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Kinetics and equilibrium
of the complexation of AI®*
with poly(maleic, acrylic) acid

Abstract Kinetics and equilibrium of
the complexation of AI** with
a polycarboxylic acid (PCA, random
copolymer of maleic and acrylic acid
with a mean molecular weight of
92kDa) are investigated by the
stopped flow technique and potentio-
metric titration. The complexation
proceeds according to the
Eigen—-Tamm mechanism, i.c. in first
diffusion-controlled step an outer
sphere complex is formed. The second
rate determining step is the formation
of the inner sphere complex,
controlled by the exchange rate of
hydration water. For this second step
the rate constantis k; = 3s~ L. Itisin
the order of magnitude of the water
exchange at the AI** ion as expected
for the Eigen—-Tamm mechanism. The
activation parameters are also
determined. Parallel to this direct
reaction path a base catalyzed path is
found, typical for complexation
reactions of hydrolyzable metal ions.
Stable complexes are formed for
which the overall association constant

Introduction

The mobility of toxic heavy metal ions and A
is to a great extent controlled by complexation reactions at
natural polyelectrolytes like humic acids [1]. These pos-
sess a very complex structure, and thus it is very difficult to
investigate the binding mechanisms of metal ions by evalu-

K. = 0,(1 + Kj) is determined by
two parts: a chemical (intrinsic) part,
described by the inner sphere
association constant K; = 3 and an
electrostatically controlled part
described by the outer-sphere
association quotient Q,. The
evaluation of the kinetic experiments
allows to determine the value of
log(Q,) as a function of pH:

3.3 <logQ, < 4.6. From these data
the potential is calculated in the range
—67 to —93mV at pH values
between 2 and 4.

For comparison, analogous
experiments with the monomeric
subunits of the polyacid, glutarate
(GA), and tricarballylate (TCA), are
performed. The complexation with
the monomeric subunits glutaric- and
tricarballylic acid can be explained
within the classical view of a discrete
outer sphere association constant Q,,.

Key words Polyelectrolyte —
aluminum — chemical kinetics —
metal complexation

ation of equilibrium and kinetic data. Therefore, studies at

defined synthetic polycarboxylic acids are necessary for
a basic understanding of the binding mechanisms. More-

1** in nature

over, synthetic polycarboxylic acids are nowadays often
used as additives to detergents and they get in large
amounts into waters and soils. There they are competitors
for natural polyelectrolytes like humic acids and may form
complexes with toxic ions like A

1** and heavy metal ions,

66 1O
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which are mobilized from soil minerals by the acid rain. In
this study the complex formation of AI** with a synthetic
copolymer of maleic- and acrylic acid, denoted in the
following as PCA, (Sokalan® BASF-AG, Germany)
is investigated.

Investigations on the complexation behavior of A
with polyacids are missing to our knowledge whereas the
reaction mechanism with small ligands is well understood
in aqueous solution. The complexation proceeds accord-
ing to Eigen’s mechanism for metal ion complexation
[2-5]. In the first, diffusion-controlled step an outer-
sphere complex is formed, where the ligand and the metal
ion are separated by the inner hydration shell of AI**. The
second, rate determining step is then the exchange of H,O
from this inner hydration shell. Its rate is determined by
the water exchange rate at the metal ion which for AI** is
key = 1.295™ 1 [6]; correspondingly for the complexation
with low molecular weight carboxylic acids the rate con-
stants are small, but in contrast to transition metal ions
like Ni** they depend on the ligands affinity to H", and
a linear free energy relation could be proved [5]. A parallel
reaction path exists via the hydrolized outer- and inner-
sphere complexes which is faster than the direct exchange
and becomes dominant at pH > 3 [4].

Most of the published investigations on the complexa-
tion behavior of polyelectrolytes are concerned with the
state of equilibrium of metal ion association and describe it
in terms of association constants. Some newer examples
comprise the determination of the association of mono-,
di-, and trivalent ions with polyelectrolytes, studied by
voltammetric techniques [7-9], and the binding of lan-
thanide ions, investigated by luminiscence spectroscopy
[10]. Kinetic studies of metal ion binding at polyelec-
trolytes are rare. For example Diebler et al. [11,12] have
investigated the complexation of the Ni**-ion to DNA by
means of the T-jump method.

In a previous work we have determined the complexa-
tion mechanism of Ni?* to a polycarboxylate by combin-
ing relaxation measurements with potentiometric titra-
tions [13]. The reaction takes place according to Eigen’s
two-step mechanism for metal ion complexation [2]. The
first step is the formation of the outer-sphere complex
analogous to the reaction of metal ions with small ligands.
But the value of the outer sphere association constant Q,,
(calculated from the kinetic measurements) is much higher
than that for small carboxylates. It was shown that
this effect is caused by the high electrical potential of
the polyelectrolyte [13]. After the formation of the
outer sphere complex the reaction proceeds with the
formation of the inner-sphere complex, comprising the
release of a water molecule from the inner hydration shell
of Ni*" and the formation of the bond to the carboxy-
late moiety. Its rate constant is of the same order of

13+
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Fig. 1 Structures of the ligands: (a) polycarboxylic acid (PCA), (b)
glutaric acid (GA), and (c) tricarballylic acid (TCA)

magnitude as found for reactions with small carboxylates
like acetate.

