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Abstract

Two general approaches are used to investigate metal com-
plexation by electrochemical tools. The first one, hard-mod-
elling, is based on the postulation of a theoretical physico-
chemical model for both the electrode reaction and
complexation processes, and its further analytical or numer-
ical resolution. Later, the fitting of the parameters of that
model to the experimental data provides the information
about metal complexation. The second approach, soft-mod-
elling, involves the identification of a complexation model
from the numerical and statistical analysis of data, without
any previous assumption of a model. This approach has
been extensively applied to spectroscopic data, but very
rarely used with electrochemical results.

In this article we deal with the formulation of a model
(hard-modelling) for metal complexation in mixed-ligand
systems, including macromolecular ligands, and with the
application of the soft-modelling technique designated ‘Mul-
tivariate Curve Resolution by Alternating Least Squares’ to
several systems of biological and environmental interest.

Keywords: Metal speciation, complexation, hard-
modelling, soft-modelling, voltammetry.

Resum

En la investigacié de la complexacié de metalls mitjangant
eines electroanalitiques sén emprades dues aproximacions
generals. La primera, anomenada de modelatge dur (hard-
modelling), es basa en la formulacié d’un model fisicoquimic
conjunt per als processos electrodic i de complexacid i en la
resolucié analitica o numeérica del model. Posteriorment, I'a-
just dels parametres del model a les dades experimentals
donara la informacié desitjada sobre el procés de comple-
xacio. La segona aproximacio, anomenada de modelatge
tou (soft-modelling), es basa en la identificacié d’'un model
de complexacio a partir de I'analisi numeérica i estadistica de
les dades, sense cap assumpcié previa d’'un model. Aques-
ta aproximacio, que ha estat extensivament emprada amb
dades espectroscopiques, ho ha estat poquissim amb da-
des electroquimiques.

En aquest article tractem de la formulacié d’'un model
(hard-modelling) per a la complexacié de metalls en sistemes
amb mescles de lligands, incloent-hi lligands macromolecu-
lars, i de 'aplicacio de la tecnica (soft-modelling) anomenada
resolucié multivariant de corbes per minims quadrats alter-
nats a diversos sistemes d'interés biologic i ambiental.

Chemical speciation is defined as the distribution of an indi-
vidual chemical element between different chemical
species or groups of species [1]. In natural aquatic systems
it reflects the chemical complexity of these media. Substan-
tial progress has been made over recent years in chemical
speciation and in the understanding of metal interactions
with aquatic organisms, which are crucial issues owing to
their intimate relationships with bioavailability and toxicity. In
early studies, designed to measure trace metal toxicity, met-

" Author for correspondence: Miquel Esteban, Departament de
Quimica Analitica, Facultat de Quimica, Universitat de Barcelona.
Marti i Franques 1 — 10, 08028-Barcelona, Catalonia (Spain). Tel. 34
934021277. Fax: 34 934021233.

Email: miquel.esteban@apolo.qui.ub.es

al solution chemistry was generally overlooked. However,
more recent work has stressed the importance of metal solu-
tion equilibria in controlling chemical speciation in the expo-
sure medium external to organisms [1].

Metal complexation equilibria and speciation have been
classical subjects of electroanalytical techniques, espe-
cially potentiometry and voltammetry. In recent years, inter-
est in this subject has been renewed because of the in-
creasing focus of Analytical Chemistry on metal speciation
over total metal concentration determination. As mentioned
previously, this is because the direct relationship of metal
speciation with bioavailability and biouptake by microor-
ganisms.

In recent years several dynamic, in situ speciation tech-
niques have been developed for routine use, although they
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are still in an incipient stage. These techniques include
GIME (Gel Integrated Microelectrode), DGT (Diffusive Gra-
dients in Thin-films), PLM (Permeation Liquid Membrane)
and DMT (Donnan Membrane Technique).

An additional advantage of electroanalytical techniques,
mainly voltammetry, is the similarity between metal bioup-
take in biological membranes and the reduction of metal
species in an electrode process. This has resulted in the

use of voltammetric devices as simpler models for natural
processes (Figure 1). In order to increase the similarity be-
tween the model electrode systems and natural ones, new
trends in voltammetric sensors combine micro- or ultrami-
croelectrodes with permeation liquid membranes PLM or
gels (GIME), Gel Integrated Microelectrodes, the aim being
to study the dynamics of metal biouptake. In such voltam-
metric sensors the understanding of the relative role of the
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Figure 1. Schematic representations of the principal reactions of a complex ML at a living particle (a), and at an electrode (b).
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many factors affecting the measurement is very important
and complex. In fact, the development of concepts and
numerical models for predicting the effects of these fac-
tors on metal uptake by microorganisms is crucial for the
future use of such devices, and of speciation in aquatic
systems.

