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The impact of ligand protonation on the complexation kinetics of higher-order complexes is quantitatively
described. The theory is formulated on the basis of the usual situation for metal complex formation in aqueous
systems in which the exchange of water for the ligand in the inner coordination sphere is rate-determining
(Eigen mechanism). We derive expressions for the general case of lability pEpécies that account for

the contributions from all outer-sphere complexes to the rate of complex formation. For dynamic complexes,
dissociation of ML is usually the rate-determining step in the overall process™M\. Under such conditions,

it is the role of ligand protonation in the step Mt M that is relevant for the kinetic flux. 1:2 complexes of

Cd(Il) with pyridine-2,6-dicarboxylic acid fall into this category, and their lability at a microelectrode is
reasonably well predicted by the differentiated approach. For non-dynamic systems, the kinetic flux arising
from dissociation of higher-order complexes contributes to the rate-determining step. In this case, the weighted
contribution of protonated and unprotonated outer-sphere complexes in all contributing dissociation reactions
must be taken into account. The kinetic flux arising from the dissociation of 1:2 complexes of Ni(ll) with
bicine at a conventional electrode was quite well described by this combined approach. The results establish
the generic role of ligand protonation within the overall framework of metal complexation kinetics in which
complexes may be dynamic to an extent that depends on the operational time scale of the measurement
technique.

1. Introduction being involved in the formation of the precursor outer-sphere
complex. The theoretical framework needs to be extended to
describe the significance of ligand protonation for metal
speciation dynamics in more involved cases. In the present work
we tackle the case of Mlcomplexes for which the dissociation

to free M involves a sequence of dissociation steps. Quantifica-

Understanding of the dynamic features of metal complexes
is fundamental to elucidating the significance of metal speciation
for processes in environmental and biological systems. Estab-
lishment of a rigorous dynamic interpretation framework

requires consideration of the effective time scale of these tion of the overall interfacial flux of M requires consideration

iF;\rtc; ?gziszr;gg rtgsctgglnesvalataraJZoﬂzrzn:ta:ri fr%;rtlhecsgecl:;gf all equilibria and pertaining association/dissociation rate
. . : q ystems, Y COMPIEX onstants. Under the simplifying condition of involvement of
formation reactions follow the Eigen mechanishi,e., the rapid

formation of an outer-sphere complex between the hvdrated only the free ligand, it is generally found that the dissociation
. -Sp p er of ML to M is the kinetically limiting step in the overall process
metal ion, M, and the ligand, L, followed by a slow, rate-limiting

. I n — M.578 Here we elaborate on the theory for metal
dehydration step. In recent years there have been significant L S o
. ; L -~ speciation dynamics in MLsystems by taking into account the
advances in the understanding of metal speciation dynamics.: . .
) . . ““"involvement of protonated forms of the ligand. Expressions are
Parameters used to quantify lability compare the relative

. NN e 7 _ developed for steady-state diffusion-limited mass transport,
magnitudes of the Kinetick, and dlfoSI.Ve.,Jdn, fluxes of the under conditions of excess ligand. The concepts are illustrated
complex system. The theoretical basis is developed for theb experimental data for dvnamic and non-dvnamic svstems
interpretation of data furnished by dynamic analytical tech- y exp y y y '

niqueg and for the relationship between speciation and bio- 2. Experimental Methods
availability # including aspects such as the size of the consuming
interface? multi-ligand complexes, M},6~8 protonated inner-
sphere complexes, and the effect of mixtures of compleXakts.
Until recently, the role of ligand protonation on metal
complexation kinetics had not been explicitly considered. The
first detailed treatment of the topic for 1:1 ML inner-sphere
complexe¥ derived expressions for the lability of metal
complexes with protonated and unprotonated ligand species

2.1. Apparatus. An EcochemiexAutolab potentiostat was
used in conjunction with a Metrohm 663 VA stand. The
electrometer input impedance of this instrumentE00 GR.