The aim of this study is to investigate the complexation
of AI** with a commercial polycarboxylic acid (see Mate-
rial and Methods), to elucidate the influence of poly-
electrolyte properties like high electric potentials on the
binding mechanism. Analogous experiments are per-
formed with glutaric-, and tricarballylic acid, in the follow-
ing abbreviated as GA and TCA, respectively, which
represent the smallest subunits of the polycarboxylic acid
(PCA). With those small carboxylic acids no polyelec-
trolyte effects are expected, i.e. the outer sphere association
constant should be a discrete value independent of pH.
Thus, it is possible to check the accuracy of the measure-
ments and the correctness of the data evaluation for the
polyelectrolyte. Figure 1 shows the structures of the inves-
tigated ligands.

The kinetics are investigated using the stopped flow
technique with conductivity detection, which in compari-
son with relaxation techniques has the great advantage
that, in addition to the evaluation of the relaxation times,
association constants are also obtainable directly from the
reaction amplitudes [5]. The complete reaction scheme
describing all steps of the complex formation is rather
complicated since it contains three unknown equilibrium
constants and four unknown rate constants (see Reaction
model). Therefore, the evaluation of observable reaction
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rates and reaction amplitudes must be combined for two
independent series of measurements, with varying concen-
trations of PCA and A1** and with varying pH, in order to
yield the required self-consistent set of coefficients. A com-
parison of the overall association constant obtained from
the kinetic measurements with that obtained from poten-
tiometric titration will prove the validity of reaction
scheme and data treatment.

Material and methods

Al(NO3);-9H,0, glutaric acid, and tricarballic acid of
grade p.A. were obtained from Fluka AG, Switzerland and
used without further purification. The polyelectrolyte was
provided by BASF AG, Germany (Sokalan®, CP5). It is
arandom copolymer of acrylic and maleic acid in a ratio of
0.7:0.3 with a mean molecular weight of 92kDa and
a polydispersity factor (M,/M,) of 17.7. The original
sample, an undefined Na-salt, was brought into its fully
protonated form by treating it with an acidic Amberlite
cation exchanger in a column, until no further change in
pH and conductivity was detectable.

The potentiometric titrations were performed using
a Metrohm 605 pH-meter with an accuracy of opH =
+0.03. The pH-meter was calibrated with standard buffers
and a reference titration of a defined sodium acetate solu-
tion. Conductivity measurements were performed with the
automatic precision brigde B 905 of Wayne Kerr with
a relative error in conductivity of + 0.1%. For the kinetic
measurements a self-constructed stopped flow apparatus
was used, where the progress of the reaction is monitored
by the change in conductivity. The dead time of equipment
is 5ms and a relative change of conductivity of less than
0.01% can be monitored. The reactions were started by
mixing the Al(NOj3); solution with a solution containing
the carboxylic acid. Both solutions were adjusted to the
same pH (£0.05) and the same conductivity (+1.0%)
using NaOH, HNO; and NaNO;. To prevent artefacts
caused by a temperature drift the whole assembly is
plunged into a thermostated bath with an accuracy of
0T = +0.05°C. All kinetic measurements and the titra-
tions in presence of AI** were performed in the range
2.0 < pH < 4.0 to ensure that only the monohydroxo
complex of AI*" is taken into consideration during the
base-catalyzed path. Furthermore, it was observed that
Al-PCA complex precipitates at pH values above 4.0.

In all stopped flow experiments a great excess of the
concentration of carboxylic groups was used to realize the
pseudo-first-order conditions. Figure 2 shows a typical
experiment. A single-exponential function is fitted to the
experimental data. In the following the relative difference
in conductivity Ak/k, = (k. — Ko)/K. 1s termed amplitude
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v
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Fig. 2 Change in conductivity at a stopped flow experiment under
pseudo-first-order conditions observed for the reaction of 0.1 mM
Al(NO3); with 48mM PCA (as concentration of R-COOH) at
pH = 3.52and T = 25°C. ks is the observed pseudo-first-order rate
constant, and Ax/x. is the relative change of the conductivity termed
also as amplitude, K. is the conductivity at equilibrium

and the rate constant k., characteristic for this single-
exponential decay, is termed pseudo-first-order rate con-
stant. For the evaluation of the amplitudes and relaxation
times at least five single runs were accumulated. To obtain
the thermodynamic constants the temperature was varied
from 15°C to 35°C in steps of 5°C.

Reaction model

This work deals with the first observable reaction step of
the binding of AI** at PCA (and for comparison at
glutaric- and tricarballylic acid), i.e. the formation of the
inner sphere complexes. Any possible subsequent reactions
like conformational changes or aggregation processes in-
duced by the formation of the inner sphere complexes are
slower (see Results and discussion) and are not relevant to
this study.

Reaction scheme

This section describes the reaction of AI* ™ with the investi-
gated anionic ligands, glutarate (GA), tricarballate (TCA),
and polycarboxylate (PCA). Figure 3 shows the complete
reaction scheme used for all calculations in this work, all
equilibrium constants are defined in the lower part of the
figure.

