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The impact of ligand protonation on metal speciation dynamics is quantitatively described. Starting from the
usual situation for metal complex formation reactions in aqueous systems, i.e., exchange of water for the

ligand in the inner coordination sphere as the rate-determining step (Eigen mechanism), expressions are derived

for the lability of metal complexes with protonated and unprotonated ligand species being involved in formation
of the precursor outer-sphere complex. A differentiated approach is developed whereby the contributions
from all outer-sphere complexes are included in the rate of complex formation, to an extent weighted by their
respective stabilities. The stability of the ion pair type outer-sphere complex is given particular attention,

especially for the case of multidentate ligands containing several charged sites. It turns out that in such cases,

the effective ligand charge can be considerably different from the formal charge. The lability of Cd(ll)
complexes with 1,2-diaminoethamgéN’'-diethanoic acid at a microelectrode is reasonably well predicted by
the new approach.

1. Introduction electrostatics® and is dependent on the charges,andz-.

For instance, a change of 2 in the product of the charges on the
ions, z+z—, as may occur on protonation/deprotonation of L,
results in a factor of 20 change KPS, and consequently ik..
Indeed, it has been observed experimentally that for the
protonated outer-sphere complex the rate of complex formation

conditional stability constantcong are often used to account 'S 28_12100 times slower than with the stronger unprotonated
for the degree of ligand protonation in the effective binding ©N€* * Thus protonation of L generally has a substantial impact
strength at a given pH. For dynamic features of metal ON th_e rat_e of MLformat|_on. We n_ote, however, that in aqueous
complexes, speciation analysis must go beyond equilibrium Solution, ligand protonation reactions themselves are very fast,
considerations. Therefore, increasing effort is needed in study SO various protonated/unprotonated forms are in equilibrium and
of dynamic metal ion speciation as derived from the kinetic their interconversion rates do not influence the metal complex
characteristics of interconversion of metal complex species underformation raté. It is their equilibrium concentrations that will
a variety of conditions. This knowledge is required for establish- be relevant for complex formation/dissociation kinetics. Herein
ing sound and predictive relationships between metal ion we extend current dynamic theory on the lability of metal
speciation and bioavailabilif,and for interpretation of data  complexes to account for the protolytic nature of the ligand
furnished by emerging dynamic analytical technigéiésA species involved and their relative contributions to formation/
rigorous approach to establishing a dynamic interpretation dissociation rate-limiting steps. We follow Eigen mechanism
framework requires consideration of the effective time scale of principles and, in this first detailed treatment of the topic,
the processes involved and the rate parameters for the associaconsider formation of 1:1 ML inner-sphere complexes only.
tion/dissociation reactions of the complex system of interest. pjore specifically we shall analyze the impact of the charge
Many complex formation reactions in aqueous solutions distribution (different charged sites, either protonated or not)
follow the Eigen mechanism, i.e., rapid formation of an outer- jithin the ligand entity on the stability of the outer-sphere
sphere complex between the hydrated metal ion, M, and the composite ion pair. We consider in particular the case of a
ligand, L, followed by a slow, rate-limiting dehydration step. composite, e.g., multidentate, ligand containing several charged
The rate of complexatiorks,, is thus generally determined by  gjtes (not necessarily of equal charge) in different positions, not
(i) the rate constant for water substitution in the inner coordina- 4| ¢ which are involved in the outer-sphere interaction with
tion sphere of thg metal io.'kw’s together with (i) the stability M. We illustrate the concepts by measurement of the electro-
Icﬁ?esrtair;t feosrtiﬂztégteg:eﬂgteb;);tser;?p&e;{%g?nﬂﬂﬁ' Tg?r chemical lability of Cd(Il) complexes with 1,2-diaminoethane-
P N,N'-diethanoic acid (EDDA) at a microelectrode. Needless to
W . — add that the principles laid out in this paper are applicable to
agenlngen Unlver5|ty. d . t h . f . t. | . b . t I’f . |
* University of Southern Denmark. any dynamic technique for speciation analysis, or (bio)interfacia
8 University of Geneva. process, in which one of the metal species is involved.