In all cases, for the proper data interpretation of simple
electrode systems or integrated devices, there is an urgent
need for sound theoretical studies of voltammetry in metal
complex systems, especially those including natural, het-
erogeneous, macromolecular ligands.

Voltammetry in metal complexation: hard-modelling
approach

When metal ions in solution undergo complexation with lig-
ands, their voltammetric reduction signals can be modified
in different ways, depending on the characteristics of both
the ligand and the electrochemical process (Fig. 2).

In the case of an electrochemically inert complex, it prac-
tically does not dissociate within the timescale of the voltam-
metric measurement. Consequently, the linear contribution
of the present species to the current can be assumed, since
the free metal and the complex(es) diffuse independently to-
wards the electrode (i.e. without conversion into each other)
and the system behaves like any other multianalyte system.
Thus, the total current for every potential is equal to the sum
of the current contribution of the species, which are propor-
tional to the respective bulk concentrations. This feature pro-
duces two (or more) separate signals. The first one, with the
same half-wave or peak potential as in the absence of lig-
and, is due to the reduction of free metal ion. The second (or
higher) one is due to the reduction of the complex(es). In
most cases its half-wave or peak potential is more negative
than that of the free metal because, usually, complexation
stabilises the oxidised form of the metal as compared to the
reduced form, although this is not always true. In some cas-
es, such stabilisation is so important that the complex can-
not be reduced inside the available potential window and
does not produce any signal. This behaviour is illustrated by
Fig. 2a.

In the case of electrochemically labile complexes, their
association-dissociation kinetics are much faster than the
voltammetric measurement. Consequently, linearity is not al-
ways fulfilled, because the free metal and the complexes are
converting one into the other as they diffuse towards the
electrode. In this case the total current for every potential is
not the sum of the current that would be obtained separately
for several species with very slow kinetics. Indeed, only one
signal is expected, with a half-wave or peak potential pro-
gressively shifting (from the values in the absence of ligand)
towards more negative values as the metal complexation
evolves. As diffusion coefficients of simple ligands are very
close to those of metal ions (D, = D,,), there are no signifi-
cant changes in the currents (Fig. 2b).

The more classical methods of Lingane [2], DeFord-
Hume [3] and Schaap-McMasters [4] were proposed for the
determination of the stability constants of a single complex,
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Figure 2. Simulated DPP data for a solution containing 10 mol I' of

metal ion in the presence of a ligand concentration ranging from 0 to

5x 10°mol I"" producing a 1:1 complex with stability constant log K

= 5.0 and half-wave potential for the reversible reduction of the met-

alE,,=-0.6V.

a) electrochemically inert system with an irreversible reduction (o=
0.6) of the complex at a half wave potential of E,; = -0.7 V, and
assuming D,; =Dy

b) electrochemically labile system with D, = D,;

c) electrochemically labile system with D,,; < D,, (€ = Dy,/Dy=
0.01).

consecutive complexes and consecutive complexes in
mixed ligand systems, respectively, but restricted to D; =
D,,. These methods simultaneously correlate potential shifts
and current variations with stability constants, but, because
of the minor contribution of current variations, potential shifts
are the major contribution. More recently, Cukrowski [5] pro-
posed a method that, using similar equations to DeFord-
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Hume and mass-balance equations, allows the speciation
for labile metal-ligand systems. For those cases where the
ligand is reduced more easily than the metal ion, Casassas
and Eek [6] developed a method based on the potential shift
of the ligand.

The case of heterogeneous and non-fully defined macro-
molecular ligands, with D, < D,, is especially interesting due
to their environmental or biological relevance. Kacena and
Matousek [7] examined the homogeneous case with D; <
D,, proposing a mean diffusion coefficient that depends on
the stability constant of the complex. More recently, de Jong
et al. [8-10] revisited the problem by proposing a more gen-
eral treatment, which has proved to be very useful in the
study of metal ion — macromolecule interactions [11]. As dif-
fusion coefficients of metal and ligand are quite different, re-
markable changes in the currents are apparent (Fig. 2c).

Alternative approaches: soft modelling applied to
voltammetric data

In all cases mentioned above, methods are based on a
physico-chemical formulation of the electrochemical and
complexation processes and further mathematical (analyti-
cal or numerical) analysis. This approach, the more usual in
electrochemistry, can be designated hard-modelling. How-
ever, in many cases the postulation of a theoretical physico-
chemical model is very difficult because the electrode
process, the complexation process or both are rather in-
volved. In such cases, other type of approach is needed.