() First of all the acidity of the ligands must be con-
sidered. The deprotonation of the polyelectrolyte PCA can



630

Colloid & Polymer Science, Vol. 276, No. 7 (1998)

© Steinkopff Verlag 1998

Fig. 3 (Upper part) reaction 2 1
scheme for the complexation of 3
A" with GA (n = 2), TCA, LH, +Al
and PCA (n = 3). (Lower part) 1K31

definitions of equilibrium
constants used this work 3 1 4

LH  +AP*+H

Q,
-~ [Al(ag)LH,,]** + H' =

7 K, 8 K, 9 4

[ALLH, J* + H* _A (ALLIL J* + 28

| Ka
3 5
LH,, + AIOH* + 2H*

| Ka

6
LH”_, + AIOH? + 3H

be described by various models. One way is an intrinsic
deprotonation constant ™K,, combined with a term de-
scribing the electrostatic interaction between protons and
polyelectrolyte chain [ 1], a second possibility is a continu-
ous distribution function of K,[13,14]. In this work,
a third way is chosen, which is convenient for investiga-
tions in a limited pH-range: The deprotonation is approx-
imated by a set of three discrete deprotonation constants,
K, ,withn = 1,2, and 3, a model similar to that of Tipping
for humic acids [ 15] and its validity range will be shown in
the “Results”.

(ii) The second crucial point in the reaction scheme is
the description of the outer sphere association, defined in
Fig. 3 by Qq. Qo depends only on electrostatic interactions
and can be calculated by Eq. (1) [16]

3e
0. = Vabyoxp (0 ). )
where V. is the collision volume defined by Eq. (2)
Vcoll = 47'[7'3/3 5 (2)

with the distance of closest approach r. In Eq. (1) Y. is the
electrical potential of reacting species of the ligand, e.g.
“LH,_.”, ey, kg, and T are elementary charge, Bol-
tzmann’s constant, and absolute temperature, respectively.
For small ligands like glutarate and tricarballylate, yy; does
not vary continuously with pH, i.c. it has discrete values

1Khl 1Kh2
7 X 8
[AIOH-LH, 1> + 2H"

—
ot

[AIOH(ag)LH, ,* +2H" -

Definitions of Equilibrium Constants:
K, = csci/c, fify

K, = cecd/cs ffifs

K, = cecilc, fefi/fy

Q,= ci/cics

K =k/k, =K, k/Kpk", = cg/c,

K= coci/cy ffy/fy

corresponding to their state of ionization. In this case
0, becomes a real thermodynamic constant and y; may be
calculated by Eq. (3)

YL = zreo/re (3)

where zpe, is the charge of the ligand, r is the distance
of closest approach and ¢ is the dielectric constant of
the medium. For the mono- and divalent species of the
small ligands GA and TCA log(Q,dm *mol ') is cal-
culated as 1.3 +0.3 and 2.1 + 0.3, where the error is
caused by the uncertainty in the distance of closest ap-
proach. These data show, that in the pH range of this study
(for GA and TCA pH < 3.7) the concentration of outer
sphere complexes formed by divalent species of the ligand
may be neglected.

In contrast, for polyelectrolytes, ; depends on the
total charge of the ligand, the ionic strength, the diclectric
constant of the medium, the size of the polymer, its shape
and its concentration. It varies continuously with pH,
since the charge of a polyelectrolyte also varies. In this case
Q, will depend strongly on ionic strength and pH. It will be
shown in the next two sections how Q, and therefore
Y. may be determined by evaluation of reaction ampli-
tudes Ak/x. and observed pseudo-first-order rate con-
stants k,,, of the kinetic measurements (for definitions see
Fig. 2).

(iii) The rate-determining step is the formation of the
inner sphere complex 8 as shown in Fig. 3. According to
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the Eigen—Tamm mechanism the rate is determined by the
exchange of one H,O molecule of the inner hydration shell
of AI** by a bond with the ligand, which is described by
k, and k_4. These rate constants depend on the chemical
nature of the metal ion, not on the ligand. Consequently,
the rate is strongly dependent on the speciation of AI**. In
earlier studies [4, 5] we could prove that the exchange rate
in an outer sphere complex formed by AIOH?* is much
faster than at A" due to the smaller charge density.
Therefore, a base-catalyzed pathway via the species 7" and
8 must be taken into consideration although these species
exist only in negligible amounts compared to 7 and 8.
Finally, the deprotonation reaction of the inner sphere
complex is introduced by the constant K.

