
Introduction

Interactions between polyelectrolytes and counterions
are relevant phenomena in a number of applications.
For example polyelectrolytes are used as additives in
cement pastes to control the rheological properties and
the setting behaviour [1], in concentrated suspensions
of particles to ensure the dispersion stability and the
¯uidity of the system [2], in many industrial processes
such as selective ¯occulation, mineral ¯otation and
sewage puri®cation, etc. In all cases the polyelectrolyte
performance may be profoundly altered by interacting
ionic species. This is particularly true in solutions
containing high salt concentrations and when counter-
ions (e.g. Ca2+, Al3+, La3+, SO2ÿ

4 , PO3ÿ
4 , etc.) induce

precipitation of the polymer, geli®cation of the system or
increase the adhesion between mineral surfaces [3]. In
addition, ion binding plays an important role in the
physicochemical properties of biomolecules [4].

Due to the wide theoretical and practical interest,
extensive investigations have been made of the interac-
tion between small ions and polyelectrolytes. Consider-
ing only weakly acidic polymers such as poly(acrylic
acid) (PAA) and poly(methacrylic acid), the e�ect of
salts on the ionisation properties has been extensively
analysed, resulting in a�nity series for cations on the
basis of their in¯uence on the ionisation constant [5].
The binding of multivalent cations with polyelectrolytes
has also been measured directly, but results are not
always consistent. The formation of both bidentate [6, 7]
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Abstract The speci®city of the
exchange between divalent
(Di2+ = Ca2+ or Ba2+) and mo-
novalent (M+ = Li+, Na+ or K+)
ions onto a polyacrylic chain is
examined using conductometric and
microcalorimetric techniques. As-
suming the formation of a bidentate
complex between the Di2+ and the
carboxylate groups, the conduct-
ometric data give the exchange
ratio (Di2+/M+) and the speciation
of the acrylic groups. No signi®cant
di�erence is observed between the
three alkali-metal ions for a given
Di2+ ion. Comparisons between
Ca2+ and Ba2+ show a stronger
hydrophobicity of the former as it
precipitates at a complexation ratio
r = 0.33 versus r = 0.45 for the
Ba2+ salt. Microcalorimetric data
show that all Di2+/M+ exchange

energies are positive and depend
signi®cantly on the type of cations.
The largest displacement energy
(the more positive) is found for the
binding of Ca2+ with sodium
polyacrylate (8.13 kJ á mol)1) and
the smallest for Ba2+ with lithium
polyacrylate (1.88 kJ á mol)1). The
interpretation of the data leads to
the conclusion that speci®city of the
Di2+ binding originates in the de-
hydration phenomenon and speci®-
city between the three alkali-metal
ions is due to the decrease in the
electrostatic bond strength with an
increase in the ionic radii. The
Di2+/M+ exchange is entropically
driven.
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and monodentate [8] Ca2+/acrylate ligand complexes has
been proposed. According to the latter study, Cu2+ and
Pb2+ ions form bidentate or monodentate species with
the carboxylate functional groups, depending on the
binding ratio. Ba2+counterions have not been examined
as much as Ca2+, Mg2+ and transition-metal cations in
the presence of carboxylic polymers. For Ba2+, Koda
et al. [9] report a simple electrostatic interaction with
PAA, whereas Cu2+, Zn2+ and Mn2+ bind chemically
with the acrylate groups.