10.1021/jp0673009 CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/24/2007

Rigorous understanding of metal speciation in environmental
and biological systems is involved, due to the wide ranges of
stabilities, labilities, and mobilities of the various complex
species. For simple ligands, the role of ligand protonation in
determining metal complexation equilibria is well-known:
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Figure 2. Schematic representation of the inner-sphere CAdEDDA
0 complex, with involvement of . In the case involving HL, one of

the two nitrogens is protonated.

respective roles in the Cd(Il) complexation kinetics. Because
Figure 1. Protonation of EDDA as a function of pH. Vertical dashed there is some spread in published values for the stability of
lines denote the pH range (7%9.2) studied for Cd(ll) complexation. CdEDDA (logK; ranges from 8.8 to 10.87), we determined

Ligand species shown aré L(solid curve), HL (dashed curve), and 0 4k yalue under our experimental conditions via the shift

H,L (dotted curve); amounts of 4™ and HL?" are negligible over . . .
the pH range shown. Calculated for Ifg; = 9.69, logfizn = 16.41, in SSCP half-wave deposition potential upon complexatfon.

log Ban = 18.78, and logBuy = 20.4415 Log Kcdeppa Was found to be 8.2 0.1, and this value was
) . used in the computations. Under our range of experimental
2. Experimental Section conditions the inner-sphere complex ML is the predominant

species in solution80%). No evidence has been reported for
formation of CdHL inner-sphere complexes with EDDA, not
even at pH values as low as 43EDDA-type ligands typically
occupy four of the octahedral sites around the metal ion in the
inner-sphereeomplex (Figure 2) and form stable complexes with
a range of metal ion¥:20 See ref 21 for a general review of

2.1. Apparatus. An EcochemiexAutolab potentiostat was
used in conjunction with a Metrohm 663 VA stand. The
electrometer input impedance of this instrumentE00 Q.
The working electrode was a mercury-coated iridium micro-
electrode (prepared according to reported protodéishradius
of hemispherical dropleta. 6 x 1075 m). The auxiliary C C )
electrode was glassy carbon, and the reference electrode wad€ir complexation properties.
Ag|AgCIl|KCl(sat) encased in a 0.1 mol dfhKNO; jacket.

Measurements were performed at ZD. SCP measurements 3. Theory
were performed with a stripping current of>556 10711 A, We seek to elucidate the quantitative significance of ligand

2.2. ReagentsAll solutions were prepared with distilled, protonation in metal speciation dynamics, in particular as
deionized water from an Elgastat Maxima system (resistivity compared to the operational lability of the complex system for
>18 MQ cm). Cd(ll) solutions were prepared by dilution of a the conventional situation with only the free ligand, L, involved.
commercial certified standard from Aldrich. KNGolutions The application of a lability index,/; for interpretation of
were prepared from solid KNE(BDH, AnalaR). 1,2-Diami- analytical speciation measurements and biouptake has been
noethaneN,N'-diethanoic acid (EDDA) was from Fluka (purum, described in detail elsewhetédn brief, for a volume reaction,
>98%). Solutions were initially purged with oxygen-free maintenance of equilibrium derives from the pertaining reaction
nitrogen (<0.1 ppm), then a nitrogen blanket was maintained rate constants and the relevant time scale. For the simplest case
during measurements. of a metal ion M forming complexes with ligand L, no matter

2.3. Selection of Test Complext is not straightforward to what intricacies are hidden in the detailed reaction scheme, we
find a practical test system that unambiguously illustrates the write
concepts presented herein. Ideally, we want a ligand with a well-
defined spatial distribution of point charges (section 3.3). M + LgML (1)
Furthermore, the lability of the metal complex must be suf- ky
ficiently low with respect to the kinetic window of the analytical
technique employed to be able to measure kinetically controlled
response$.To facilitate data interpretation, it is necessary to
have one complex stoichiometry as the predominant solution

species over a wide ligand concentration range. Relatively constantk, = k.. A system that is sufficiently dynamic to

simple ligands, mclud_mg many inorganic ones, form complex_es maintain volume equilibrium within a time scalg,obeys the
that are often too labile to be suitable test systems and besides, | .00 ditiore2

they typically form ML, species. For our purposes, multidentate

ligands, e.g., EDDA, form complexes of appropriate stability Kt, kit>1 2

and lability, albeit with the drawback that ion pair electrostatics

in the outer-sphere intermediate is no longer trivial (section 3.3). For the case of an interfacial process in which M is consumed,

wherek, andky are the rate constants for complex association
and dissociation, respectively, ahdky equals the stability
constantK. Under conditions of sufficient excess ligand over
metal, the association reaction is quasi-monomolecular with rate