Reaction amplitudes

The reaction amplitudes of the stopped flow experiments
are defined as the overall difference in conductivity x
between the states immediately after mixing and at equilib-
rium (Fig. 2). They are determined by the total concentra-
tions of ligand and aluminium, the pH, the ionic strength
and the values of the equilibrium constants Q,, K; and K4,
defined in the reaction scheme in Fig. 3. The amplitudes
can be calculated theoretically according to the additivity
rule [4, 5]:

Ak = K, — K = Z Zici,e)Vi,Ofl - Z ZiCi,s)ﬁ,Ofk . (4)

i=1 i=1

In Eq. (4) ¢; are the concentrations of the participating
species, z; their charge, 4; o their limiting equivalent con-
ductivity and f, their mean conductivity coefficient. The
indices “e” and “s” indicate the equilibrium and the start
conditions. Equation (4) allows to calculate the amplitudes
by solving numerically the nonlinear system of equations
set up from all involved mole balances and equilibrium
constants (Table 1), where «, is obtained simply by setting
K; =0 [5,14]. Then Q,, K; and K4 are obtainable by
least-square fitting of Eq. (4) with variation of these para-
meters. Since it turned out that Q, and K; cannot be
determined independently by exclusive evaluation of the
amplitudes, the observed reaction rate constants are in-
cluded in the analysis as it will be described in the next
section.

Reaction kinetics

The kinetics of the formation of inner sphere complexes
are described by the reaction scheme in Fig. 3 and the rate

Table 1 Thermodynamic and kinetic data for the complexation of
AI¥* with carboxylates at 25°C

Glutaric Tricarballylic Polycarboxylic
acid [GA] acid [TCA] acid [PCA]
pKa; 4374005 372+005 40+0.1
pKa, 550+01 505+005 59+0.1
pKas — 6.6 +0.1 7.8 +£0.1
pKa 54410 3.5+ 1.0 30+ 1.0
log K; 1.154+40.04 115+0.04 054 +0.11
log (Qodm™3mol™1!) 13 +03* 1.3 +40.3* 3.3 to 4.6%
ki[s™1] 37+ 4 1942 3+1
k_q[s™*! 27+02 1.4 +0.1 1.0 +0.1
ky[moldm™3s™1] 7.0-1072 391072 8.0-107#
k—[moldm~3s~'] 501073 281073 261074
AH? [kJmol~1] 2045 28 +4 19+2
AS? [JK 'mol™ '] 90 +20 115420 72 4+ 10
AHY [kJmol~1] 0+5 0+5 0+5
489 [JK 'mol 1] —100+20 —67+20 —57+15
AH} [kImol 1] 70 + 15 92 +15 78 +8
ASI [TK 'mol™']  30+20 70 + 20 20+5
AHY [kImol 1] 120+15 70 +20 63+ 12
ASS [JK 'mol™ '] 90 +20 30 + 30 — 100 + 30
* Calculated by Fuoss equation.
#for 2.0 < pH < 4.0, fitted to experimental data.
equation is given in Eq. (5)
d(cg(t) + coft
AN EAD s e3(0)— ket
k, k_,
+ ) ¢4(t) ) cs(t) ®)

with the rate constants k, = k,’K;; and k_, = k' _,K,.
Equation (5) is linearized and integrated with the assump-
tion of pseudo-first-order conditions [5, 16]. Then the
observed pseudo-first-order rate constant kg, of a single
exponentially decaying function reads

_ ﬁ Ji ((xg/x9) — Ki(x7/X9))
kW‘GI+ > (1+ (xs/xs))

Cyq fl2
= ky(pH)F(x) , (6)

where x; are the deviations of the concentrations ¢(t) from
their equilibrium values c¢;(ci(t) = ¢; + x;(t)) and f; are ac-
tivity coefficients. The term F(x) depends only on the mole
balances and the equilibrium constants, not on time, and
may be calculated from the composition of each solution.
Equation (6) is used for analysis of the reaction time 1/7 in
two ways:

(i) at constant pH: ki(pH) stays constant and the term
F(x) now depends only on the total concentrations of AI**
and ligand and the values of Q, and K;. Thus these con-
stants can be fitted to measured relaxation rate constants
kqps for solutions with varying concentrations of AI** and
ligand.
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(ii) at constant concentrations of AP and ligand: by

plotting k,p,/F(x) versus the activity corrected reciprocal
concentration of H7'(aq) the rate constant k_, and
k_, can be determined from the intercept and the slope of
a regression line.

Results and discussion
Titration curves

Figure 4 shows the titration of PCA with NaOH and the
fit with the discrete 3-pK model (pK, ; = 3.95,pK, , = 5.9
and pK, ; = 7.8). This model is comparable to Tipping’s
“model V”, which describes the deprotonation of natural
polyelectrolytes by two sets of each of the four coefficients
[15]. The deviations at pH > 6.0 are caused most prob-
ably by the counterion condensation [17], but are not
relevant for this work, since all stopped flow experiments
are performed at pH < 4. From the three discrete de-
protonation coefficients (see also Table 1) a mean coeffi-
cient can be calculated, which is of the same order of
magnitude as the maximum of the continuous distribution
function assigned by Hermeier et al. [13], proving that this
treatment is also valid. Furthermore the polymer is
treated as a polymer containing a three protonic subunit
with no interaction between different subunits, since the
pH range of this study is restricted to pH < 4.0. The
corresponding results obtained for GA and TCA are also
summarized in Table 1. In contrast to PCA no deviations
of the calculated and the experimental titration curve
occur over the whole pH-range.