Divalent (Di2+) counterion binding is also a�ected
by the concentration and the type of coexisting mono-
valent (M+) counterions. As an example, Ca2+ binds
with dextran sulphate 10±30% more in the presence of
Na+ than in the presence of K+ [10]. In the case of PAA
and partly hydrolysed poly(acryl amide), polymers
precipitate above a critical Ca2+ concentration that
depends on the polymer concentration, size and ionisa-
tion ratio; but the precipitate may redissolve by addition
of an excess of Na+ with respect to Ca2+ [7]. The
speci®city in Di2+ counterion binding may derive from
di�erences in the intrinsic binding strength, but also
from di�erences in hydration changes accompanying the
binding of competing M+ because the latter phenom-
enon causes signi®cant entropic variations [11, 12].
Indeed, dilatometric studies show a large di�erence
between the volume changes of the trimethyl ammonium
salt of PAA due to the binding of protons (12±25 ml/
mol), Mg2+, Ba2+ (26 ml/mol) and Li+ (4.35 ml/mol)
and K+ (2.75 ml/mol) [13]. Similarly volume changes
have been used to di�erentiate the so-called site-binding
of Mg2+ and Ca2+ with PAA and the atmospheric
binding with poly(styrene sulphonate), since in the ®rst
case the Di2+ are more dehydrated than in the second
case [14±16]. At the present time, in view of the
literature, neither the physical state of the Mn+/poly-
electrolyte bonds, nor the binding mechanism are clearly
established.

The present paper is the second of a series reporting
experiments aimed at understanding the speci®c e�ects
of small ions in the adsorption of polyelectrolytes. When
a weak polyelectrolyte such as PAA adsorbs on a
charged surface, both the ionisation of the polymer and
the surface charge increase or decrease, depending on
the respective charge signs and on the adsorption level.
Another important phenomenon in the adsorption
process is the competitive (or induced) binding of
electrolyte ions. In some cases, depending on the relative
strength of the bonds, the polymer displaces ions from
the surface or it drags the counterions into the
adsorption layer [2, 17±19]. As a result, quantitatively
and qualitatively, the addition of small ions may
profoundly alter the adsorption isotherms as much as
it in¯uences the phase separation and the solution
viscosity. In order to understand the dependence of
adsorption on the presence of electrolytes one should

therefore examine more precisely the ionic interactions
with both the substrate and the polymer. Previously we
addressed the binding of Ba2+ in solutions of PAA salts
of M+ (Li+, Na+, K+) using conductivity and poten-
tiometric measurements [20]. Results were consistent
with the formation of a bidentate complex. No signi®-
cant di�erence was found in the Ba2+/polymer binding
between the three solutions of the di�erent electrolytes.
The displacement ratio onto the chain between Ba2+

and electrostatically condensed Na+ was measured and
the Ba2+ binding constant was evaluated (log K = 6.5).
We now investigate more precisely the speci®city of the
M+/Di2+ binding strengths for the same PAA salts.
Comparison will be made between the complexations of
Ba2+ and Ca2+ and between the displacement energies
of the three di�erent M+ by Ba2+. In addition to the
conductometric determination of the binding and dis-
placement ratios, microcalorimetric measurements will
provide a sensitive and original insight into the binding
mechanism.

Experimental

Materials

Sodium polyacrylate (PANa), molecular weight 5100, was supplied
by Fluka as a sodium salt and was puri®ed by two successive
precipitations in pure methanol. Amberlite IRN-77 cationic resin
was used to obtain the acidic form of the polymer from the puri®ed
PANa. The M+ PA solutions (PAM where M+ = Li+, Na+ or
K+) were obtained by adding the corresponding alkali-metal
hydroxide to PAA solutions until complete neutralisation at pH 9.
The total monomer concentration cpol, was determined by acid/
base titrations of the polyacid solution and was equal to
9.5 ´ 10)3 mol á dm)3 for all the experiments in the present study.

All other chemicals were of analytical grade and were purchased
from Prolabo. Water was twice deionised with a Milli-Q Millipore
system.

Methods

Microcalorimetry

Calorimetric experiments were carried out in a Tian±Calvet-type
calorimeter described elsewhere [21]. The heat ¯ow, registered by
thermocouples, was processed by a Keithley 181 nanovoltmeter
and the signal was stored on a computer, where the numerical
integration of the peak was carried out. The computer was also
used to control the salt injections.