An alternative approach is soft-modelling, which involves
the identification of a chemical model from numerical and
statistical analysis of a data set, instead of fitting of an as-
sumed external theoretical model to the experimental data.
This approach has emerged as a consequence of the explo-
sive growth of chemometrics in recent years. Although much
progress has been made in applying chemometrics to elec-
troanalytical determinations, their use has been mainly ori-
entated towards the simultaneous quantitative determination
of mixtures of analytes giving highly overlapping signals
[12]. However, application of chemometrics to voltammetric
data with the aim of resolving metal complex equilibria is re-
cent and remains rather scarce [13]. This is in contrast to
spectroscopical data, which have been widely used, mainly
through factor analysis techniques [14-16].

In the present contribution, we offer a general overview of
the more recent contributions of the authors’ group concern-
ing: /) voltammetry of metal complexation by macromolecu-
lar ligands, based on hard-modelling approaches; ii) the de-
velopment and application of new methods based on
soft-modelling approaches.

Hard modelling in the complexation by
macromolecular ligands

As mentioned above, de Jong et al. [8-10] proposed a rigor-
ous model for the voltammetry of metal — ligand systems
when the ligand has a much smaller diffusion coefficient

than that of the metal ion, and by assuming lack of electrode
adsorption. This model is a simplification of a more general
case (Fig. 1b), that is closer to the actual situation, but it is of
great interest when: /) adsorption can be experimentally min-
imised, and then neglected; and /i) as the basis of more
complex approaches including either adsorption, effect of
the metal-to-ligand concentration ratio, or mixed ligand com-
plexation.

Recently, we have extended the model of de Jong et al.
[8-10] for the voltammetry of metal ions in mixtures of
macromolecular and simple ligands, which is a very com-
mon situation in natural systems.

The proposed model [17] considers the reversible reduc-
tion of a metal ion M on the mercury electrode in the pres-
ence of a mixture of ligands L, forming electroinactive metal
complexes. Such ligands can be simple (small molecules or
ions) or macromolecular (containing many sites of different
types or many sites of the same type). This can be sum-
marised as:

M+m Li ;}M(Li)m
L nes (1)
M*(Hg)

(electrical charges have been omitted for the sake of sim-
plicity).
The model also considers the following hypothesis:

a) Absence of electrode adsorption.

b) Excess of all complexing sites in the ligands with re-
spectto M.

c) In the time scale of the voltammetric measurement,
complexes are totally labile or totally inert.

d) Each ligand produces only (voltammetrically) labile
complexes or (voltammetrically) inert complexes.

e) Prior to any voltammetric measurement, all the metal
species are in equilibrium (even in the case of voltam-
metrically inert complexes).

f) Absence of mixed-ligand or polynuclear complexes.

g) Plane electrode (drop radius > width of the diffusion
layer).

h) For each drop, a constant potential is applied during
the faradaic process.

Hypothesis b) guarantees that the concentration of each
ligand at any distance from the electrode (x) and at any time
(t) will be equal to the concentration in the bulk solution.

After the consideration of the complexation and the es-
tablishment of the diffusion of the species towards the elec-
trode, the system of differential equations is properly solved,
and the following equation is obtained:

*

nF Cut, total =\
Fy Eexp(—RTAE— 1”¢]:C;;m:1+zi,mﬁfv’” (CU) @

where AE is the potential shift caused by the addition of the
ligands to the metal ion alone,
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M+pLi+qL; @ M(Ly,(Lj) 11
ﬁ B CM(Li)m pPLitq j Vp\-)/q ( )
wm ¥k oy (3)
ey (epy) described through the mixed complexation constant:
* * * * x\M 4 Cf,
CM, total = CM, labile +CM, inert = CM (1+ z“1',m Bi,m (CLi ) ] ( ) ﬂf;" — M (1 2)

® * ¥ * M
CM,inert :CM +2i,m.inm‘t CM(L[)m :CM 2i,m.in()rt Bi,m(CLi ) (5)
* #* * N w\M
CM,inert =CM +Zi,m,in€rt CM(Li)m =CM Zi,m,inert Bi,m(CLi ) (6)
the normalised current ¢ is defined as [8-10]:
. I, (presence L,) B D Cjwmm @)
; I, (absence L) a D,, Cz*u,mmt
the mean diffusion coefficient as:

Dyey+ § :mn,lab”e D, cyrgipm

CM Jabite

D=
and ratio € between diffusion coefficients as:

g = %M )

where Dy, and D; respectively indicate the diffusion coeffi-
cient of the free metal and the complex M(L)),, (assumed to
be independent of m). Then, the normalised current ¢ can be
rewritten as:

*

¢ - \/(1 + Z"””Jﬂbdﬁ & /Bt.m (C;i)m)(l + Zz.mlllbil(i ﬂi,m (Cl,i)m)
. 1 + Zi.m ﬂi,m (C;)m (10)

It should be pointed out that all the equations above have
been deduced by assuming a constant potential for each
drop (hypothesis h), so that, in principle, they are applicable
only to techniques such as direct current polarography
(DCP) and normal pulse polarography (NPP). However, we
propose that these equations, which use normalised para-
meters for currents and potentials, are also valid for reverse
pulse polarography (RPP) and differential pulse polarogra-
phy (DPP), techniques more interesting due to the minimisa-
tion of electrode adsorption and the better detection limits,
respectively.