1,2-DiaminoethaneN,N'-diethanoic acid (EDDA) (HOOC the overall flux of M toward the interface results from the
CHa*NH-CHa+CH,*NH-CH,COOH) has four protonatable func-  coupled diffusion and kinetics of interconversion between M
tional groups with constants lggy = 9.69, logfs.n = 16.41, and its various species in the complex system. Dynamic metal

log B34 = 18.78, and logfs = 20.441° the speciation complex systems are labile if there is frequent interconversion

distribution of ligand species as a function of pH is given in between M and ML during their transport through the diffusion

Figure 1. layer; i.e., lability refers to the ability of complexes to maintain
Complexation studies were conducted at pH values centeredequilibrium with the free metal ion, M, within the context of

around 8. In this region the concentration of His relatively such an ongoing interfacial process.

high and approximately constant, and that 8f lis changing 3.1. Protonation of Outer-Sphere ComplexesWhen pro-

significantly, thus facilitating the distinction between their tonated ligand species are present, the scheme for the precursor
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outer-sphere complex formation becomes more differentiated.

For simplicity and clarity, we first tackle the case where only
1:1 inner-sphere ML complexes are formed in a pH range with
both L and HL in solution, and both M@D)sHL and M(H,O)sL
types of outer-sphere complexes formed. Following the Eigen
mechanism principles, and realizing that protonation/deproto-
nation reactions are fast on time scales where metal ion
dehydration takes place, the complete complex formation
scheme with two parallel rate-limiting dehydration steps is
represented by

0s
MHL

K Ky
M(H,0)s*" + HLY™" —— M(H,0)HL®> " — M(H,0)HL* "
N N N

K Ky
— M(H,0)L? " — M(H,0)L>™"
3)

The rate constantkg) for removal of a water molecule from

Ln

the complete inner hydration sphere is predominantly determined

by the breaking of the metal/oxygen bonds. On the level of the

Eigen scheme, it is supposed to be practically unaffected by
the presence or absence of the proton in the complexing

molecule, L. Hence, we assume that the valuekgffor
M(H20)sHL3™"is the same as that for M@)sL2~". However,
the same is not true fdk®s the stability of the outer-sphere
complex involving the free ligand LK}y, , will generally not
be the same as that for the protonated ligand, Wiy, . A
detailed analysis will be presented in section 3.3. For conven-
ience, from now on thénner-sphere complexes are denoted
without their remaining inner solvation shell, i.e., MHL and
ML, respectively.

The total rate of the (inner-sphere) complex formatiByg,
can thus be written as the sum of the contributions from the
two types of outer-sphere complexes, MO%HL and M(HO)sL:

Ry = KuCwgr,ope T KuCug,o)l = KoKW CrCrL T
KoKwLeuc, (4)

wherecy is the short-hand notation f@g,0)2+ andcy. and

c. are the concentrations of protonated and deprotonated L,
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With the appropriate expression for the reaction layer
thickness at hand, we can formulate the kinetic fligg, of M
toward a macroscopic surface as resulting from dissociation of
inner-sphere ML complexes:

()

wherecyy is the concentration of inner-sphere complexes, and
kq is the effective overalky for the system. For the cases
considered in this paper, the presence or absence of H is
immaterial for the rate of dissociation, and hence we assume,
like we did for water k), thatky is practically unaffected by
protonation of the complexing molecule, L. The proton does of
course impact electrostatically, and this is accounted fé&Hh
as detailed in section 3.3.

The combination of eqs 6 and 7 leads to

Jiin = KoLt

1
log Ji, = log deMLDMllz ) log[Kami € t Kamra Cratl
(8)

Using f1n1 = cui/cyeL and eq 3, this comes to

1
log Jyi, = 10g ki Dy = 5 log[k, K¢ (1 + Bircn)]
)

where

0s
MHL

0s
KML

0S _
1H ™

Ban (10)

that is, the protonation constant for the outer-sphere acid/base
pair MHL°YML®s. The dependence odi, on pH is thus
governed by the distribution of ligand over L and His well
ashby the distribution of their outer-sphere complexes with the
metal ion, M.