Fig. 4 Titration of 25¢cm?® 0.157M PCA (with respect to carboxy-
residues) with 1 N NaOH

pH

V(1M NaOH) / cm®

T T T

Ty
1E-6 1E-56 1E-4 1E-3

[AI(NO,),] / mmol dm”

Fig. 5 Titration of 0.016 M PCA (with respect to carboxy residues)
with AI(NOs); starting at pH = 3.6. The line represents the best fit
with K, = 10>'dm3®mol ! and K4 = 107 3°moldm 3

It should be noted here that this approach does not
intend to give a model which is valid for the whole pH-
range accessible for the study of metal complexation of
PCA in aqueous solution. The sample used in this study is
rather polydisperse, but the reported acidity coefficients
for PCA describe well the behavior of PCA in the pH- and
concentration range employed in this study. The values are
useful for the calculation of the degree of neutralization
and the fraction of unprotonated residues, necessary for
the calculation of the conductivity for the evaluation of
amplitudes, as described in Eq. (4).

To determine the association constant of the polymer
with AI**, a solution of 16mM PCA (with respect to
monomer units) is titrated with a solution of AI(NOs)s,
and the results are shown in Fig. 5. It should be noted here
that the evaluation of the titration curves does not differ-
entiate between outer- and inner-sphere complexes due to
their identical stoichiometry. Only an overall association
constant K, may be obtained as defined by Eq. (7).

C7 + Cg
Kass =

=0T Ky. )
The best fit of the titration curve is given with values of log
(Kusdm?*mol ') = 5.0 + 0.1 and log (Kgmol™ *dm™3) =
—3 4+ 1 and assuming monodentate binding of AI** at
pH < 3.6. The corresponding results for GA and TCA are
log (K,sdm®mol ') = 2.8 + 0.1 for both GA and TCA,
and log (Kgmoldm ™ 3) = —5.4 4+ 0.1 and —3.5, respec-
tively (see Table 1).

The values of the dissociation constant Ky have to be
compared with the second deprotonation constant K, .
In case of GA the acidity of the second carboxylic group
does not increase in a significant way, i.e. the formation of
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the inner sphere complex at one carboxy group does
not influence the release of H* from the second one. In
case of TCA the acidity of the second carboxylic group
increases by one order of magnitude, and at PCA this
effect is even more pronounced. In case of GA the car-
boxylate groups are separated by a distance of more than
four C—C bond- lengths which is too far to show a signifi-
cant effect. Closer distances as in TCA and PCA yield an
increase in acidity.

The main difference between the polyacid PCA and its
monomeric subunits (GA and TCA) is the large value of
K, This is caused by higher electrostatic interactions of
the polymer with the metal ions due to the polyelectrolyte
effect and will be discussed in detail later. A differentiation
between the contributions of Q, and K; to K, is not
possible by only evaluation of titration curves, for this
purpose the kinetic experiments must be evaluated as
shown below.

Kinetics

All stopped flow experiments of the complexation of AI**
with PCA, GA, and TCA show a single-exponentially
decaying reaction in the time range between 10ms and 1s
at temperatures between 15 °C and 35 °C characterized by
amplitude (4k/x.) and pseudo-first-order rate constant
ks, as defined in Fig. 2. These effects show an apparent
activation energy of approximately 100 kJ mol ™!, which is
typical for the formation of monodentate complexes of
A’ in solution.

For GA and TCA no subsequent slower reaction is
observed indicating that bidentate complexes of Al** with
GA and TCA are not formed. This is the expected behav-
ior since chelation would lead to an eight-membered ring,
which is not stable [ 5]. In contrast to this, for the reaction
of AI** with PCA at higher pH values, a longer, nonex-
ponentially decaying effect with relatively small (compared
to the first relaxation effect) amplitude is observable. It is
well known that conformational changes may influence
the conductivity (Ref. [ 18], and references quoted therein).
However, in the stopped flow experiments presented here,
solutions of A[(NO3); and PCA are mixed at equal pH and
conductivity, and the mixing will not induce conforma-
tional changes. These may occur as a consequence of
A’ *-complexation, and the first observable effect is
unambigously the formation of the AI®*-inner sphere
complex. Thus, this study intends to focus on the basic
steps occurring when AI** comes into contact with the
polyelectrolyte in solution, i.e. the outer sphere association
and the formation of the inner sphere complex as shown in
Fig. 3. Those steps must be understood and described by
rate- and equilibrium parameters, before subsequent

reaction steps like conformational changes induced by the
complexation of AI*" are investigated.

Evaluation of k., at constant pH

In order to validate the reaction scheme in Fig. 3, at first,
stopped flow experiments were performed with different
concentrations of metal and ligand at constant pH of
3.55 £ 0.05. At this pH the PCA is locally (within the
3-carboxylate subunit) singly deprotonated and the reac-
tion proceeds via the outer sphere complex 7. The same is
valid for GA and TCA. As derived in the chapter Reaction
Model, Eq. (6) is fitted to the experimental data for kg, by
variation of Q,, K; and k,, (for details see [ 14]) implying the
calculation of all ¢; and x;/x4 by solving the corresponding
system of equations. The resulting parameters as well as
the corresponding enthalpies and entropies are listed in
Table 1. Values for k, are not included in Table 1.
ky, depends on pH and has no further meaning in contrast
to the rate constant k; and k,, which can only be obtained
from pH-dependent measurements as will be shown below.
The results for PCA are illustrated in Fig. 6, where k,, at
pH = 3.55 is plotted versus (c; + c3). Since the data of
kobs Show a curved course in the given range (¢; + ¢3) it is
possible to fit independently the three parameters, if the
plot is linear, only two parameters (K; and k) are indepen-
dently fittable [14]. This is the case for the complexation
of AI’* with GA and TCA, where the value of Q, is
calculated by Fuoss’s equation [16] (Eq. (1) including