Although the general formulation of the model does not
take into account the formation of mixed complexes, it would
be possible to include this point with some restrictions:

a) Mixed complexes with one or more “inert” ligands are
inert. The rest are labile.

b) Mixed complexes have a diffusion coefficient close to
that of the largest ligand.

For these mixed complexes it is possible to write the equi-
librium:

e (e,) (cy,)'

In this way, it is possible to obtain general expressions
from equations (10) and (2):

q): x \M 1 * \P [ % ‘1{[1_‘-
X B m (CLi) +Zi¢j,p,qBiI;q(CLi) (CL/)

+Zi o Jabite€iBi m (CLI )m +Zis j p.qlabite€iBl (Cz,- )p (CL/ )q ] (13)
1/2
' (1+ z“i m ,lahileBi,m (CZI )m + z“i;tj,p ,q,lahileBz_[;q (CZI )p (CZJ )q]}

F Ch
Fo =exp —LAE—Z’?(D :M:H'
RT Ciy
(14)
« \M = \P [ _x\4
+Zi,mBi,m(CLi) +Ei¢j,pqui[/)'q(CU) (CLJ')

To assess the validity of the general method described
above, several systems have been studied, which corre-
spond to different situations that can be considered as par-
ticular cases of the general one [18 — 22].

Figure 3 shows some of the results expected according to
equations (13) and (14) for the voltammetric titration of a
metal ion with some characteristic mixtures of ligands, whilst
Figure 4 show some experimental results from which satis-
factory average stability constants K were evaluated. Sever-
al experimental cases, which are representative of some
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Figure 3. Simulated normalised current (¢) as a function of the total
ligand concentration (¢, *) for a mixture of 10% macromolecular lig-
and (e = 0.01, log K = 4.0) and 90 % simple labile ligand (¢ = 1.0,
log K = 3.0) including formation of a 1:1:1 mixed complex of stability
constantlog K,;,, = 7.0 (¢ = 0.01).

(Titration with the mixture of ligands in the presence (1) or the ab-
sence (2) of the mixed complex; titration with the macromolecular
ligand only (3)).
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0 0.001 0.002 0.003 0.004
c. /' mol 1"

0 0.001 _0.002 0.003 0.004
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Figure 4. ¢ vs. ¢, * (a) and Fo vs. ¢; * (b) plots obtained in RPP titra-
tions of solutions containing 1.0 x10° mol I" of Cd(Il) and 0.1 mol !
of KNO; with solutions containing PMA (dissociation degree o =
0.6) and Br™ at pH 6.5. The solutions added had different molar ra-
tios of PMA : Br, i.e. 1:10 (a), 5:5 (O), 1:0 (x).

model situations, have been satisfactorily investigated. The
cases studied are summarized in Table 1.

The model by de Jong et al. [8 — 10] has been enhanced
in order to consider the electrode adsorption of the ligand
and the induced adsorption of the metal. This is a very com-
mon situation for macromolecular ligands with ionisable
functional groups that cannot always be avoided through the
control of the experimental variables, especially the applied
potential. In a first approach, the case of electrochemically
labile complexation and excess ligand (with respect to the
metal) was considered [23 —26]. Later, the more complex,
and general, case assuming any ligand-to-metal ratio was
analysed [27 — 30], with special attention to techniques such

as Normal Pulse Polarography NPP and Reverse Pulse Po-
larography RPP, and the influence of adsorption on the cali-
bration plots.

The case of RPP is especially interesting because it has
been extensively demonstrated to avoid adsorption effects
in the limiting current [29, 31, 32]. Indeed, under excess lig-
and conditions, limiting RPP currents are free of any adsorp-
tion influence [29]. This result also holds for any ligand-to-
metal ratio if there is no ligand adsorption [28].

Heterogeneity of macromolecular complex systems can
be studied by voltammetric or potentiometric techniques
[38, 34]. From the combined use of RPP and potentiometric
titrations, we have recently proposed a method to obtain the
metal binding curves (i.e., the fraction of occupied complex-
ing sites vs. free metal concentration) of heterogeneous nat-
ural macromolecular ligands such as fulvics and humics
[34]. Thus, acid-base potentiometric titrations of fulvic acid
solutions allow the initial charge of fulvic acid to be deter-
mined. RPP titrations of fulvic acid with metal ions are inter-
preted on the basis of the NICCA-Donnan model [35 — 37].