3.2. Degree of Lability,&, and the Lability Index, /7 The
kinetic flux, Jn, is the governing parameter for the so-called
lability of a metal complex system. It describes the ability of a
dynamic system to maintain equilibrium in the presence of an
ongoing interfacial process involving conversion of M. The

respectively. Returning to the case of an interfacial process degree of lability,, expresses the indirect contribution of the

involving consumption of the species M, we have to consider
the joint reaction layéf formed by the two complex species
ML and MHL that maintain equilibrium between themselves.
According to the Einstein equation, the thicknessof such a
reaction layer is determined by the lifetimay, of free M,
formed by dissociation of ML, and its mean diffusional
displacement. In the presence of differently protonated forms
of the ligand, all these species contributeitdo an extent
weighted by their respectivi€®s values. In the case of L and
HL, the overallry is given by

1

TM,overaII

= KamCL T Kamr G )

which can be expressed in terms of an effeckiyealue,k2c, ,

Whel’ek:ff = KamL + KamHLB1HCH.
The reaction layer thickness follows as

( Dy )1/2
//L ==
KamiCL T Kampi G

in accordance with the general case of a mixture of complex
specieg?

(6)

complex to the eventual metal flux normalized with respect to
its maximum, purely diffusion-controlled, contributiafy;.262
For example, for a spherical microelectrode it is giveRtby

1/2
e (1)
[eK'(A+ KN+ &,
wheree = Dy /Dy, K' = Kc,, and
c + Coy )2
a= (kaML L kaMHL HL) 0 (12)

Dw

wherery is the radius of the microelectrode. Equation 11 holds
for this case because ML and MHL have practically the same
D andKkg.

The value ofé ranges from 0 (nonlabile) to 1 (labile).

For the case of complexes that are sufficiently strong to satisfy
€K' > 1, i.e.,Ccomplex™> Cfree metal WE have

172
Ka

—

— 0 (13)
eK' + Kallz
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Figure 3. Degree of lability,£, as a function of pH for a giveky Figure 4. Relationship between thiux-type analytical respons,

with both protonated and deprotonated outer-sphere complexes. Theand the computed degree of labilify(solid line), or the lability index,
solid curve is& computed from the overall kinetic flux (eq 8) that < (dashed line)Xw.n is the analytical signal for the kinetically

considers both outer-sphere complexes, M{s.2" and M(HO)sHL3™, controlled ML systemXuab IS the signal for the equivalent labile
the short-dashed curve is that resulting from MQYL2 " only (£L); ML case, andXee v is the signal for the amount of free metal in the
and the long-dashed curve is from M)HL3" only (&4.). Param- ML system.

eters used correspond to those applicable to the CAEDDA system: log . ) )

Ko(M(H20)6L2™) = 1.27, logK°{M(H:0)HL3™) = 0.36,k, = 3 x tion as in the ML system. The relationship between the
1Ps L, Du=Dw =7 x 10°m?s% ro =6 x 10°°m, logKwu. = computed degree of lability, the lability index;; and the labile
8.2,cLt = 5 x 107° mol dnT®. See text for details. fraction measured by a given dynamic technique is shown in

Figure 4. Note that the values §fand_ approach each other

at sufficiently low values, i.e., [0V&xeem.

2 3.3. Stability of the Intermediate Outer-Sphere Complex,

Kg > €K (14) Kos, for Multiply Charged Ligands. According to the Eigen
mechanisn?? the rate-limiting step in metal complex formation

which is identical to the conventional lability criteria (e.g., ref reactions in aqueous systems is the exchange of water for the

28) because the degree of labildys related to the well-known  ligand in the inner coordination sphere. The relevant precursor

and then the system achieves labilify— 1) for

lability index, /" (Jan/Jair), Via_/= ka"4eK'. At the other limit is the outer-sphere ion pair of the central metal ion M and the
where,? < €K', & is much less than unity and approaches ligand L. The stability of this intermediate outer-sphere complex,
kgu/(DwL/ro), which again equals the ratifin/Jir. Kos, is of kinetic importance because it determines the actual