The working electrode was a mercury-coated iridium micro-
electrode (prepared according to reported proto¥olsithe
radius of a hemispherical droplet was cax610-% m), or a
conventional mercury drop electrode (surface afes; 5.2 x

107 m?). The auxiliary electrode was glassy carbon, and the
* Corresponding author. reference eIeptrode was pgCl|KCl(sat) encased in a 0.1 mol

t University of Southern Denmark. dm~3 KNOj3 jacket. Measurements were performed at°20
*Wageningen University. Stripping chronopotentiometry (SCP) measurements were per-
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formed with a stripping current of 5< 107! A at the
microelectrode, and & 107° A at the conventional electrode,
corresponding to conditions of complete depletion in each
casel”18The deposition potentials used wet€.95 V for Cd-

(i) and —1.41 V for Ni(ll).

2.2. ReagentsAll solutions were prepared with distilled,
deionized water from a Milli-Q Gradient system (resistivitiL8
MQ cm). Cd(ll) solutions were prepared by dilution of a
commercial certified standard from Aldrich. KNGolutions
were prepared from solid KNE(XBDH, AnalaR). Pyridine-2,6-
dicarboxylic acid (PDCA) was from Fluka (purum) ahtN-
bis(2-hydroxyethyl)glycine (bicine) was from Fluka (ultra,
>99.5%). Cd(Il)-PDCA solutions in the pH range 3-5.1
were buffered with 5x 10~ mol dn2 acetic acid (Prolabo,

Rectapur)/sodium acetate (Janssen Chimica, pure), and buffering M(H No)

at pH 6.0 was effected with 0.01 mol dh(2-(N-morpholino)-
ethanesulfonic acid (MES, Fluka, MicroSeleet99.5%). Ac-
etate and MES have low affinity for Cd(lIl), and, in the presence
of PDCA, there is negligible complexation by the buffer
components: for acetate, the stability constants for Cd(Il)
complexation are lo¢k; = 1.26, logK; = 0.74, and logKs =
0.701° and no binding of Cd(ll) by MES was observed up to
buffer concentrations of 0.1 mol di®2° Ni(ll) —bicine solutions

in the pH range 7.67.8 were buffered with N&dPO, (Fluka,
MicroSelect,>99.0%)/KHPO, (Fluka, puriss p.a.;99.5%),
and solutions at pH 8.3 were buffered with 2-amino-2-
hydroxymethyl-1,3-propanediol (Tris buffer, Fluka, BioChem-
ika, >99.0%). Phosphate and Tris have low affinity for Ni(ll),
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3. Theory

We consider a successive reaction sequence in which unpro-
tonated inner-sphere complexes (ML, ML. ML) are formed
in a pH range with both £ and HL in solution, and both
protonated and unprotonated outer-sphere complexes are formed
in each step. In the present treatment, the equilibrium concentra-
tion of protonated inner-sphere complexes is considered neg-
ligible, i.e., upon formation they are rapidly deprotonated. Since
all of the proton exchange reactions are fast, the treatment of
more involved protonated schemes remains straightforward. The
first step is the formation of ML:

B M(H,0)HL

It (fast)
M(H,0)sL. *
1)

L HL K M(H,0)eHL?
dl l
+L° M(H,0)sL*"

0s
KML

==

Ko,

and so forth up to the formation of ML(n = 2):

Kos . - i L
+ HL —™, M(H,O)g_L;-HL? LS M(H,0)sHL?;

MHO)s L2 N ! W (fast)

os

_ K o ki 4
+L —= M("'zo)e—iLi'L1I - 'V|(|'|2O)5—i|-il+1I

@)

and, in the presence of bicine, there is negligible complexation where 1< i < n, k, is the rate constant of water removat{g

by the buffer components: for phosphate kg= 3.26 and
log K(Ni+HL) = 2.08.2%22for Tris, logK; = 2.63 and logK»

= 1.6923 Solutions were initially purged with oxygen-free
nitrogen (<0.1 ppm), then a nitrogen blanket was maintained
during measurements.

2.3. Choice of Metat-Ligand System. A suitable metal

and K is the stability constant for the outer-sphere complex
(dm® mol™Y). For a volume reaction, maintenance of equilibrium
is derived from the pertaining reaction rate constants and the
relative time scale. Under conditions of sufficient excess ligand
over metal, the association reaction is quasi-monomolecular with
rate constanksy = kic_. A system that is sufficiently dynamic

complex to illustrate the concepts presented herein must havel© Maintain volume equilibrium within a time scalg,obeys

a lability that matches the kinetic window of the analytical

technique in order to measure kinetically controlled responses.