In the NICCA-Donnan model, the interactions between
ions and humic matter are classified as specific binding (in-
trinsic affinity) and non-specific binding (coulombic interac-
tions). The basic NICCA equation for the overall binding of
species i in the competitive situation for a bimodal distribu-
tion [36] encompassing binding sites with a low affinity (I =
1) or with a high affinity (I = 2) distribution is:

pi
_ , nj
_ 0, Z(kj,f lu,j)

2 .
Y niy (ki i) j
Q1 - Qma,\',H A _ n
— Ny g . it
= " z kj‘g (Dj
J

e (19)

1+ 2(/;/,[ CD‘j)nM

i

where Q;and Q.. @re the bound amount of i and the max-
imum amount of I-type sites for proton binding, respectively,
both expressed in mol kg™'; k;; is the mean value of the Ith
affinity distribution, n,, is the specific non-ideality parameter
seen by each particular ion i; p; is the generic heterogeneity
parameter representative of the humic matter surface, and
Cp; is the concentration in the model Donnan phase (egn.
18).

In potentiometric acid-base titrations, where essentially

Table 1. Summary of the different metal complex systems studied by the recently proposed voltammetric model (refs. [17] - [21])

Model system

Experimental case (examples)

Systems with 1:1 labile complexes.

Systems with a mixture of labile and inert 1:1 complexes

Systems with an insoluble compound (inert)

(PMA, polymethacrylic acid; NTA, nitrilotriacetic acid)

Systems with 1:m labile complexes with the simple ligand and 1:1 labile macromolecular complexes

Systems with a mixture of 1:1 labile and inert complexes, in absence of an excess of ligand

Zn/PMA/Phthalate
Cd/PMA/Br~

Cd/PMA/I
Zn/A-carragheenan/NTA
Zn/oxalate
Zn/PMA/NTA.
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Additional binding parameters
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Figure 5. Diagram of the procedure for simultaneous voltammetric and potentiometric data analysis on labile heterogeneous complexation. The
difference between Q. and c*y; is in the units: mol kg™ and mol I, respectively.

only protons are involved, the NICCA model becomes a bi-
modal Langmuir-Freundlich (L-F) isotherm, given by:

My 1

— My 2
( ku2 Cpu )
)m“_‘ + Quuaiiz

1+ (%H,Z Co )m'” ’

(%11,1 Cpy )

Qu = Qan,l -
1+ ( kuaepy

(16)

where my, is the overall non-ideality parameter for the Ith
kind of site seen by the proton and is related to the other pa-
rameters, as my, = ny, p; . Therefore, metal ion binding data
are needed to split the apparent heterogeneity into the
generic and the intrinsic heterogeneities. The affinity distrib-
ution associated with each L-F isotherm has the shape of a
Sips distribution [38], and it is given as a logarithmic repre-
sentation for each Ith kind of site

In(10) sin (7 m, ) (17)

.
= Quua 7l 2cos(mmy,) + 10

My (10%" loghn /) g (lugfu ‘- Iugk)

+10 ]

Where QmaxH = QmuxH,l + QmaxH,Z'
The Donnan model correction yields the concentration of

each ion in the permeable gel phase, C;,, which is calculat-
ed from the bulk concentration (ci*) and the Boltzmann factor
as:

7Z:F‘VD
RT

*
Cp, =C;, €Xp

(18)

where v, is the Donnan potential (V), F is the Faraday con-

stant (C mol™"), R is the gas constant (J mol' K™"), and T is the
temperature (K). The Boltzmann factor is computed from the
electroneutrality condition for a gel with a negative structural
site density [36]

Q/VD—’—Zzi(CD.L_cT):O (19)
where V, is the Donnan volume (L kg’*), which is assumed to

depend on the ionic strength only [36] and Q is the net
charge of the fulvic substance.

= 2
o
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°
£
:
2 -3
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log ( cy* / mol I")

Figure 6. Experimental (symbols) and fitted (lines) binding curves
obtained by RPP corresponding to the heterogeneous complexa-
tion of Cd (#), Pb (O) and Cu (x) by fulvic acid in a 5 mmol I"' suc-
cinic acid buffer at pH = 6.0 in the presence of 0.1 mol I-" KNO,.
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Although some authors have pointed out that the Donnan
approximation seems unrealistic when applied to relatively
small molecules such as fulvic acids, it has been widely
used in the literature.

Figure 5 shows a schematic representation of the method
proposed and Figure 6 some of the binding curves obtained
for a fulvic acid by the method proposed above.