The degree of lability§, computed from the overall kinetic  concentration of reactive species that undergoes the water
flux, eq 8, is shown in Figure 3, together with that computed exchange in the inner sphere. For a given complex system, the
from the individual kinetic fluxes that would result if only  value of K is usually estimated on the basis of the Fuoss

the deprotonated§() or only the protonated&f,) outer- equatiorf combined with Debye Hiickel electrostatics for the
sphere complex is involved in the rate-determining step, i.e., point charge interaction with inclusion of screening by the
JinmL  (ZKacm (Dm/kaKig €)Y?), or Jkinmne  (=Kacwm (Dw/ surrounding electrolyte solutioH:

kwKiCHL)Y?), respectively. The computations have been

performed for parameters corresponding to the CAEDDA system KOS = 4—”N ag3 exp(—U°JKT) (16)
(see section 3.3). In this case, for ptb, ¢, is low, and ignoring 3 A

MHL®s in computation ofli, leads to overestimates of the

L os . L : . .
lifetime of free M and the ensuing reaction layer thickness, with U°s representing the interionic potential for a single pair:

Similarly, for pH > 9, ¢y is low, and ignoring ML also &

overestimates the lifetime of free M and The crossover U = na /1_ Kaa) (17)
point of the & and &4 curves occurs at pH 8.8 which 4=7T€o€a\ 1+«k

corresponds te-logpssy, for the conditions considered; eq 10 . o
(see section 3.3). wherezy is the charge number of the central metal ianjs

The relationship betweehand the experimental measurement the charge number of the liganeke is the permittivity of the
is straightforward: the contribution of the complex is obtained €lectrolyte solutiona is the charge center-to-center distance

by subtracting the term corresponding to the diffusional transport P&tween M and Lag is the geometrical center-to-center distance
of free metal in the systed: between M and L, and is the reciprocal Debye length of the

electrolyte solution, defined by
E= XML,kin - XfreeM
XML,Iab - XfreeM

where X is a method-dependeritux-related response, e.g., where all symbols have their usual meaning.

current in voltammetry,r in SCP, accumulated amount in The first term between brackets in eq 17 represents the
steady-state diffusive gradients in thin films (DGT),.eXQ kin primary Coulombic interaction, and the second one stands for
is the analytical signal for the kinetically controlled ML system, the reduction due to screening by the surrounding electrolyte.
Xireem is the signal for the amount of free metal in the ML  For the sake of simplicity, we shall ignore the difference between
system, andXu iap is the signal for the equivalent labile ML  the geometrical and the charge separations between metal ion
case. The value oKseem is computed from the pertaining  and ligand (though this difference is bound to become significant
equilibrium constants and that & iap is taken as the signal  in considering composite ligands, it will not significantly affect
for a solution containing metal only, at the same total concentra- our present exercise; see section 3.3.2).

(15) K= eZZzizciNAv/eoekT (18)
I
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For a composite ligand, L, composed of sites carrying (v) The positions of the different charged sites within the

different charges, the interionic potentibl®s sums all the ligand molecule, more precisely the distances from their centers
electrostatic interactions between the central metal ion and theto the center of the metal ion, need to be known,
charges on L. Thus the expression fdf* as given by eq 17 (vi) More often than not, it will be necessary to envisage the
has to be expanded to possibility of multidentate outer-sphere complexes. These may
or may not be realized after reconformation of the ligand
zMe2 nz Ka molecule, which will generally be accompanied byirereased
us= —1 - (19) internal electrostatic repulsion between the different sites in L,
Arepe g 1+ «q (vii) It is assumed that interactions between the ligand and

water do not change as a result of the ion pair formation and
wherez is the charge number of siten is the total number of  that entropic effects are not significant.
charged sites on the ligand L, aadhe center-to-center distance Overall uncertainties in values foK°s as inherent to
between and M. The screening factes/(1 + «a) varies from ()—(iv), have been estimated as0.2 to +0.5 in log K°s for
one site to another with varyirg. An effective charge number  different metal/ligand combinatiorfsor the consequences of
z_for the complete ligand can now be defined by equating (v)—(vii) we can use the analysis below for the CdEDDA
the primary Coulombic ternzy 2 €%/4nepea to the detailed  complex as a guide. Lack of precise information on the various