To simplify computations oK®s, it is desirable to have a ligand
with a well-defined spatial distribution of point charges;

however, most simple ligands form complexes that are too labile
to be suitable test systems. Furthermore, the pH windows for

ligand deprotonation and for the formation of ML and phust
overlap sufficiently so that the role of the various protonated

the following double conditioR®

ligand species in the rate-determining step can be discerned.

For our present purposes, we wanted to exclude more involved
systems such as those with inner-sphere MHL complexes.

Kanls Kint > 1 ®)
At the other extreme, a static system is defined by

Kanls Kot < 1 4)
while systems for which

Konls Kgnl ~ 1 ()

Selected examples of multidentate ligands with nitrogen and are denoted as kinetic.

oxygen binding sites were found to fulfill our requirements.

2.3.1. Pyridine-2,6-dicarboxylic Acid (PDCA), s83N-
(COOHY). The ligand protonation constants #ré log K; =
4.53, logK; = 1.87, and log<z = 0.5. For Cd(II}>"PDCA, the
stability constants measured at 0.1 M ionic strength anti5
have been reported as l&¢g = 5.31, 6.51, 6.75, and 5.7 (refs
26—29, respectively) and lo, = 4.26, 4.4, and 4.3 (refs 27
29, respectively).

2.3.2. N,N-bis(2-hydroxyethyl)glycine (Bicine) (HOCH,),-
NCH,COOH. The ligand protonation constants &g K; =
8.39 and logk, = 1.78. For Ni(ll)-bicine, the stability constants
as measured in 0.1 M electrolyte, 205 °C, are reported as
log K1 = 6.42, 5.21, 6.5, and 7.7 (refs 383, respectively)
and logK; = 4.32 and 5.0 (refs 30 and 33, respectively). In the

In the stepwise formation of MI. it is generally found that
the order of stability follows
K, > K, > ... K, (6)
Generally the rate of removal of the second water of hydration
is faster than that of the firstj.e.,

Knz > Kua ()

In addition to differences ik, values, the stability of the various
outer-sphere complexes involved must also be considered. In
egs 1 and 2, thK°sfor the outer-sphere complex involving the
free ligand will generally not be the same as that for the
protonated ligand and, for a given degree of ligand protonation,

inner-sphere complex, the nitrogen and carboxyl group coor- K°s for the complex involving two ligand molecules will

dinate to the metal, and the hydroxyl groups remain protorfated.

generally be lower than that for the complex that contains only
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one. Thus, in general, upon going from the first to the second currents®? In the case of L and HL, both species contribute to
step, the stability of the precursor outer-sphere complex will the thickness of the reaction layer of My, to an extent
decrease somewhat, but the rate of water removal will increaseweighted by their respectiv€®s values, and the lifetime of free
so that the resulting change kg will be small (cf. eq 8). M, 7w, is given by

As a first approximation, neglecting details I§f, the rate

of association for the first step, is less than that for the second: 1 _ _ Cy
P a = kami O F Ko G = KaaKin €+ KK K_ch
a.
Kar < Kao (®) (12)
Thus for a dynamic ML system, obeying eq 3, certaiily > where a!l concentrations refer.to bulk yalues.
1. Also, eq 6 shows tha/ky1 > Kakaz, Which, combined with Equation 12 can be conveniently written as
eq 8, gives os
B P AL (13)
Kiz > Kga ) ™ ]
and hence even more easily than for ML is We define
A Kt>1 10
ol o K =K, + Kiri ¢ (14)
i.e., if equilibrium between M and ML is dynamic, then even ! Mt Kax "
more so is that between ML and MLIn general, we can say
that, as long a¥, < K1 (eq 6), ML, <= MLp_1 is more thus
dynamic than Mk-1 <= ML —5. 1 ,
Protonation/deprotonation reactions are very fast on time o kK¢, =k, (15)
scales of metal complex formation/dissociation. Thus it is the M
equilibrium concentrations of the various proto_nated/deproto- The reaction layer thickness follows!as
nated species in eqs 1 and 2 that are pertinent for metal
complexation kinetics. On the level of the Eigen scheme, the Dy 12
rate constant for loss of a water molecule from the inner Um = ¥ (16)
KamLCL T Kami G

hydration sphere is practically unaffected by the presence or
absence of a proton in the complexing molecule, L. This e b rely kinetic flux for ML— M corresponds to the flux

reasoning applies to the removal of both the first and any |y determined by the dissociation rate, i.e., under conditions

subsequent water molecule, i.e., in eq 1 the valuéaffor where concentration polarization is negligibteg bulk c), and
M(H.0)s'HL2" is taken to be the same as that for M is given by P gligibteis )

