
Poly(methacrylic acid)–copper ion interactions
Phase diagrams: light and X-ray scattering

Caroline Heitz, Jeanne Franc¸ois*
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Abstract

The interaction of a sample of poly(methacrylic acid) with copper ions is investigated using various techniques: light and X-ray scattering,
viscosimetry and fluorescence. The measurements were performed in the solubility domains and the regions where phase separation occurs
were determined as a function of pH and copper/polymer ratio. We conclude that copper is mainly bound on the polymer through the
formation of binuclear complexes implying pairs of adjacent carboxylates far along the chain. This induces a strong collapse of the chain at
low ionisation degree and partially hinders the chain expansion at high pH. Fluorescence measurements can be interpreted through the
existence of two different transitions: local and global transitions.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Despite a great number of works dealing with poly
(methacrylic acid) (PMA), many uncertainties remain
regarding its behaviour in aqueous solution. This may be
due to its ability to adopt a compact structure at low ionisa-
tion degree,a, and to undergo a conformational transition in
the range 0.15, a , 0.4 [1–6]. This is reflected by unusual
variations of the pKa and of the reduced viscosity versusa.
We have recently undertaken a systematic study of the beha-
viour of PMA in water in the absence and in the presence of
divalent cations, using a PMA sample of relatively low
molecular weight. We have carried out a series of light
and X-ray scattering investigations in pure water or with
added NaCl and shown that the existence of helicoidal
portions in the compact structure may account rather well
for the behaviour in the high scattering vector range [7,8].
When ionisation increases, the scattering function is char-
acterised by a correlation peak, with a discontinuous varia-
tion of the maximum positionq* versusa as a manifestation
of the conformational transition.

On the other hand, one of the most interesting features of
polyelectrolytes is their capacity to bind counterions and
particularly multivalent cations [9–16]. This property is
extensively used, for example, in depollution processes.
However, if the behaviour of polyelectrolytes in pure

water or in the presence of simple salts is relatively well
understood [17–27], the phase separation, the nature of the
interactions and the conformational changes in the presence
of multivalent cations have been until now the object of only
a small number of reliable investigations. However, some
studies of the interactions between PMA and copper ions
were made in the 1960s, particularly by the Mandel and
Leyte group who used methods such as potentiometry,
viscosimetry, u.v.–vis spectroscopy and dialysis equili-
brium [28–30]. These authors have clearly demonstrated
the formation of complexes between Cu21 and the PMA
carboxylates. The u.v.–vis behaviour was interpreted in
terms of the formation of a binuclear complex implying
four COO2 per two Cu21, at low pH and by a mononuclear
complex of the type Cu(COO)2 at higher pH. A recent
electron paramagnetic resonance of the PMA–copper inter-
actions lead us [31] to propose a description different from
that of Mandel and Leyte [28,29]. We concluded that the
binuclear complex is predominant in the whole range of pH.
The question arises from the possible conformation of the
PMA chain compatible with the formation of such binuclear
complexes. We have also shown that for polyelectrolytes of
lower density of carboxylates, (partially hydrolysed poly-
acrylamide (PAAM)) the mononuclear complex is favoured.
This means that the formation of binuclear complexes
requires a high density of ionisable groups. Moreover, the
presence of carboxylate sequences seems to favour the
binuclear complexes, if the polymers are compared at
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the same charge density. The several possible schemes for a
PMA chain in interaction with copper ions are presented in
Fig. 1. The first one (A) where four carboxylates are
randomly distributed along the same chain can be elimi-
nated through the above observations. Case (C) where
four adjacent groups are involved in the complex seems
improbable due to the chain rigidity. If two pairs of adjacent
groups belonging to different chains are assumed to form the
complex, aggregation is expected, which should be detected
by light scattering. Finally, model (D), where the complexa-
tion is a intramolecular phenomenon and implies pairs of
adjacent groups, is associated to a chain folding and to a
collapse of the macromolecular coil without aggregation.
The aim of the present work is to give some further infor-
mation on the PMA conformation in the presence of copper
ions through investigations using various techniques (light
and X-ray scattering; viscosimetry, fluorometry). In the next
section, we will discuss the phase diagrams established in
order to perform the scattering investigations only in the
range of solubility. Moreover, some experiments will be
performed in the presence of other cations for comparison.

2. Experimental

2.1. Polymer sample

The polymer sample was prepared by radical polymerisa-
tion, as described in previous works [7,8]. It was charac-
terised by size exclusion chromatography, using mono- and
multi-angle light scattering detection. Its molecular weight
is 56 000^ 2000 and its polydispersity index is close to 2.