All experiments were carried out at 25 °C. The system
containing the samples was allowed to equilibrate for 4 days
before the experiment was started. The calorimetric cell was ®lled
with 30 ml of the PAM solution (pH = 9 and cpol = 9.5 ´ 10)3 -
mol á dm)3) and additions of 1-ml aliquots of the salt solutions
were made (BaCl2 or CaCl2 at a molarity of 2 ´ 10)2 mol á dm)3).
The salt solution was contained in a glass reservoir above the PAM
solution in the calorimetric cell and was injected into this cell using
a peristaltic pump; it was also adjusted to pH 9.

The ®rst injection did not give reproducible data, probably
due to a signi®cant change in the suspension viscosity. The
change in ionic strength in the system is too low (from
4.75 ´ 10)3 mol á dm)3 in the initial solution of PAM to
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5.40 ´ 10)3 mol á dm)3 after the ®rst injection) to explain this lack
of reproducibility. For this reason, we systematically ignored the
®rst measurement in the computation of the experimental data. In
each case the heat e�ects are the sums of the heat due to the M+/
Di2+ counterion exchange on the polyion and the heat of dilution
of the mother salt solution. The dilution of the polymer solution is
negligible in view of the volumes of salt solution added. In order to
determine the heat of dilution of the salt solution and the heat e�ect
due to the changes in the ionic strength, the same experiments were
carried out with deionised water at pH 9 instead of the polymer
solution. In the present case, heats of dilution were found to be
negligible in comparison with other calorimetric e�ects.

Di2+ complexation measurements

The complexation of Di2+ (Ba2+ or Ca2+) on fully neutralised
PAMs (pH 9) was monitored by the conductometric method
described elsewhere [20]. This technique allows the determination
of the complexation isotherm of the Di2+ and the speciation of the
acrylic groups [COOM, COO) and (COO)2Di] of the polyion as a
function of the complexation ratio. All conductometric analyses
were performed with a Knick 702 conductometer at 25 °C under
a nitrogen atmosphere. The experimental parameters were the
same as in the calorimetric experiments, which allowed the easy
comparison of the enthalpy change with the complexation ratio.

Turbidity measurements were made (Metrohm 662 photometer
at 600 nm) in order to detect the solubility limit of PABa.

Results

M+/Di2+ exchange on PA

Analysis of the M+/Di2+ exchange on the polyelectro-
lyte chain consists of the measurement of the conduc-
tivity, KT, of PAM solutions as a function of aliquots of
BaCl2 or CaCl2 solutions added [20]. Comparison is
made between the experimental values and the calculat-
ed ones using the two-state approximation, where ions
are considered as being either condensed with the
polymer or free in the bulk solution. In the ®rst case,
they do not contribute to the solution conductivity; in
the second case, they behave as free ions in a regular
electrolytic solution [22].

The word ``complexation'' is used for the binding of
PA with Di2+ and ``condensation'' is conventionally
used for the binding of PA with M+. In both cases, it
is an electrostatic interaction, but the binding of Di2+

leads to the formation of bidentate (COO)2Di complexes
until complete neutralisation of the polymer, whereas
there is no real binding of M+, but rather a distribution
of M+ near the polymer chain.

When the chloride salt of Di2+ is added to a PAM
solution, the conductivity per mole of monomer groups,
LT, is

KT � fMkM � rfDikDi � 2rkCl � fpkp : �1�
r is the concentration ratio between added Di2+ and
monomer units. fi is the unbound fraction of species i
(i = M+, Di2+ or p). Note that all chloride ions are free
in the solution. ki is the equivalent molar conductivity at

25 °C of species i respectively. Using the Eisenberg
procedure [23], LT is measured with di�erent M+ (Li+,
Na+ and K+) and plotted as a function of the
equivalent molar conductivity, kM, of M+ for di�erent
values of r. The plot of LT versus kM is linear under the
assumption that fM does not depend on the nature of
M+, i.e. there are no speci®c interactions between M+

and the polyion [9]. Practically, as shown in Figs. 1 and
2, Eq. (1) applies fairly well, producing a slope fM at
di�erent values of r and the corresponding intercept B(r)
which reads