expression (19): intramolecular site-to-site distances in the ligand molecule
typically leads to an error on the order of 10% in the pair energy
nz K, Uos, that is, about:0.2 in log K° (compare egs 16 and 17).
Z = aosz— 1- (20) The calculations for CHEDDA also underscore the importance
T & 1+ g of considering multidentate outer-sphere complexes. Overlook-

ing this option may give rise to dramatic errors on the level of
wherea® is the charge center-to-center distance between the several units in lod®s. Interestingly enough, such an error is
primary outer-sphere bound sites and M. For a given ionic somewhat compensated for by fully counting a remote site in
strength, the parametér expresses the electrostatic effective- z_ although, in the not too low ionic strength regime, the extent
ness of a composite ligand L with overall formal chamelt of electrostatic screening by the surrounding electrolyte
represents all of the DebydHiickel screening terms, including  (see eq 17) disqualifies any estimation on the basis of integer
the primary one in eq 17. In the limit of low ionic strength, values ofz_. Taken all together, it may be concluded that

where for alli, xa approaches zer@, becomes identical tg . generally the overall uncertainty in ldg°s is at least on the
By definingz_according to eq 20, one can differentiate between order of +0.5.
the extent of screening for charged siiesn the ligand at 3.3.2. kesfor CAEDDA. The structure, dimensions, and proton

different distancess; from the coordinating metal ion. For  speciation for EDDA and the inner-sphere CAEDDA complex
simple ligands, with only one type of charged site and all are given in the Experimental Section. For outer-sphere complex
sites participating in the outer-sphere complex formation, the formation with Cd(HO): , there are two reasonable a priori
reference distance®™ is identical toa and Z_ reduces to  gptions, that is, the deprotonated Ce@JL or the protonated

z [1-«al(1+«a)]. The intramolecular electrostatic interactions  cd(H,0)sHL ™.

between different charged sites of a certain L courtfhonly 3.3.2.a. Cd(HO).L. In the case of B~ as the outer-sphere
insofar as they differ between the free L and the outer-sphere”gand the position of the two nitrogens in EDDA does not
complex ML. Such differences may arise if the composite ligand matter' because they carry no charge. The most favorable ion

undergoes some reconformation to establish a more stable outery, ;i then obtained with both carboxylates in the outer sphere
sphere complex that optimally exploits the presence of the ¢\, Taking the diameter of the Cdg@)* ion as ap-

different charges. In the next section we shall treat a concrete : PP
case to iIIustraqte the impact of the composite nature of the char eprOX|mate_Iy 0.45 nn; an d po_smonlng of the two (carboxylate)
. pact ot the P the charg oxygens in trans configuration, the carboxylatarboxylate
of the ligand and the ensuing impact on the effective ligand yisiance would be between 0.6 and 0.7 nm. Because in the free
charge numbet, . L%, the carboxylatecarboxylate distance is about 1 nm

3.3.1. Uncertainty in R At this stage it is useful to note  (ggtimated from the number of single bonds, each of length ca.
that the uncertainty involved in the estimation 6 for a 0.15 nm)32 there is a small repulsive contribution in thellM

composite ligand will be significant. First of all, there are the o pajr interaction. If we now computg®s on the basis of eq
basic approximations/assumptions in the calculation of the 19 for 4 0.1 mol dm? electrolyte solution with a Debye length
§tab|I|ty of a partlt;ular ion pair in an aqueous solution. These («~1) of 1 nm and the dimensions given above, we find that the
include the following: primary electrostatic interaction between the centra*CGahd

(i) The ions/charged sites are considered as localized pointihe two carboxylates is reduced by some 30% due to screening.

charges. Equivalently we can say that the effective charge nunipés
(i) There is no covalent bonding at all between the ion pair —1 .4 (cf. the formalz. of —2). The increased carboxylate
partners. carboxylate repulsion can be accounted for by adding the change

(iii) Apart from the inner hydration sphere of the metal ion, in repulsion (as compared to free L)W8S which for the present
the solvent, water, is considered as a continuous medium; i.e.,case leads to a further reduction by 3%. In passing, we note
hydration of the complexing sites is not considered. that the trans conformation is the optimum one because moving