Soft modelling in the complexation by molecules
of biological interest

Multivariate Curve Resolution with Alternating Least Squares
(MCR-ALS) has been shown to be a powerful tool in solution
equilibria studies by spectroscopic means [15, 16]. We have

adapted this method for metal complexation studies by
voltammetry and progressively introduced some improve-
ments in the general method, due to the special characteris-
tics of the electrochemical data.

In the following section we describe the soft-modelling
method used.

Application of Factor Analysis (FA) techniques [14] to dif-
ferent types of instrumental data requires carefully planned
experiments. The conditions for the application of MCR-ALS
to voltammetric data can be summarised as: /) experimental
currents must be measured at equally spaced potentials
that are always identical, and /i) the currents should be lin-
early dependent on the concentration of the electroactive
species present in the investigated system. The last condi-
tion is not necessarily true a priori in an electrochemical

200
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Figure 7. Flow chart for the soft-modelling MCR-ALS method applied to voltammetric studies of metal complexation.
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measurement, and it represents a critical point in the appli-
cation of MCR-ALS, which will be discussed further.

In order to obtain high-quality data, the voltammograms
used for data treatment should ideally correspond to the av-
erage of several consecutive experimental curves obtained
using different electrodes, usually mercury drop electrodes
(SMDE or HMDE) because of their extremely high repro-
ducibility. Moreover, a point-by-point subtraction of the
background current (obtained for supporting electrolyte)
from the total currents obtained in the presence of the stud-
ied system is performed. This charging current subtraction
assumes that the electrode double-layer capacitance does
not change significantly in the presence of the test com-
pound.

Comparative studies with different voltammetric tech-
niques [13] have shown that the best results with MCR-ALS
are obtained with peak-shaped signals (as compared with
sigmoidal-shaped ones) with practically equal base lines on
both sides of the peaks. Of course, this is not directly possi-
ble with all techniques because of the characteristics of their
signals. Then, either a previous derivation of data (for sig-
moidal-shaped techniques such as NPP and RPP) or an ad-
ditional baseline correction (for asymmetric-peak-shaped
techniques such as Linear Sweep Voltammetry (LSV)) can
be performed.

Voltammograms (previously prepared as mentioned
above) must be arranged in a data matrix of currents I(nR,
nC), with as many nR rows as number of recorded voltammo-
grams at each metal-to-ligand ratio, and as many nC columns
as potentials scanned during the current measurements.

The first basic goal of the method is to decompose math-
ematically the experimental current data matrix / into a prod-
uct of two abstract orthogonal matrices, usually denoted
scores Q(nR, nS) and loadings P'(nS, nC), for a pre-selected
number of components nS, contributing to the measured sig-
nal. This can be expressed as:

1=0P" +x (20)

where X is a residual matrix containing the variance not ex-
plained by Q and PT.

The general procedure for voltammetric data is com-
prised of a series of steps summarised in Fig. 7 and de-
scribed in the following. The resolution power of the method
is strongly enhanced by simultaneous analysis of several
data matrices obtained using different voltammetric tech-
niques and different voltammetric titrations of the same met-
al-ligand system [15, 16]. As an example, data analysis can
be performed using augmented column- or row-wise matri-
ces such as those shown in Figure 8. The steps of the
process are the following:

a) Detection of the number of components

The number of chemical contributions, nS, or pseudorank
(mathematical rank in absence of noise), of the matrix I is
chosen to minimize the residual data variance in X (eqgn. 20),

leaving in, if possible, only the experimental error or noise
contribution.

Among the many methods proposed for such a selection
of the number of components, in the present work Singular
Value Decomposition (SVD) [39] is used. In SVD, from the vi-
sual inspection of the plot of the magnitude of singular val-
ues of matrix I as a function of the number of components,
the more probable number of components is derived. More-
over, the magnitude of residuals, expressed as a percent-
age of lack-of-fit (lof) or unexplained data variance in X after
a particular number of principal components, is calculated:

(21)

where dj; are the experimental values and &ij are the corre-
sponding calculated values using the SVD decomposition.

b) Initial estimations for ALS

Once the number of components is estimated by SVD, the
data structure can be analysed using Evolving Factor Analy-
sis (EFA) [40], which provides an estimation of the regions or
windows of existence of each species. In the present MCR-
ALS method, EFA can provide an initial estimation of how the
concentration profiles of these components change along
the experiment. The EFA method is based on the evaluation
of the magnitude of the singular values of the submatrices
(of a matrix I) built up by successively adding one by one all
the rows of the original data matrix in the forward (starting
with the two first voltammograms) and the backward direc-

2 | X
| X
] I
P efe] s IV ¢ | x| x

Pl elel VIV ]+ x| x

Figure 8. Possible data matrix arrangements for soft-modelling
MCR-ALS analysis of linear models: I is the data matrix (currents
measured at several concentrations of the ligand and several poten-
tials), C is the component concentration matrix, V is the individual
voltammograms matrix for the n components and X is the residual
matrix. a) Different experiments with the same technique; b) differ-
ent techniques for the same experiment; and c) different techniques
for different experiments
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tion (starting with the last two voltammograms). A compo-
nent is detected by the increase (in the forward direction) or
the disappearance (in the backward direction) of a new sin-
gular value.