B�r� � �rfDikDi � 2rkCl � fpkp� : �2�
Assuming the formation of a bidentate ligand complex
(COO)2Di [6, 24], the fraction of unbound acrylate
groups fp is

fp � fM ÿ 2r�1ÿ fDi� : �3�
Namely, the number of unbound carboxylate groups
equals the number of free M+ minus twice the number
of complexed Di2+. fDi can further be calculated from
the intercept B(r) by combining Eqs. (2) and (3)

fDi � B�r� � 2r�kp ÿ kCl� ÿ kpfM
r�kDi � 2kp� : �4�

The complete procedure, based on the formation of a
bidentate complex [25] and the Manning concept of
condensed M+ [26], gives the distribution of all species
on the polyelectrolyte [COOM, COO) and (COO)2Di]
and in the solution (M+ and Di2+). The results are
given in Figs. 3 and 4 with respect to the total
concentration of Ca2+ and Ba2+ salt added, respective-
ly. It is important to note that, using conductivity
measurements, the binding of Di2+ does not show any
dependence on the type of M+, con®rming the results
obtained by Manning [26] and Eisenberg [23]; therefore,

Fig. 1 Total molar conductivity of alkali-metal polyacrylate (PAM)
solutions against the equivalent molar conductivity of the corre-
sponding M+ (Li+, Na+, K+) for di�erent concentrations of BaCl2.
rBa represents the ratio [Ba2+]added over cpol
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our data do not distinguish the di�erent M+ species.
As we shall see later, the results are di�erent when
considering calorimetric measurements. In fully neutral-
ised, uncomplexed PAM solutions, M+ divide almost
equally between condensed and freelike species [20, 27,
28]. Complexation with Di2+ implies a monotonous
release of condensed M+, accompanied by a decrease in
the ionised carboxylate groups. At full complexation
with Ba2+ (rBa = 0.45), almost all M+ are free in the
solution, but a small percentage remain condensed. The
COO) concentration is almost zero. In the case of Ca2+,
the polymer precipitates sooner (at rCa = 0.33) which
implies a fraction of condensed M+ and of ionised
acrylate groups on the complexed polyion greater than
in the case of Ba2+ complexation. Up to half of the
maximum complexation ratio, all Ba2+ and Ca2+ bind
with the PA molecule (Fig. 5). This is consistent with the
strong complexation a�nity reported by Ikegami and
Imai [24] and by Shimizu and Minakata [29]. There is a
di�erence at higher complexation ratios where the Ca2+

salt precipitates at r = 0.33 and the Ba2+ salt at
r = 0.45. Ogawara et al. [30] also reported precipitation
of PAA (60000 g mol)1) salts with Di2+ at a complex-
ation ratio of about 0.40. In both cases, as mentioned
previously for Ca2+ [17, 20], precipitation and complete
complexation occur at r values below 0.50. Indeed, a
fraction of M+ counterions has been found in precip-
itated PACa salts [17]. This is attributed to the fact that
some acrylic groups are not available for bonding with
Di2+ because of the chain's lack of ¯exibility and also
for steric reasons [17, 28]. The precipitation of Di2+/PA
molecules, illustrated in Fig. 6, is a well-known phe-
nomenon, caused by the hydrophobic properties of the
fully neutralised polyelectrolyte [6]. Considering the
di�erence in the complexation ratio at the onset of

Fig. 2 Same as Fig. 1 but with CaCl2 instead of BaCl2. rCa is the ratio
[Ca2+]added/cpol

Fig. 3 Distribution of the COO), COOM, M+, Ba2+ and (COO)2Ba
species (expressed as the ratio of species concentration on cpol) during
the Ba2+/PAM complexation reaction against rBa

Fig. 4 Same as Fig. 3 but with CaCl2 instead of BaCl2
Fig. 5 Isotherm of the Ba2+ and Ca2+ complexation on PAM at
pH 9 and cpol = 9.5 ´ 10)3 mol dm)3
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precipitation, we conclude that the Ca2+ salt is more
hydrophobic than the Ba2+ salt.