Fig. 6 Results of stopped flow experiments at constant pH: depend-
ence of ko, for the complexation of A1** with PCA on the concentra-
tion of (A1** + LH,_,) at pH = 3.55 at different temperatures. The
lines represent the fit of Eq. (6) (for T =25°C, ky = 1.6s"1,
Qo = 10**dm3mol ! and K; = 3)

30
25
204

‘v 154
-~ -

0.01 0.1 1
-3
Cppr +CLH,‘ / mmol dm

n-
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Egs. (2) and (3) as log (Q, dm® mol ') = 1.3. The results are
given in Table 1.

The results show clearly that for PCA it is possible by
means of kinetic experiments to distinguish between the
contributions of K; (the chemical part, AG; pca =
—4kJmol ™) and Q, (the electrostatic part AG;, pcs =
—26kJmol™") to the overall association free enthalpy.
K; is of the same order of magnitude as observed for many
other small organic ligands [4, 5] and also for GA and
TCA. It is determined by the free enthalpy of interaction of
A" with a carboxy-group. The association constant
K, according to Eq. (7) is calculated from these kinetic
results as log (K, dm®mol ') = 5.1. The agreement with
that obtained from the titration proves unambigously the
validity of the data evaluation.

The most striking difference is the contribution of Q,:
for GA and TCA all results are described with
logQ, = 1.3dm*>mol~!. For PCA, Q, increases strongly
although the degree of deprotonation is not very different
at pH = 3.55. This proves that the polyelectrolytic nature
of the PCA influences considerably the association of Al**
by the strong electrostatic interaction between the
trivalent cation and the PCA. Assuming a radius of the
polyacid of 0.4 + 0.1 nm and a radius of the hydrated AI**
ion of 0.3 nm, the collision volume is calculated from Eq.
(2) as 1.4nm? and from Eq. (1) the electrical potential of the
polyelectrolyte is obtained as y; = —91 + 8 mV. The er-
ror is mainly caused by the uncertainty in the distance of
closest approach and the error in Q, (see Fig. 8). The value
of Y fits well to that obtained for the association of the
bivalent cation Ni** [13], and to values determined by the
incorporation of potential-sensitive dyes into polyelec-
trolyte chains [19].

Amplitude evaluation at variable pH

Amplitudes are defined as the relative change of conduct-
ivity during the formation of the inner sphere complexes.
They are determined by two opposite effects. Firstly the
conductivity decreases due to charge neutralization, and
secondly it increases as a result of reestablishing of the
deprotonation reactions described by K,;, K,, and K3,
and the release of H™ due to the reaction from species 8 to
9 (see Fig. 3). These effects will dominate the amplitude
since the equivalent conductivity of H* is much larger
than that of AI**, so the amplitudes as defined by Eq. (4)
will be positive. To determine Q,(pH) a second series of
stopped flow experiments is performed at variable pH. The
outer sphere complexation coefficient Q, is fitted to the
experimental amplitude data by a least squares procedure
with variation of Q, (pH) and using Eq. (4) for the theoret-
ical calculation of the change of conductivity.

e

100 * Ak/Kk

T T T T T T T T
2.0 2.5 3.0 3.5 4.0

pH
Fig. 7 Results of stopped flow experiments at variable pH: relative
amplitudes Ax/k. as a function of pH at T' = 25 °C and total concen-
trations of AI(NO3); of 0.0001moldm~3 and of PCA of
0.008 moldm ~3 (with respect to carboxy residues). The line repre-

sents the best fit of Eq. (4) to the data with the assumption that
Qo depends on pH (see Fig. 8)

The conductivity of a polyelectrolyte solution is gener-
ally a very complex quantity [18]. But for this purpose,
only the changes of conductivity are of interest, so the
apparent limiting value of conductivity of free carboxy-
residues may be estimated as 35 and 70cm? Q™ ! mol ! for
PCA~ and PCA?", respectively. Numerical calculations
have shown that the variation of Jpca in the range of
+20% has a negligible influence on the amplitudes
as calculated by Eq. (4). The amplitudes are dominated
by the disappearance of A" due to complexation and
the release of H*. The data of /° for the other participat-
ing species are taken from the literature [4,5,20] and
are estimated from the ion sizes for the GA and TCA
species.