In some cases, initial estimations of individual voltammo-
grams are preferable. They can be estimated by EFA (from
the transpose of matrix I), experimentally acquired at metal-
to-ligand ratios where one component clearly predominates,
or simulated from basic theoretical equations, valid for a cer-
tain technique and physico-chemical model, or from stan-
dard parametric functions that can reasonably fit the experi-
mental signals.

Thus, for instance, simulated voltammetric signals (matrix
V) of Differential Pulse Polarography DPP can be used. The
DPP current §, for a potential E is the difference between the
currents measured after and before the application of a po-
tential pulse over-imposed to this potential E. The depen-
dence of §, with E (DP polarogram) is given by the expres-
sion [41]:

nFAD'?c|  P,(1-0")
i =T _1/2,1)2 (22)
Tt (c+P,)(1+P,0)
where:
nkF AE
P,=exp ;af(E-+454~—zzﬂ)} (23)
6 =exn| " AE 5
PRt 2 (24)

and where n is the number of electrons transferred in the
electrochemical process, F is the Faraday, A is the electrode
surface, AE is the pulse amplitude and t, is the pulse dura-
tion.

An alternative procedure to obtain initial estimations of the
individual voltammograms and to ensure the peak-shape
during the iteration procedure is by means of some mathe-
matical equations producing peak-shaped signals. Thus,
we have widely used the following parametric asymmetric
logistic function:

—d-1
Bt clnfd)-b ] d(d+1)"exp

_EBclufd)-b
c

v=al+exp

] (25)

c

where v is the pure current, E is the potential and a, b, ¢, d are
adjustable parameters. For initial estimations, simpler
gaussian peaks can also be applied:

2
u| 6)

v=a exp li

c
where a, b, and ¢ are again adjustable parameters that de-
termine the height, position and width of the peak, respec-
tively.

c) Alternating Least Squares optimisation
From initial estimations of concentration profiles or individual

voltammograms, a constrained Alternating Least Squares
(ALS) optimisation is initiated to try to recover the correct set
of concentration profiles and pure individual voltammetric
responses. This recovery is based on the assumption that
the instrumental responses of the chemical contributions are
bilinear and can be expressed in the matrix equation:

[=CV+X (27)

where C is a matrix with a number of rows equal to the number
of experimentally measured voltammograms and a number of
columns equal to the number of proposed chemical contribu-
tions, describing how their concentrations change. On the
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Figure 9. Experimental current data matrix (a) obtained in the titra-
tion of a solution containing 1 x 107° mol I of Zn(ll) and 0.15 mol I
of borate buffer with glutathione (GSH) at pH 8.5. The application of
MCR-ALS by assuming 3 components and applying the constraints
of non-negativity, closure, signal shape and chemical equilibrium
produces a matrix of pure voltammograms (b) and a matrix of con-
centration profiles (c) with a lack of fit of 5.95 %. The components
can be attributed to the successive complexes M, ML (or M,L,) and
ML,, whose respective conditional stability constants are estimated
by MCR-ALS to be log B’y = 4.6 and log B’, = 6.8.
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other hand, V is a matrix with a number of rows equal to the
number of proposed chemical contributions and with number
of columns equal to the number of scanned potentials, de-
scribing how then pure individual voltammograms (i.e., the
current per unit of concentration at each potential) are.

When an initial estimation of the individual voltammo-
grams is initially available, the best least squares solution of
the concentration profiles is estimated from

c=1v* (28)

where V*is the pseudo-inverse [39] of V matrix. If, on the
contrary, an initial estimation of the concentration profiles is
available, the best least squares estimation of the voltam-
metric contributions is estimated from:

V=C"1 (29)

where C* is now the pseudo-inverse of C matrix.

The least squares solutions obtained in this way are pure
mathematical solutions. However, they probably will not be
optimal from a chemical point of view. Therefore an ALS op-

timisation procedure is initiated, resolving by iteration the
two equations previously given and constraining, at each
stage of the iterative optimisation, the solutions to fulfil some
conditions. The constraints usually applied in spectroscopic
studies are:

i) non-negativity of concentrations,

i) non-negativity of the signals,

iii) unimodality of the concentrations,

iv) unimodality of the signals,

v) selectivity (presence in parts of the experiment of only
some of the species), and

vi) closure (the sum of the concentrations of the metal ion
or the ligand, depending on the experimental design,
remains constant).