L*, and in eq Zky; for M(H20)s_iLi*HLZ ' is taken to be the
same as that for M(}D)s-iLi-L1"". However, the removal of JiinmL = KaaCu M (17)
the second water molecule from the inner hydration sphere of
M is generally faster than that of the first one, and so forth, and
i.e.,kw1 < ka2 < Kug,... This follows from coordination chemical 1
reasoning: a kD molecule will be bound more weakly in = V2 _ =
M(H.O)sL than it is in M(H,O)s because L is the stronger 109 Jn. =109 Kot Dy Zlog[kaMLCL - kaMHLCHg_S)
ligand® The degree to whick,, exceedsk,; depends on the
nature of the metal ion and the ligand involved. For example, Similarly, for the second step in the successive complexation
for Ni(Il) complexes, both the electron-donating ability of the scheme, the total rate of inner-sphere Marmation is
ligand and its structural arrangement in the outer-sphere complex
play a role in determining the rate of removal of further water R,= KNZCM(HZO)SL-HL + kWZCM(HZO)SL-L =
molecules®37 Others have reported that, for Ni(IK,z increases os os
with increasing number of IDnitrogens coordgnﬁ;ted to3aw? K’VZK""L'HLCM(HzO)sLCHL + K"'2KML'LCM(HZO)SLCL (19)
Similar effects have been observed for Cofftf!

3.1. Flux of Free M. The total rate of inner-sphere ML
complex formation, following egs 1 and 2, is given by

In this step, the relevant parameter is the lifetime of M.,
as governed by the rate of association with L to Mind the
rate of dissociation of ML:

Ry = Ku1Cug,0)HL T KuiCu, o)L = KK O 1 <
o o K, K (11) T = KoKW G+ KoK G Ky = K oKE™ + kg =
1M \m-LCmCL

Kzt kg (20)
Here we consider the case of an interfacial process involving _ _ _
consumption of the species M. We introduce the concept of a With the reaction layer thickness given by
reaction layet? to describe the contribution of electroinactive
. . D 1/2
complex species to the flux of free M toward the interface. The M (21)

reaction layer is a thin layer adjacent to the consuming interface, Hwe, KamL,C T Kamre, S T Koz
within which the dissociation of metal complex species is

significant for the flux of M. The thickness of this layer is For the usual case in which the dissociation of ML is the slow-
determined by the lifetimeyy, of free M and its corresponding  (er) step,kq1 is relatively small, and consequently is
mean diffusional displacement. This concept is the basis for predominantly determined b, t. However, if dissociation of
formulation of lability parametef$ and the notion of kinetic ML is very fast, therry will be determined bg:. The kinetic
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flux for ML , — ML follows as
Jiinm, = Kafw fuie, (22)
Continuing in the same vein for Mland so forth yields
Kin = Kunn'c,

Together with theKy_, values, eq 23 can be converted into the
corresponding seridgn, which is a useful guide in the sequential
dissociation of Ml, to M:

(23)

Kin
ML, —>MLn,lmML2&>ML ﬁl’M (24)
Apart from cases with special chelating effects, we generally
find thatkgn, > kn—1 > ... ka2 > kg1 (€q 9). Thus, in first-order

kinetic approximation, as long dg; is relatively small (see
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system, anXu iap is the signal for the fully labile ML case.
The value ofXqee mis computed from the pertaining equilibrium
constants, and that Ofu jap for systems withDy. = Dy, is
taken as the signal for a solution containing metal only, at the
same total concentration as in the ML system.