Figure 7 shows measured amplitudes and the best fits
with 2.9 <logQ, <45 at 1.9 <pH <3.75, and Fig. §
demonstrates the increase of Q, with pH for T =25°C;
these best fit data are used for the calculation of ampli-
tudes in Fig. 7. This procedure fits well the data from
pH = 2-3.6. The amplitudes are positive, i.e. the conduct-
ivity increases during the formation of the inner sphere
complexes 8 and 9. This means that the charge neutraliza-
tion during the reaction of the anionic ligand with the
Al**-cation is overcompensated by the release of H™,
induced by the binding of AI** and is described by the
deprotonation constant K4. Beyond pH = 3.6 the experi-
mental amplitudes are more positive than the calculated
ones. The reason is the insufficient description of the poly-
mer by a set of three discrete deprotonation constants plus
a discrete deprotonation constant Ky of the inner sphere
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Fig. 8 Dependence of log Qo(0) and of the potential (acc. Eq. (1)) at
the polyelectrolyte (A) on pH. The bold errorbar is the random error
of Y due to the uncertainty of Q¢ and the thin errorbar represents the
systematic uncertainty due to the distance of closest approach r in

Eq. (2)

complex. The true degree of deprotonation of the PCA is
higher than calculated by the set of discrete constants, even
if this set describes well the titration curve within this
pH-range. This shows one great advantage of kinetic ex-
periments: The analysis of the change of a physical quanti-
ty yields much more exact data than the calculation of its
absolute value, due to unknown systematic errors. So
kinetic experiments are much more sensitive with respect
to the reaction mechanism than the analysis of titration
curves.

Under the presumption of a local cylindric form of the
polymer, a linear charge density on the surface of the
polymer and a collision volume of V;; = 1.4nm?, Egs. (1)
and (2) allow to compute the electrical potential y of
the polyelectrolyte as a function of pH. The right-hand
ordinate of Fig. 8 shows the decrease of y from —67mV at
pH =2 to —92mV at pH = 4. The bold errorbar repre-
sents the random uncertainty caused by the error in Q, and
the thin errorbar the additional systematic uncertainty due
to the collision volume. This course of the potential is
expected: with increasing degree of ionization it will in-
crease, but at larger values of s the association of
counterions (Na™, AI**) will shield the charges more effec-
tively and prevent the polyelectrolyte from too high poten-
tials.

The results for the complexation of AI** with the
subunits of polyacid: GA and TCA are given in Table 1.
The experimental amplitudes can be described with con-
stant values of Q, = 20 dm®mol~’, as calculated by Egs.
(1) to (3) and K; =14 + 1 for 25°C, showing that no
polyelectrolyte effect occurs. The data compiled in Table 1

correspond well to those obtained for many other small
carboxylic- and aminoacids [4,5], and need not be dis-
cussed further.

The values of K4, representing the deprotonation of the
inner sphere complex 8, do not vary with temperature
within experimental error for PCA, GA and TCA. So
AH4 = 0 + 20kJ mol %, and the free enthalpy is dominated
by the decrease of entropy: —60Jmol 'K ™! > AS; >
— 100 mol 'K ™! (Table 1), reflecting a strong increase
of order with the deprotonation. Most probably an associ-
ation of the second carboxylic group with the metal ion via
bridging H,O-molecules is responsible for this effect. A di-
rect bonding is very unlikely since no slow reaction effect is
measured that could be contributed to the chelation, as it
is observed for other small organic ligands like NTA [5].

Evaluation of k., at variable pH

A plot of kg,./F(x) (Eq. (6)) versus the corrected reciprocal
proton concentration 1/c,fy/f? yields the rate constants
k_y and k_,. The term F(x) is calculated from mass
balances and fast preequilibria (for definitions see Fig. 3).
Assuming a pH-independent outer sphere quotient
Q, does not lead to a linear relation (Fig. 9, ((J)). Only with
the data obtained for Q, as a function of pH as shown in
Fig. 8, the relation between k.,/F(x) and 1/c,fyf7 be-
comes linear (Fig. 9 (), and so it proves the validity of the
reaction scheme depicted in Fig. 3 for the complexation of
AI’" at PCA. The intercept and the slope yield the rate
constants k_; and k_, and their dependence on temper-
ature yield the activation parameters as summarized in
Table 2. The product K;k _, yields the value k; = 3.1s7 ",
which is of the same order of magnitude as the rate
constant for the water exchange at AI** (aq), which is
1.29s~ ! [6]. This proves the validity of the theory of Eigen
and Tamm for the complexing of AI** at PCA, see section
“reaction scheme”.

For the small ligands GA and TCA the plots of ky,,/F (x)
versus 1/c, fy/f# are linear with a constant value of Q, like
for the evaluation of the amplitudes. The obtained rate
constants and activation parameters are summarized in
Table 2, they fit well in the range as observed for other
small organic ligands. The forward rate constants
k; =37s" ! for GA and 19s~! for TCA are higher than
expected from the Eigen—Tamm theory. The reason is, as
proved for many other small ligands, the distortion of the
inner hydration shell of AI** by the ligand [5]. This leads
to an increase of the water exchange rate proportional to
the affinity of the ligand to H*, and as a consequence to
a linear free energy relation between log K,; and logk;.
The value of k, for the PCA does not fit in this linear free
energy relation, for an acid with pK,; = 4 k; should be
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Fig. 9 Results of stopped flow experiments at variable pH: plots of
kovs/F(x) versus fu/cqfi according to Eq. (6) for the pH-dependent
stopped flow measurements at T = 25°C for the formation of the
inner-sphere complex of Al** with glutaric acid (Ga, ---0---), tricar-
ballyic acid (TCA, - - -A- - -) and polycarboxylic acid (PCA, —m—).
The lines are the best linear fits, the intercepts yield k_ ;, the slopes
k—,. Also shown is a plot of kous/F(x) versus fu/cqfi for PCA with
constant Qo: curved line (-—-—0—-—), indicating that this assumption is
not valid