(iv) The molar volume of the ion pair is taken as that of a one of the carboxylates away from the Zchas a stronger
sphere with a radius equal to the charge center-to-center distancémpact on the attraction term than on the repulsion. Using eq
between the metal ion and the ligand. 16, the overall result may also be given in terms of the outer-

For composite ligands with multiple sites/charges, there are sphere complex stabiliti°s for Cd(HO);EDDAZ", which in a
a few additional uncertainties in the calculation of ion pair 0.1 mol dn® 1:1 electrolyte comes to lof°s = 1.27, with
stabilities. We mention here: 2 = —1.33.
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Figure 5. Approximate configuration of the outer-sphere complex of 70 = 80 oH 83 0

CcP* with EDDA, Cd(HO)sHL™. i ) 3
Figure 6. Comparison of the measured and computed degree of lability

n . . of CdEDDA complexes as a function of pH. Calculated curves are
3.3.2.b. Cd(HO)HL™. At pH 8, the dominant species of shown for (i) the overall kinetic flux as resulting from the outer-sphere

EDDA carries one proton at one of the amine groups; i.e., there precursor complexes M@@)sL2 ™ and M(FO)HL3™ (cf. eq 3), solid
are two negative carboxylates and one positive'Njrbup. The curves a-d; (i) that resulting from outer-sphere complex M(®)sL2™"
most favorable conformation of EDDA in an ion pair with<d only, short-dashed curve a; and (iii) that resulting from outer-sphere
will then be with the two COO in the outer-sphere and the Comple? l\t/_l(HzOzsl?L;*”l grgly(,bl)ogg-d?ﬂeog ;ulr\ges a, {cgstotaldli?cgnd
+ i i i i concentrations (a, , X , (C) 1L.4o0x , an
(l;l_H at Iarge_r distance. Taking into account the various o 0 mol drr-?. Parametere used: MH0)LZ) = 1.27,
imensions given above, we may estimate an approximate, ‘o 3o — _ 16 _

D ) g K(M(H0)eHL3™ = 0.36,ky =3 x 10Ps71 8 Dy =Dyn. =7 x
geometry as sketched in Figure 5. Applying the proposed jp-10m2g1341)=6 x 106 m, logKy. = 8.2. Experimental data are
approach means counting an additionaPCeNH* repulsion shown for total ligand concentrations @) 2 x 1076, (¢) 5 x 1076,
term as compared to the analysis for CglhsL above. For (a) 1.45x 1075 and @) 2.40 x 1075 mol dn 3,
the same conditions, this leads to a further reductiob %ty
almost 28%. The resulting lo§°sis 0.36. Thez now comes
to —0.76, i.e., substantially less negative than the.33 for
the deprotonated Cd@d)sL and the format1 of HL™ itself. 06

The difference between thé€*svalues for Cd(HO)sHL ™ and
Cd(H0O)sL. can be used to estimate the aclohse constant of

the former acid. According to the above results, the°s E’n
between the two is 8.5 10720 J, which corresponds to a ~
Alogpin of about 0.9 (the deprotonated form is favored over  -1o}

the protonated one). Thus the ratigi,0), /Ccdo)HL ™ 1S by

a factor of approximately 8 higher than the rato- /cy. -,
which is reflected in thg{}, value of 166 cf. By of 10°7 (eq

10). This result is of additional importance for the metal
complexation kinetics because it modifies the concentrations
of the reactive species Cdf8)sL and Cd(HO)sHL™.

3.1 33 3.5 3.7 39 4.1
log[k, K3 ¢, (1+ Biey)]
Figure 7. Plot of log & vs logk.Kpy c(1 + Bapca)], eq 9. The
calculated solid line has the theoretical slope-6f5 and is independent