All metal complex species contribute to the diffusive flux,
and accordinglydgi is given by

Jyit = Z Jut, = Z DL, Cwi,
| |

For a macroscopic electrode with > 9, the spherical term
with 1/rg vanishes, whereas, for a microelectrode with< 6,

the radial diffusion term governs the fldk The macroscopic
case is more involved when there are differences inhe
values, since) then becomes a function of aily; and D

For transparency, we here continue with the microelectrode case.

(27)

1 1
_+_
o frq

above),rw andu are counted on the basis of eq 12. The presence  The kinetic flux, Jn, is derived from reaction layer theory

of higher-order complexes Ml_ML3, ... ML, is manifest via

the dependence of the degree of lability on the ligand concentra-

tion (see below).
The overall rate of formation of M from MLis dominated

eq 17). In the general case, ML may or may not be in
equilibrium with complexes of higher stoichiometry. On the
level of the Koutecky-Koryta approximatiort24%-47the gradi-
ents of the various complex species ML.. —ML,—ML in

by the rate of the slower step in the sequence (eq 24). More e reaction layer are predominantly governed by the kinetically

exactly, the overall kinetic flux arising from the various
dissociation reactions is given by

1 o1

. (29)
Jkin 1= JkinMLi

For dynamic systems, previous work on the lability of ML
complexes (which did not consider different protonated forms
of the ligand§ formulated an analytical solution for the steady-
state diffusion of M with a sequential scheme that quantifies
the contribution from the dissociation of all of the complex
species to the metal flux through the degree of lability,

3.2. Degree of Lability. For an interfacial process in which
M is consumed, the overall flux of M toward the consuming
interface results from the coupled diffusion and kinetics of
interconversion between M and its various species in the

complex system. Lability parameters have been defined to

describe the ability of a dynamic system to maintain equilibrium
in the presence of an ongoing interfacial process involving
conversion of M, i.e., to quantify the contribution of the complex
to the metal flux toward an interface. The lability index,is

the ratio of the limiting kinetic and diffusive fluxes of metal
complex species; the criterion for lability £ 1.3 Thedegree

of lability, &, expresses the indirect contribution of the complex
(Jcomplex — Jired)® to the eventual metal fluxkin, normalized
with respect to its maximum purely diffusion-controlled,
contribution, Jgit.>** A system attains full lability foré ap-
proaching 1. The link betweerr’and & is clarified below.
Experimentally,& is measured as the ratio of the flux-based
analytical signal for the kinetically controlled MLlsystem as

most stable one, and thus are negligibly small. For a 1:1 inner-
sphere complex ML, it has been shown that, under steady-state
transport conditionst is given by

12
a

=" [eK'(1 + eK)]Y2 + &

K

7 (28)

a

wherex, is the nondimensional association kinetic constant, as
elaborated below. For successive inner-sphere metal complexes
ML, the degree of lability for the system is a weighted average
of the degrees of lability of all of the complexes, with weighting
factors given by the respective fraction of the corresponding
bulk concentration over the bulk concentration of total bound
metal. For a system containing MLand for equal diffusion
coefficients of the different complexes, i.ei,= ¢, it follows
from eq 28 that; is given by

1/2

Kq

i :
[e |‘I Ki(1+e |‘| KOIY2 + i, 2
L

1
=

& (29)

with Kj = KjcL. The |‘|}:1Kj' represents the concentration ratio
between Ml and M, and thecy term takes into account the
contribution from the various protonated ligand speéfes:

2
B (Kam, G F Kamie S0
= o

K (30)

3

compared to that for the equivalent labile case (each corrected

for any free metal present), i.e.,

_ XML,kin — Xiree M

g (26)

XML,Iab - Xfree M

where X is a method-dependeritux-related response (e.g.,
current in voltammetry,r in SCP, accumulated amount in
steady-state diffusive gradients in thin films (DGTSs), etc.),
XmLkin IS the analytical signal for the kinetically controlled ML
system,Xqee m IS the signal due to free metal only in the ML

which incorporates the reaction layer since= (DM/kZﬁ)_l/z.

