ther words, during model selection, it is always better to
n the side of too few species than too many.

The implication is that species should only be sele
hen their effect on titration behaviour is clearly beyond
ther reasonable explanation. This principle underpins

hrust of recommendation 2a (see Section2.3); it is impor-
ant to perform the model selection stage only using titra
arameter values that have been determined independ
imultaneous optimization of titration parameters other

he formation constants being determined precludes a
ict ‘beyond reasonable doubt’. It is important to note

his requirement for independently determined values of
ion parameters arises out of the need to maximize th
ormation content of the titrations for the purpose of mo
election and not because optimization of titration para
ers is in some sense ‘improper’. For example, simultan
efinement of titration parameters and formation cons
as proved generally advantageous[35–40,51]as long as th
hemical species in solution are well established.

There is another practical advantage of using total con
rations (or titre volumes). As the dependent variable, t
uantities permit optimization with unit-weighted residu
,

.

00 mM). Under such circumstances, the chief consequ
f applying activity coefficient corrections in programs t
llow it (such as ESTA) is to improve the internal consiste
etween data points and to ensure that all refer precise

he same reference ionic strength. This can sometime
er the formation constant values significantly. If it does,
xperiment needs to be re-designed.

Similarly, the use of corrections for changes in liquid ju
ion potential or ion selectivity of electrodes should no
egarded as means by which formation constant determ
ions can be improved. It seems most unlikely at the pre
ime that these effects can usefully be modelled due to p
eveloped theory and the lack of suitable parameter valu

he literature. Rather, they can be used to test the sensitiv
esults with respect to such effects so that unstable form
onstant values are identified.

Exact comparability between different optimization p
rams and between different objective functions is not p
le as far as weighting is concerned. This is because the
ethods used for weighting differ at a very fundamental l
nd because there must always be some inherent depen
f estimates of error that are specific to individual users[52].
rovided the experimental data are not too badly affe
y systematic errors, however, the effect of such differe
n the final, published formation constants obtained ca
estricted.

.4. Refinement of values

Refinement of the formation constant values by simult
usly optimizing other titration parameters generally yie
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better values than are obtained otherwise, as is discussed in
detail in [49]. This is because the effects of (unavoidable)
systematic errors, from whatever source, are at least par-
tially adsorbed into the additional refinable parameters. This
is beneficial because the latter are not relevant to the result of
primary interest, namely the formation constants to be pub-
lished. Note, for example, that the ill effects of omitting a
genuine minor species from the model are likely to be re-
duced by simultaneous refinement of an appropriate titration
parameter whereas, if an extra (incorrect) species is included,
its effects on the formation constants being optimized can
only be harmful.

To achieve this potential improvement in formation con-
stant values, it is necessary to find a suitable set of titration pa-
rameters for simultaneous optimization. Clearly, these should
be such that correlations with the formation constants being
determined are minimized whereas correlations with param-
eters likely to introduce the most harmful systematic errors
(when held constant) are maximized. This optimum set of
parameters to optimize can be found using a Monte Carlo
analysis of error propagation, as described in[49].

Thus, for the chosen model, those optimized values of the
formation constants should be regarded as ‘best’ i.e. approxi-
mating the true values most closely. These are the data, which
should be used by others, e.g. in speciation calculations. Ac-
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terminations that closely follow the philosophy and general
guidelines explained in this paper can be found in references
[39,42].

3.1. Data collection and evaluation

1a) Report the number of titrations, the number of data points
in each, and the titrant and titrand concentrations.

1b) Report the degree of independence between titrations,
especially regarding stock solutions and sets of elec-
trodes.

1c) Report precisely the measures taken to ensure repro-
ducibility of the measured data.

3.2. Model selection

2a) Optimize the sets of formation constants under investiga-
tion on their own i.e. using externally determined values
for all other parameters. Employ an objective function
based on unit-weighted residuals in total analytical con-
centrations (or, with some programs, the equivalent titre
volumes). Do not use program-applied corrections for
changes in ionic strength, liquid junction potential or
ion selectivity of electrodes.

2b) Report, for the ‘best model’ and any other model consid-
val-

func-

3
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or-
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tant
n se-
ctive
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him.

985)

n of
ordingly, they should be clearly identified as the final re
nd distinguished as such from the other, intermediate s
onstants.

Estimation of the standard deviations associated with
best’ values is accomplished directly during the Monte C
rocedure. There is no doubt that these estimates rep
much more realistic assessment of error than the so-

conventional standard deviations’ mentioned in 2b (see
rence[49]). Authors are therefore strongly encourage
eport the uncertainties determined by Monte Carlo m
ds.

Even more important, however, alongside their ‘best
f formation constants authors should report for compa

he corresponding values obtained when only the form
onstants themselves are optimized (i.e. no simultaneo
nement of titration parameters). Here again, any substa
ifference between the two sets is indicative of calcula

nstability (typically arising through the correlation of p
ameters), which can only be addressed by covering a b
ange of titration conditions.

. Recommendation checklist

The following procedures would help to ensure that p
ications of formation constants determined potentiom
ally have, at least, some well-defined points of refer
n common. The rationale behind the recommended p
ures is to be found in the corresponding parts of Se
. The same headings have been used in both sectio
elp cross-referencing. Examples of equilibrium constan
t

ered appropriate, the optimized formation-constant
ues, corresponding standard deviations, objective
tion values and the Hamilton R-factor.

.3. Assessment of the effects of ionic strength
orrections and of weighting

3a) Optimize as in 2a but with an objective function ba
on weighted residuals in e.m.f. Apply ionic strength c
rections, if necessary.

b) Report the optimized formation constants and the a
ciated standard deviations obtained at this stage.

.4. Refinement of values

4a) Optimize, simultaneously with the formation cons
values, those titration parameters, which have bee
lected as most appropriate, using the same obje
function, weighting and correction methods as in
above.

b) Report the formation constants produced at this sta
the ‘best’ values.
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221.
[19] T. Michalowski, Talanta 39 (1992) 1127.
[20] A. Sabatini, A. Vacca, P. Gans, Coord. Chem. Rev. 120 (1992)

389.
[21] C. De Stefano, P. Mineo, C. Rigano, S. Sammartano, Ann. Chim.

(Rome) 83 (1993) 243.
[22] F. Gaizer, I.I. Kiss, Talanta 41 (1994) 419.
[23] V.I. Vetrogon, N.G. Lukynenko, M.-J. Schwing-Weill, F. Arnaud-

Neu, Talanta 41 (1994) 2105.
[ .

[
[
[ m-

[

[29] I. Ingri, I. Andersson, L. Petersson, A. Yagasaki, L. Andersson, K.
Holmstr̈om, Acta Chem. Scand. 50 (1996) 717.
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