greater. Or vice versa: for k; = 3.1s~ " a value of pK,; ~ 3
would be expected. This is probably a consequence of the
insufficient modeling of the polyacid by a set of three
discrete deprotonation coefficients. All obtained activation
enthalpies AH; are typical for the small and highly charged
A’ ion, and the positive activation entropies indicate the
dissociative nature of the reaction mechanism which is of
the Ip type [2].

Differences are observed for the base-catalyzed step.
Both the reaction rates of the subunits (GA and TCA) and
the rates for the PCA differ in one order of magnitude.
This shows that the base-catalyzed step does not contri-
bute significantly at PCA. The reason is clear: The large
negative potential of the polyelectrolyte prevents the hy-
drolysis of AI’* in the vicinity of the polymer strands by
repelling of OH ™ or enriching of H™, respectively.

Conclusions

The complexation of AI** with the ligands glutaric acid
(GA), tricarballylic acid (TCA) and a random copolymer of
maleic- and acrylic acid (PCA) has been investigated by
titration and by applying the stopped-flow technique. For

all ligands a single exponentially decaying relaxation effect
in the 10ms—1 s range is observed that can be attributed
unambigously to the formation of monodentate inner
sphere complexes. For PCA a slower, nonexponential re-
action mode is observed caused by subsequent processes:
the charges of the polyelectrolyte become partially neu-
tralized by the formation of the inner sphere complexes,
and therefore conformational changes are probable, which
are accompanied by changes in electrical conductance. But
these effects are not relevant to this study, since for the
understanding of these processes it is necessary to under-
stand the basic process taking place when Al*" comes in
contact with the polycarboxylic acid. All observed reaction
rates and amplitudes in the 10 ms—1s range are fully ex-
plained by a reaction model based on the Eigen—-Tamm
mechanism for metal ion complexation. The central fea-
ture of the model is the variation of the outer sphere
association coefficients Q, with the charge of the polyelec-
trolyte. Thus, Q, is fitted to the experimental data for
observed rate constants and amplitudes in the pH-range
from 2 to 4. Summarizing this study, the following points
should be stated:

(i) AI** forms a stable inner sphere complex with the
polyelectrolyte (PCA), with a mean association constant
log (K, dm®mol~ ') = 5. The major part of the associ-
ation free energy is caused by the electrostatic interaction
between the polyelectrolyte and the trivalent metal ion.
The inner sphere complex is monodentate, however
a weak association of the second carboxy group by a H,O
bridge is probable. The inner sphere complex induces the
deprotonation of neighboring COOH groups, the de-
protonation constant for Al-PCA is pK4q = 3.0, for
Al-TCA and AI-GA itis pK4 = 3.5 and pK4 = 5.4, respec-
tively.

(i) For all investigated ligands the reaction proceeds
via the Eigen—-Tamm two-step mechanism for metal ions.
The first step consists of the association of the hydrated
AI**-ion to the ligand. The association coefficient Q, for
this outer sphere complex is controlled by the electrostatic
interaction and may be calculated for GA and TCA from
the Fuoss theory as 20dm?®mol~*. For PCA this coeffi-
cient increases with pH and the degree of ionization. It
increases strongly up to 10**>dm?*mol ™! due to the large
negative electrical potential of the polyelectrolyte.

(iii) The potential of the polyelectrolyte is calculated to
range from —67mV at pH =2 to —93mV at pH = 4.

(iv) The rate-determing step for the inner sphere com-
plexation consists of the release of a H,O molecule from
the inner hydration shell of AI** and its replacement by
a carboxy-group of the ligands. The rate constants found
are k; = 3.1, 19, and 37s™ %, for PCA, TCA, and GA,
respectively. This release is influenced by the affinity of
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the reacting carboxy-groups for H*, which distorts the
symmetry of the inner hydration shell of AI** and there-
fore accelerates the exchange of the hydration water. The
positive activation entropy indicates the lowered degree of
hydration of the intermediate complex.

(v) The reactions accompanying the formation of inner
sphere Al®*-complexes (deprotonation of the polymer)
may be modeled approximately by treating PCA as a three
protic acid in the pH range of investigation. However, at
higher degrees of deprotonation, occurring at pH > 3.6,
this model reaches its limits. A polyelectrolyte model cal-

culating explicitly the electrostatic potential as a function
of size and shape of the polyelectrolyte, its charge and
its conductivity as a function of pH, and ionic strength
would be preferable. But the application of such a model
would exceed considerably the scope of this work, since
the task here is to elucidate the binding mechanism of AI* *
at a polyelectrolyte by the evaluation of kinetic experi-
ments.
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