For complexes that are sufficiently strong to satisﬂ}jle,’
> 1, i.e., Ccomplex > Cireem, €9 29 for a given metal complex
reduces to

1/2

Kq

§_>

—— (31)
' 1/2
€ r' KJ- + K
=
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% formation of species

Figure 1. Equilibrium species distribution in bulk solution for CAHPDCA as a function of pH. The percentage formation of species is with
respect to the total metal concentration for Cdind Cdl,, and with respect to total ligand concentration forHand L2~. Calculated forc ; =

1 x 103 mol dnm 3, K(H+L) = 10*53dm® mol~%, K(H+HL) = 10*8” dm? mol~?1, K(CdH-L) = 10°7 dm® mol~%, andK(CdL+L) = 10*3 dm® mol.

The concentration of free dand of HL is negligible over the pH range shown.

and the considered step in the complexation scheme attaingVl. For a dynamic system, the general expressions, egs 23, 27,

lability, & — 1, for

i
Ky o> € |‘| Ki (32)
L

Inequality 32 boils down to the conventional lability crite-
rion*3 e.g., becauséis related to the lability indexy; via_ /=
Kaillzlfl_.lj!=1Kj'. ] ) ]

Previous work established that, in the most general case, with

an arbitrary step as the rate-limiting one, and all preceding steps

(i.e., ML; with i < n) as fast, the lability degree for the slowly
reacting species is a good approximation for that of the complete
system as computed via the rigorous expression

*
n CMLI
DML Ei

1= 0

n

2

n

&3
Z CwmL,
£

CuL & [&(] | K9
ML, Jl:' j

Z[ﬂ K1

(33)
n CK/ILi

DML Z —
=1 Iy

and 28, are simplified, fof = 2 and witheKj K5 > 1, to

1/2

R (35)
K} Ky + «,M?
where
(KamiCL t kaMHLCHL)rOZ
a=— (36)

Dy

Whether or not the dissociation of ML (eq 1) determines the
overall rate of the reaction (ML-— M) depends on the relative
magnitudes ofinm andJinvL,- FOr the usual case IfinmL,/
JinmL = 1 (see, e.g., eq 9), all the reactions in eq 34 can be
considered to be in rapid equilibrium with those in eq 1, and
JkinmL is the pertaining parameter to consider in computing the
lability of ML,. Then, ML, species act as a buffer for ML
because ML— ML is much faster than M~ M. Accordingly
Juit for the system is the sum alyime and Jaimve, (€Q 27).
Equation 35 shows that, for the Mlcase £ is dependent on
c %2 i.e., experimental observation of this concentration

The elaborations for any arbitrary general case are accountegdependency in a Misystem is diagnostic for M~ M being

for in eq 33.

4, Results and Discussion

Here we illustrate the theoretical concepts detailed above by
considering the case of Mlcomplexes. In addition to eq 1 we
then have

Kuz2

LHL S, M(H,0)L-HLT =% M(H,0),HL}
M(H,0)L™ M N Wt (fast)

P S MHOLLL % MH0)L,

(34)

As detailed above, the usual situation will be that MLM is
the rate-determining step in the overall dissociation of,Nt.

the rate-limiting stefS:” Below we illustrate and validate our
treatment for a dynamic and a non-dynamic system.

4.1. The Cd(ll)/PDCA System. The equilibrium species
distribution for the Cd(Il) complexes and the protonation of the
ligand PDCA is shown in Figure 1. This system appears to be
suited for identifying the role of protonated ligand species in
metal speciation dynamics, i.e., the concentration ratio/HL
L2~ changes significantly over the same pH region where ML
is forming.

Analysis of the system in terms of the reaction scheme
involving protonated ligand species (eqs 1 and 34) requires
calculation of the pertaining®s values. These were computed
via the differentiated approach reported previoddbmd details
are given in the Supporting Information. The pertaining values
for K°s (mol dm3) for the involved outer-sphere compexes are
M(H20)e'L = 20, M(H,0)s:HL™ = 2, M(H,0)sL-L2~ = 0.3,
M(H20)sL-HL~ = 0.3. The computed degree of lability for
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0.0
35 4.0 45 5.0 5.5 6.0
pH

Figure 2. Comparison of the measured (points) and computed (curves) degree of Iahilitg, pH for Cd(Il) complexes with PDCA at a
microelectrode. The solid curve &computed from the overall kinetic flux that considers both GI)g-L and Cd(HO)s*HL™ (eq 17); the short
dashed curve is that resulting from Cd@®Je-L only (Jinm = Kicwm (Dm/knK3y, €)¥9); and the long dashed curve is from Cd@Js-HL* only
(Jainmne = KaCue (Dm/knKepp CHL)Y?). The curves are computed for the experimental concentratigns 4 x 1077 mol dn3, cepcar= 2.4 x 1073
mol dnr3, ro = 6 x 107° m, andk,; = 3.5 x 1 s%; other conditions are as in Figure 1.