Table 1 shows that the displacement ratio, i.e. the
ratio between released M+ counterions and complexed
Di2+, varies almost linearly between 1.36 and 1.12 for
Ba2+ and between 1.21 and 0.81 for Ca2+. Values less

than 2 show that the release of M+ does not result from
a stoichiometric exchange with Di2+ ions on the acrylic
groups. Di2+ ions react simultaneously with M+

condensed PA groups (COOM) and ionised acrylate
groups (COO)). Presumably, the release of M+ depends
on the decrease in the mean electrostatic potential of the
chain, due to the binding of Di2+ [25].

Microcalorimetric measurements
of the Di2+/PA complexation

The integral enthalpy change due to the successive
addition of BaCl2 and CaCl2 solutions to PANa
solutions is shown in Fig. 7, whilst Fig. 8 shows the
integral enthalpy change for the addition of BaCl2 to
three di�erent PAM solutions (M = Li+, Na+ or K+).
The x-axis gives the concentration of bound Di2+ as
obtained previously by conductivity measurements.
Straight lines are observed with a slope corresponding
to the molar enthalpy changes, DHtot (kilojoules per
mole of complexed Di2+). The DHtot values are sum-
marised in Table 2 for the four experiments presented
here.

In all cases the complexation reaction is an endo-
thermic phenomenon (DHtot > 0). A similar result was
obtained by BoÈ hmer et al. [19] for the PANa/CaCl2
system. The principal features in Table 2 are that the

Fig. 6 Transmittance of a PAM solution where BaCl2 is added. The
x-axis represents the concentration of BaCl2 added. The drop in
transmittance indicates the precipitation of the fully complexed
polyelectrolyte

Fig. 7 Integral enthalpy changes occuring while complexing PANa
with either Ba2+ or Ca2+. The x-axis represents the bound quantity
of Ba2+ or Ca2+

Table 1 Monovalent cation (M+) divalent cation (Di2+) displacement stoichiometry, A, versus complexation ratio, r, of alkali-metal
polyarrylates (PAM) by Ba2+ or Ca2+ at pH 9

r 0.07 0.14 0.21 0.28 0.35 0.42 0.50

ACa = [M+]rel/[Ca
2+]b 1.23 1.13 0.91 0.81 ± ± ±

ABa = [M+]rel/[Ba
2+]b 1.36 1.28 1.27 1.25 1.22 1.17 1.12

Fig. 8 Integral enthalpy changes occuring while complexing PAMs
with Ba2+. The x-axis represents the bound quantity of Ba2+
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molar complexation enthalpy for the Ca2+/PANa
system is twice that for Ba2+/PANa (4 kJ á mol)1 for
Ba2+ and 8 kJ á mol)1 for Ca2+) and that the complex-
ation enthalpy depends on the M+ species. The DHtot

values increase with the nonhydrated ionic radius of
the counterion (1.88 kJ á mol)1, 4.44 kJ á mol)1 and
5.93 kJ á mol)1 for exchange between Ba2+ and Li+,
Na+ and K+, respectively). Interestingly the latter result
is contrary to the conductivity data, where no di�erence
was observed between the three M+ ions. The binding
property trend in the M+ series has been examined
many times in the past. In the case of PAA, Ikegami and
Imai [24] found an increase in the critical salt concen-
tration as the ionic radius of M+ decreases, which
means that the hydrophobicity of the chain decreases
with the solvated radius of the counterion. In the same
way, it is generally accepted that the electrostatic
attraction between PAA and M+ is stronger when the
hydrated radius of the ion decreases [31]. Similar trends
were also observed in the case of DNA and RNA
nucleobases [4, 14, 32], which has led to the so-called
Hofmeister series [33]. Finally, it is relevant to indicate
that the sudden precipitation of the polymer at the end
of the complexation reaction does not lead to any heat
e�ects.