Due to the characteristics of electrochemical data, during
our systematic application of MCR-ALS to voltammetric data
we have implemented two additional constraints:

vii) peak-shape constraint (takes into account the

Table 2. Summary of the different metal complex systems studied by the combined use of voltammetric techniques and Multivariate Curve

Resolution by Alternating Least Squares optimisation (MCR-ALS)

metallothionein.

Techniques:

Systems Techniques Comments References
Zn-PAA, Zn-PMA NPP, RPP, DPP, DPASV Macromolecular 1:1 labile complexes 43
Cd-GSH DPP Speciation; Signal-shape constraint 44,45
CcVv Improvement of method to cyclic techniques 52
Cd-propanoate NPP, RPP, DPP, DPASV Successive and labile weak complexes 46
Cd-NTA DCP, DPP, DPASV Inert and strong 1:1 complex 47
Zn-GSH NPP, RPP, DPP Speciation 48, 53
DPP Implementation of a chemical equilibrium constraint 56
Zn-FT DPP, EXAFS Speciation 49, 65
Cd-FT DPP, LSV, "'*Cd-NMR, CD, EXAFS Comparison voltammetry/MCR-ALS vs. spectroscopy 50, 51, 65
Cu -Tannic Acid DPP Presence of intermediate Cu(l) complexes 54
Cd-Zn-FT SWv, DPP Metal mixed system (exchange experiments) 55,61, 64
Cd-1,10-phenanthroline  NPP, RPP, DPP Implementation of a chemical equilibrium constraint 56
Cd-glycine, Pb-glycine NPP, RPP, DPP Successive and labile weak complexes 57
Pb-GSH DPP Interference of anodic signals of Hg electrode 58
Zn-glycine DCP, DPP Both electrochemically labile and inert complexes 59
Cd-Cys-Gly DPP MCR-ALS analysis of augmented matrices 60
Cd-y-Glu-Cys DPP MCR-ALS analysis of augmented matrices 60
Cd-PC, DPV MCR-ALS analysis of phytochelatins 62
Cd - Humic Acid DPASV Detection of two types of complexation 63
Cd-(Zn-MT) SWv, DPP Metal exchange properties of a natural MT 64
Compounds:

PAA, polyacrylic acid; PMA, polymethacrylic acid; GSH, glutathione; NTA, nitrilotriacetic acid; FT, (56-61) C-terminal fragment of the
mammalian metallothionein: Lys-Cys-Thr-Cys-Cys-Ala; PC,, phytochelatin (y-Glu-Cys),Gly; (Zn-MT), Zn-containing mammalian

NPP, Normal Pulse Polarography; RPP, Reverse Pulse Polarography, DPP, Differential Puse Polarography; DPASV, Differential Pulse
Anodic Stripping Voltammetry; CV, Cyclic Voltammetry; DCP, Direct Current Polarography; EXAFS, Extended X-ray Absorption Fine
Structure Spectroscopy; LSV, Linear Sweep Voltammetry; ""*Cd-NMR, ""*Cd Nuclear Magnetic Resonance; CD, Circular Dichroism; SWV,
Square Wave Voltammetry.
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expected peak-shaped signal of the technique used
through a proper parametric equation), and

viii) chemical equilibrium constraint for systems with suc-
cessive metal complexes.

In all cases the relative error of the matrix decomposition

is expressed as a percentage of lack of fit (lof), according to
the function:

(30)

where I are the elements of the experimental matrix I, and
I;> the corresponding calculated elements of the I matrix as
the product of C and V estimated by ALS.

All the programs included in the MCR-ALS method have
been implemented using Matlab high-performance numeric
computation and visualisation software [42].

Figure 9 summarizes the performance of MCR-ALS ap-
plied to voltammetric data of metal-ligand equilibria. From a
set of experimental data (obtained in the titration of a metal
with a ligand or vice versa) collected in a current data matrix
(plotted as Figure 9a), the unitary voltammogram of every
electrode process (Figure 9b) and the relative importance of
every process (Figure 9c, designated concentration pro-
files) are reached. From the location (in the potential axis) of
the unitary voltammograms we can deduce the relative elec-
trochemical stability of each compound, and from the con-
centration profiles we can reach stoichiometric information.
Thus, we can formulate both a global electrode process and
a complexation model.

Table 2 summarizes some of the metal complex systems
investigated with the MCR-ALS approach.

Conclusions

Voltammetry is an excellent tool for the study of metal solu-
tion equilibria and for metal speciation. However, due to the
great variety of metal complex systems and of the character-
istics of the recorded voltammetric signals, the availability of
different approaches is of the highest interest. Thus, besides
the more classical and mathematically rigorous hard-model-
ling approaches, the soft-modelling ones, and in particular
MCR-ALS, have proved to be extremely useful.
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