35 4.0 4.5 5.0 5.5 6.0

pH

Figure 3. Comparison of the measured (points) and computed (curves) degree of I§bitgypH for Cd(ll) complexes with PDCA at a microelectrode
considering the contribution from both protonated and deprotonated outer-sphere complexes to the overall kinetic flux. Data are ghewn for
4 x 10" mol dn2 and cppca/mol dn3 = (a) 3.9 x 1074 (#); (b) 5.8 x 107 (O); (c) 9.6 x 107* (@); (d) 1.7 x 1073 (A); and (e) 2.4x 1073
(m). Other conditions are as in Figures 1 and 2.

Cd(ll) complexes with PDCA is compared with measurements is observed. The experimental data are in reasonable agreement
at a microelectrode as a function of pH and ligand concentration with the values predicted on the basis of bothHand L2~

in Figures 2 and 3. Figure 2 compares measured lability at onebeing involved in outer-sphere complexation. Unfortunately,
ligand concentration with that predicted considering (i) both strong adsorption of the fully protonated ligdidsignificant
protonated and unprotonated outer-sphere complexes, (ii) onlyat pH 3.7) prevents reliable measurements for lower pH.
protonated or (iii) only unprotonated complexes. Figure 3 shows Comparison of the computed kinetic and diffusional fluxes
the agreement between the computed values for the combinedshows thatlinme < JuinwL,- FOr example, at pH 5, fot, ; =
outer-sphere contribution and that measured as a function 0f2.4 x 10-3 mol dn3, JginvmL andkinme, are 10° and 167 mol

pH for several ligand concentrations. The convincing agreementm=2 s71, respectively. Thus M=~ M is the rate-determining
between measured and computed values over a wide concentrastep, and use aki,v. in the computations gives the same result
tion range confirms the consistency of the parameters used. Atas if the overally, is used (eq 25). Note that this is so, even
pH values greater than ca. 4.0, the concentration of L becomesthough there is a relatively small difference of ca. 1.5 log units
significant, and hence the degree of lability computed on the betweenK; andKj; settingky, equal toky, still yields Jiinw,
basis of both HL and L being involved in outer-sphere > JinuL (by a factor of ca. 10). This result was also found for
complexation is approximately the same as that involving only a wide range of dynamic metaligand systems, confirming

L. For pH values below 4, some differences are discernible, conclusions from earlier work that had not considered the
and the [2~-only case predicts slightly greater lability than what involvement of protonated forms of the ligafich.
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Figure 4. Equilibrium species distribution in bulk solution for Ni(tbicine as a function of pH. Calculated foggy = 4 x 10~" mol dnT3, c;
= 1.0 x 1078 mol dnr3, K(H+L) = 10°3%° dm?® mol~%, K(H+HL) = 1048 dm?® mol~%, K(Ni+L) = 1072 dm® mol~%, andK(NiL+L) = 10*° dm?
mol~2.
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Figure 5. Comparison of the measured (points) and computed (curves) degree of I18biligypH for Ni(ll) complexes with bicine at a conventional
mercury drop electrode. The solid curveSigomputed from the overall kinetic flux that considers NiQY-L, Ni(H20)eHL*, Ni(H2O)sL L, and
Ni(H,0)sL-HL™; the short dashed curve is that resulting from the unprotonated outer-sphere species only, k®)sMi@hd Ni(HO)sL-L; and
the long dashed curve is from the protonated species only, i.e.,®)¢HHL+ and Ni(HO)sL-HL*. The curves are computed for the experimental
concentration®nigy; = 4 x 1077 mol dn3, c.r = 1.0 x 103 mol dnm3, 6 = 2 x 1074 m, kya = 2 x 10* s7%, andky, = 4 x 10* s71. Other
conditions are as in Figure 4.