Discussion

In order to discuss the change of DHtot with the nature
of the ions involved in the complexation phenomenon,
we have attempted to subdivide the reaction into several
elementary contributions. Let us write the overall
reaction as follows:

A�COOM; aH2O� � �2-A��COOÿ; pH2O

�M�;mH2O� �Di2�; dH2O �5�
! �COO�2Di; qH2O

� 2 M�;mH2O� hH2O

Assuming that 2 mol acrylate groups bind with 1 mol
Di2+, we consider that before the bond is established,
A mol formed a condensed species with M+ (COOM)
and (2-A) mol is free polycarboxylate species (COO))
associated with the same amount of free M+ in the so-
called electrostatic atmosphere. Values of A against r
were calculated using the conductometric data and are
listed in Table 1 for both Ca2+ and Ba2+/COOM
exchange. In addition to the ionic species balance,

Eq. (5) accounts for the solvation stoichiometry. It is
readily seen that all species are allowed a di�erent
hydration number (a, p, m, d and q) and that h free
moles of water result from the solvation balance:

A a� �2-A��p � m� � d � q� 2m� h : �6�
We see that a is the sum of the hydration numbers of the
bound carboxylate groups (a1) and the bound M+ (a2).
Similarly, q is the sum of the hydration numbers of the
bound carboxylate groups (q1) and the bound Di2+ (q2).
Introducing these variables in Eq. (6), we get

A��a1 ÿ p� � �a2 ÿ m�� � 2�p ÿ q1� � �d ÿ q2� � h : �7�
Equation (7) shows that the gain in free water molecules
h, is equal to the number of water molecules released by
dehydration of Di2+ (d ) q2) and 2 COO) [2(p ) q1)]
minus the rehydration number of A mol of COOM
groups (A [(a1 ) p) + (a2 ) m)]).

In accordance with Eq. (5), we may now write the
following enthalpy balance:

DHtot � ÿADHcond

� A
�

p ÿ a1� �DHCOO
hyd � mÿ a2� �DHM

hyd

�
� 2 q1 ÿ p� �DHCOO

hyd � q2 ÿ d� �DHDi
hyd � DHcomp :

�8�
The di�erent enthalpy terms are de®ned as follows.
A mol PAM groups dissociate (enthalpy increase:
)ADHcond) and rehydrate as ionic species (enthalpy
release: �p ÿ a1�DHCOO

hyd and �mÿ a2�DHM
hyd�. Two moles

of acrylate groups and 1 mol Di2+ undergo a partial
dehydration (enthalpy increase: �q1 ÿ p�DHCOO

hyd and
�q2 ÿ d�DHDi

hyd� and form 1 mol of the complex (COO)2-
Di (enthalpy release: DHcomp). Note that the displace-
ment of noncondensed M+ counterions from the di�use
shell to the bulk solution is not taken into account. On
this basis, we may discuss further the in¯uence on DHtot

of the di�erent natures of the ionic species; namely, the
di�erent M+ and Di2+.

E�ect of the nature of Di2+

The endothermic feature of the Ba2+ (or Ca2+)/PAM
complexation implies an entropy gain in the system,
which is produced by the partial desolvation of the
complexing species i.e. the Di2+ as well as the carbox-
ylate groups [14, 19, 34]. The loss of water accompany-
ing the complexation of multivalent cations with

Table 2 Ba2+ and Ca2+ displacement enthalpies with PAM (PALi or PANa or PAK). The overall entholpy change, DHtot, is expressed
in kilojoules per mole of Di2+ complexed (data from Fig. 7)

Ba2+/PALi Ba2+/PANa Ba2+/PAK Ca2+/PANa

DHtot (kJ/mol) 1.88 4.44 5.93 8.13
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polyelectrolytes has been well established by Satoh et al.
[11]. Moreover, the precipitation of the polymer at the
end of the complexation reaction without any heat e�ect
proves that individual binding of Di2+ with the
carboxylate groups produces a progressively dehydrated
chain, until precipitation takes place with no subsequent
heat e�ect: in other words, q = q1 + q2 should be low.
It is interesting to see that the linearity of the calori-
metric data in Figs. 7 and 8, i.e. the constancy of the
molar displacement enthalpy for a given PAM/Di2+

system, corroborates the dilatometric measurements by
Satoh et al. [12]. In other words, both results show no
signi®cant dependence of the complexation mechanism
on the complexation ratio.