4. Results and Discussion of the total ligand concentration. See Figure 6 caption for values of

. . . arameters used. Experimental data are shown for total ligand
The applicability of the theory presented above is tested by (F:)oncentrations of&) 2 E 106 (A) 5 x 10°6, (@) 1.45 x 10°5, andg

comparing the computed kinetic features to the measured (o) 2.40 x 10-5 mol dnr3.
microelectrodic lability of Cd(Il) complexes with EDDA as a
function of pH. Until now, tests of lability concepts have largely negligible (*K; (Cd(H,0)s?" == Cd(H,0)sOH* + HT) = 10710
been concerned with identifying a consistent trend with kinetic mol dn3).15 In all cases there is excess total ligand over total
window* or obtaining agreement with a predicted dependence metal in our systems, and the buffering of the concentrations
on ligand concentration in the case of Mtomplexes? Here of the relevant ligand species, i.e.2Land HL", is fast. As
the main objective is to distinguish between kinetic interpreta- outlined in section 3.2, the predicted degree of labiliyeq
tions with and without invoking the impact of ligand protonation. 11, is computed by summing the contributions of the protonated
The dynamic features of cadmium 1:1 complexes with the and deprotonated outer-sphere complexes to the kinetic flux,
multidentate ligand 1,2-diaminoethahkN'-diethanoic acid eq 9. These are weighted by their respective stabilities (log
(EDDA) fall within a useful kinetic window to illustrate the  K{y = 1.27, logK},, = 0.36; section 3.3), together with the
concepts presented above. Microelectrodic measurements of Cdvalue ofKy for which we found 182 dm? mol~! (section 2.3)
(1) in the absence and presence of EDDA were made in the and the average reportdg, for Cd(ll) (3 x 10° s71).6 The
pH range 7.6-9.2. This pH range is most suitable for our present experimental value of is determined by application of eq 15.
purposes because it facilitates distinction of the respective rolesFigures 6 and 7 clearly show that only the multi outer-sphere
of HL™ and L2~ in the kinetics. At lower pH, bL would also approach provides a good description of the experimental data.
have to be considered in the differentiated scheme (eq 3) andFor a range of ligand concentrations, the experimentally
the likelihood of MHL inner-sphere complexes will have to be measured degree of lability follows the trend prescribed by the
envisaged, whereas at higher pH, Cd(ll) hydrolysis becomes combined impact of both the unprotonated and the protonated
important. For the ligand concentrations used herein, inner- outer-sphere complexes. The curve calculated for the unproto-
sphere ML complexes are the predominant species over the pHnated ligand only, much more strongly increases with decreasing
range studied (see section 2.3), and Cd(Il) hydrolysis is pH than the experimental one. Ignoring the outer-sphere
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complex of the protonated ligand HL apparently leads to gross
overestimation ofy (cf. eq 5) and correspondingly in overes-
timated values for the reaction layer thickngssnd the kinetic
currentJin. The logarithmic representation shown in Figure 7
illustrates that the theoretical framework presented here is an
appropriate descriptor of the experimental data (cf. eq 9: for
small&, it is proportional taJgn). The limiting situations provide
further support; i.e., at a relatively low pH of 7 the contribution
from M(H,O)sHL3" dominates and converges with the overall
value, whereas in the range of pH above 9, the contribution
from M(H,0)sL2™" dominates the overall. Considering the
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= lability index (dimensionless)

& = degree of lability (dimensionless)

ro = radius of microelectrode (m)

U%s = interionic potential for an ion pair (J)
2 = effective ligand charge
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5. Conclusions
On the basis of the Eigen mechanism for complex formation

in aqueous systems, we have determined the impact of ligand

protonation on metal complexation kinetics. The treatment
involves a differentiated approach which considers the simul-
taneous effects of both unprotonated and protonated outer-spher
complexes on the kinetic flux, weighted by their respective
stabilities, K°S. For composite ligands with sites of different
charge, the computation of the electrostatically defined value
for K° is elaborated. The nature and magnitude of the
uncertainties involved in this computation are highlighted. The
combined kinetic flux is included in the expression for the
degree of lability 5, of the metal complex system, and compared
with the measured lability of CAHEDDA complexes as a function
of pH at a microelectrode. Within the confines of the uncertain-
ties of the various parameters involved, the computed and
measured labilities are in convincing agreement. The results
show that the conventional approach, with consideration of the
free ligand L only, increasingly overestimates the lability of

the system with decreasing pH in the range where the protonated;

outer-sphere complex is significant. This first detailed treatment
of the topic, in which we consider formation of 1:1 ML inner-
sphere complexes only, lays the foundations for extension to
more involved systems, for example if MHL inner-sphere
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