4.2. The Ni(ll)/bicine System.It is also of interest to study  change in the amount of NiLand NiL,, as well as of HL and
non-dynamic systems in which the kinetics are characterized L~ (Figure 4).
by condition 5, implying that the system does not equilibrate  The rate of removal of water from the inner hydration sphere
on the relevant time scale. For such kinetic systems, the of Ni(ll) (ky ~ O(10% s™1) is much lower than that for Cd(ll)
Koutecky—Koryta approximatiof¥#647no longer holds, and  (which hask, ~ O(1(°) s™1).2 Accordingly, the Ni(ll}-bicine
lability considerations are irrelevant. Disequilibration is sig- system corresponds to the kinetic case, kg, kqit ~ 1. This
nificant over the complete diffusion layer, so that the uncoupling ampholytic ligand is interesting with regard to estimation of
of dissociation/association kinetics and diffusion is no longer the variousK®® values since the protonated ligand has one
possible. The magnitude of the flux approaches that of the positive charge (NH) and one negative charge (CO(see
kinetic contribution arising from sequential complex dissociation Supporting Information for the full computations). The pertain-
(eq 25), as long as this remains well below the valuegf ing values fork°s (mol dm3) for the involved outer-sphere
The non-dynamic case is illustrated by Ni(ll) complexes with complexes are M(ED)e:L™ = 2.4, M(H,0)s:HL2" = 0.3,
bicine. While the electrochemical irreversibility of Ni(ll) M(H20)sL-L = 0.7, and M(HO)sL-HL* = 0.3.
confounds measurement of stability const&hisdoes not pose Figure 5 shows the experimental data and the computed
any problems for determination of the kinetic behavior of the values for the various possible contributions to the flux of M.
complexes as long as the accumulation is carried out atFor clarity, only the overallk, options are shown (eq 25). The
sufficiently negative potential. The equilibrium species distribu- best fit to the experimental data was obtained when Bgti.
tion shows that, over the pH range 68.5, there is a significant and JinvL, Were considered together with the involvement of
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both HL and L in the formation of the pertaining outer-sphere Acknowledgment. This work was performed within the
complexes. This means that bdty andky; count inty (see ECODIS project, funded by the European Commission’s sixth
eq 20). Consideration of eith@g.m. or Jainwi, @S the sole kinetic ~ framework program, subpriority 6.3 ‘Global Change and
flux significantly overestimates the measured signals. In addi- Ecosystems’, under contract 518043.
tion, at low pH, considering the involvement of only L
overestimates the lifetime of the free M (and the ensuing reaction Nomenclature
layer thickness), while, at higher pHy_ is low, and thus
ignoring M-L° and ML-L°s overestimates the lifetime of ML.

4.3. Extension to ML, Systems withn > 2. For the usual
relative magnitudes dK; > Ky > Kz > ... Ky, practical cases
of dynamic ML, complexes are expected to follow the situation o

- : . J, flux (mol m2 s71)
where the higher-order reactions can be assumed to be in . PR
equilibrium with ML. Accordingly, predictions of lability can ke, complex formation rate constant (@mmol™ s)
be made on the basis of MtM as the rate-determining step. ks, complex dissociation rate constant{s
The impact of the differentiated contribution of various proto-  Kw: rate constant for water substitutior t
nated ligand species on the complexation kinetics will become K. stability constant (dfhmol™*)
less significant as the number of coordinated ligands increases. - lability index (dimensionless)
This is so because, as the number of coordinated ligands & degree of lability (dimensionless)
increases, the pH range over which the formation of the, ML . reaction layer thickness (m)
species occurs lies to increasingly higher pH values. PDCA, pyridine-2,6-dicarboxylic acid
ro, radius of microelectrode (m)

Symbols and Abbedations

¢, bulk concentration (mol dn¥)
0, diffusion layer thickness (m)
D, diffusion coefficient (M s™1)

5. Conclusions

The impact of ligand protonation on metal complexation Supporting Information Available: A detailed description
kinetics in ML, systems has been determined on the basis of of the methodology for computation of thk°s values is
the Eigen mechanism for aqueous systems. The usual situatiorprovided. This material is available free of charge via the
for successive complex formation k5 > K; > ... K,. For Internet at http://pubs.acs.org.
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