Concerning the di�erence in the displacement en-
thalpy between Ca2+ and Ba2+ with PANa, we may
consider the di�erent terms in Eqs. (7) and (8). Accord-
ing to Satoh et al. [11], the factor of A in Eq. (7)
amounts to about 2 mol in comparison with 12±13 mol
for the sum of the second and third terms. We may then
neglect the corresponding enthalpic contribution in
Eq. (8) which now reads

DHtot � ÿADHcond � 2 q1 ÿ p� �DHCOO
hyd

� q2 ÿ d� �DHDi
hyd � DHcomp : �9�

For a given PAM, DHcond is constant. In addition, the
apparent constancy of DHtot with regards to r (see values
of A versus r in Table 1) shows that the ®rst term on the
right-hand side of Eq. (9) does not vary signi®cantly.
Finally, since it is also reasonable to suppose that the
free carboxylate group's dehydration term is the same
for Ca2+ and Ba2+ complexations [35], the di�erence
between DHtot for the two Di2+ originates in the two last
contributions, i.e.

DHtot � q2 ÿ d� �DHDi
hyd � DHcomp : �10�

The relevant solvation data and the ionic radii for both
cations are summarised in Table 3. The hydration
numbers were measured by Satoh et al. [11] using
compressibility measurements and the thermodynamic
data (free energies, enthalpies and entropies) refer to the
transfer of ions from gas to water at 25 °C [36]. The
binding energy, DHcomp, is likely to increase (be more
exothermic) as the ionic radius decreases; therefore,
DHcomp should be more exothermic for Ca2+ than for
Ba2+ if they both form an inner-sphere complex.
Similarly, the desolvation energy q2 ÿ d� �DHDi

hyd, should

be higher (more endothermic) for Ca2+ than for Ba2+.
On this basis, the experimental data (DHtot more positive
for Ca2+ than for Ba2+) indicate that the desolvation
term dominates the Di2+/M+ displacement energy
balance. Although it does not prove anything, note that
the ratio of the total enthalpy change for Ca2+ and
Ba2+ (1.83) happens to equal that of the squared
unsolvated radius of Ba2+ and Ca2+ (1.86). This is
expected theoretically for the purely electrostatic ion/
water dipole interaction energy [37].

E�ect of the nature of M+ counterions

A very similar approach may be used to explain the
trend of the enthalpy change for the displacement of the
di�erent M+ by Ba2+. Application of Eq. (8) shows
that the di�erence between DHtot for two M+ and a
given Di2+ reads

DHtot � ÿADHcond � A
�

mÿ a2� �DHM
hyd

�
: �11�

All terms related to Di2+ have been deleted and DHCOO
hyd

has been considered to be independent of M+. Since A
does not depend on the type of M+, as shown by
conductivity measurements, two terms are left: DHcond

and mÿ a2� �DHM
hyd.

A size e�ect seems to be the more obvious explana-
tion for the in¯uence of M+ on the Di2+/PAM
complexation energy [31]. Actually, the hydrated Li+

is bigger than Na+ one, which is in turn bigger than the
K+ one (Table 4). The condensation of M+ on PA
being an electrostatic phenomenon, the M+/polyion
binding energy increases (DHcond is more negative) in the
order Li+ < Na+ < K+, which makes DHtot vary with
positive values in the same order. A very good correla-
tion is actually obtained between DHtot and RH (see
Fig. 9).

According to the Manning condensation theory,
(m ) a2) should be very close to zero since no change
in M+ hydration is expected upon binding. Satoh and
coworkers [11, 12] showed, however, that M+ lose a
small part of their hydration sphere upon binding with
PAA (typically, about 1 mol water per mole of con-
densed M+). In that case, the release of condensed M+

would contribute A mÿ a2� �DHM
hyd to the overall dis-

placement enthalpy. This term would be increasingly
negative in the order K+ < Na+ < Li+, which makes
DHtot more positive in the reverse order.

Table 3 Hydration numbers (d and q2), free enthalpies (DGH), enthalpies (DHH) and entropies (DSH) of solvation at 25 °C, and ionic radii
(Rion) of Ca

2+ and Ba2+ [36]. Hydration number values from compressibility experiments [12]

d q2 DGH (kJ/mol) DHH (kJ/mol) DSH (J/mol K) Rion (AÊ )

Calcium 9 2.9 )1592 )1667 )254 0.99
Barium 11 3.5 )1317 )1377 )202 1.35
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Both the binding energy and the solvation energy may
thus explain qualitatively the variation of the overall
enthalpy change for the binding of Ba2+ with di�erent
PAM. The lack of accurate knowledge about the change
of hydration between condensed and free M+ does not
allow further and more quantitative discussion. In our
opinion, however, it is more likely that the binding
energy, DHcond, rather than the rehydration energy rules
the overall displacement en- thalpy order in accordance
with Manning theory [26] and the analyses of Satoh
et al. [11].

Conclusion

The combination of conductometric and calorimetric
techniques proves to be very useful to analyse the
speci®city of ion/polyelectrolyte binding. In the present
example, Ba2+ and Ca2+ have been exchanged with
(Li+, Na+ and K+) onto polyacrylic chains. Conduc-

tivity measurements, using Eisenberg plots, give the
distribution of all species on the polyelectrolyte [COOM,
COO), (COO)2Di] and in solution (M+ and Di2+) for
di�erent Di2+/acrylate groups ratios. Comparison be-
tween Ba2+ and Ca2+ exchange with PANa does not
show any obvious di�erence in terms of complex
stability, but it does show a di�erence when considering
the displacement ratios and the complex solubility. The
M+/Di2+ exchange ratio varies between 1.36 and 1.12
in the case of Ba2+ and between 1.21 and 0.81 for Ca2+.
PACa is more hydrophobic: it precipitates at a com-
plexation ratio of 0.33 in comparison with 0.45 for
PABa. In constrast to conductometric measurements,
microcalorimetric data show a strong di�erence between
the displacement energies of Ba2+ and Ca2+. They are
both positive but about twice as much for Ca2+

(8.13 kJ á mol)1) than for Ba2+ (4.44 kJ á mol)1).
Another interesting feature is that the displacement
en-thalpy for Ba2+ is more positive in the series
Li+ < Na+ < K+, although no di�erence was ob-
served in the binding equilibria. Qualitatively, the
microcalorimetric data can be explained by considering
the contribution of the dehydration energies for Ba2+

and Ca2+ upon binding. In the case of M+, the
di�erence arises from the increase in the binding
strength when the hydrated radius of the ion decreases.
The calorimetric data are fully consistent with previous
dilatometric studies of M+ and Di2+ binding with
polyacrylic chains. It would be interesting to study the
complexation of Di2+ onto a polyelectrolyte which does
not develop any condensation with M+ counterions in
order to rid the microcalorimetric measurements of this
condensation e�ect.
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Table 4 Hydration numbers (m and a2), free enthalpies, enthalpies
and entropies of solvation hydrated, (RH) and ionic radii of Li+,
Na+ and K+ ions [36]. Hydration number values are from com-

pressibility experiments [12] and calculations from this study, and
hydrated radii are from Ref. [36]

Fig. 9 Enthalpy change measured during the Ba2+/PAM complex-
ation versus the M+ hydrated radius
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