2.2. Experimental methods

2.2.1. Phase diagrams
Solutions of copper chloride or (nitrate) and PMA were

prepared separately and gently stirred for 24 h up to

complete solubilisation Two equal volumes of these solu-
tions were mixed in several tubes. Then aliquots of an
NaOH solution were added to adjust the pH at different
values in the tubes. The mixtures were then vigorously stir-
red and kept at rest at room temperature for 48 h. Then
visual observations were made and the pH was measured.

2.2.2. Fluorescence
This technique is well adapted to the characterisation of

micelles or hydrophobic microdomains in the amphiphilic
systems [32,33]. One generally uses a hydrophobic probe
whose vibronic properties depend on the polarity of its
neighbouring environment. For instance, in the case of
pyrene, which we used in this study, the ratio of the intensity
of the first to the third peaks of its emission spectrum is
equal to 1.9 in water and 0.6 in cyclohexane.

The solutions of PMA–copper were prepared as
described for the phase diagrams, but the solvent was pyrene
saturated water (5× 1027 mol l21). The measurements were
made with a Hitachi F4010 spectrofluorometer. The excita-
tion wavelength was set to 335 nm.

2.2.3. Static light scattering
The static light scattering measurements were carried out

with two different types of apparatus:

• a commercial one (SEMATECH) equipped with a He–
Ne laser source (wavelengthl � 632 nm);

• a home-built one equipped with an Ar laser source (l �
514 nm) [34].

The scattering angleu was varied between 30 and 1508.

2.2.3.1. Preparation of the solutions.First a mixture of
PMA in its acid form and copper salt was prepared and
solubilised. Different solutions at various pH values were
then prepared by addition of small amounts of a filtered
NaOH solution. The partially neutralised solutions were
filtered on 0.2mm membranes (Dynagard) directly in the
measurement cells.

2.2.3.2. Determination of the refractive index increments
dn/dc. As the copper ions are expected to bind on the
polymer, it is necessary to measure the dn/dc for these solu-
tions after dialysis equilibrium. On the other hand, the
copper complexation induces a strong absorption in the
visible range and a dn/dc increase in this wavelength
domain. The dn/dc measurements must be made at exactly
the samel as that used for light scattering measurements.

A Brice–Phoenix refractometer was used for the
measurements at 488 nm. The experimental conditions
were polymer concentrationCp � 2.06 × 1023 g ml21,
copper concentrationCCu�3 mM, NaCl concentration
CNaCl � 0.05 M. The following variation of dn/dc versus
the ionisation degreea was found to be:

dn
dc
� 0:1681 0:1056× a �ml g21� �1�
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Fig. 1. Schemes of the possible structures of the binuclear complexes PMA/
copper.



2.2.4. Dynamic light scattering
We used a dynamic light scattering apparatus constructed

in our laboratory by Duval [35]. It is equipped with an Ar
laser of 5 W. The wavelength was set at 488 nm. The scat-
tered intensity is measured by a photomultiplier Hamatsu.
The correlation function is obtained using an ALV 3000
correlator of 192 channels in the ‘multitau’ mode. The
‘CONTIN’ method was used to determine the distribution
of the relaxation times,G(G):

g�I ��q; t�
��� ��� �X∞

0

G�G�e2Gt dG �2�

whereq is the scattering vector. The measurements were
made atu � 908.

2.2.5. Small angle X-ray scattering
The small angle X-ray scattering (SAXS) experiments

were made at the LURE laboratory using the D24 apparatus.
We used a wavelengthl � 1.488 Åand the sample–detec-
tor distance was set at 2.003 m. The transmission measure-
ments were made with a carbon black sheet introduced
between the sample and the detector, for a short time before
and after the registration of the intensity scattered by the
sample.

The total scattered intensityI tot(i) for the channeli,
normalised to the incident intensity is given by:

I tot�i� � Isam�i� × Tr�CB�1 ICB�i� × Tr�sam� �3�

whereIsamandICB are the intensities scattered by the sample
alone and the carbon black alone respectively.Tr(sam) and
Tr(CB) are their transmissions. That of the sampleTr(sam)
can be obtained from the following expression:

Tr�sam� �

X
i

Itot�i�2 Tr�CB� ×
X

i

Isam�i�X
i

ICB�i�
�4�

In this expression, the termTr(CB) × Isam(i) is much lower
than I tot. Finally, the excess of scattered intensity with
respect to the solvent is given by:

I � Isam�i�
Tr�sam� 2

Iec�i�
Tr�ec�

� �
2 Fsol

v
Isol�i�

Tr�sol� 2
Iec�i�

Tr�ec�
� �

�5�

where the ‘ec’ index corresponds to the empty cell and the
‘sol’ index corresponds to the cell filled with the solvent and
Fv

sol is the volume fraction of the solvent.
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Fig. 2. Phase diagrams of the system PMA–copper in water: homogeneous solution (X), phase separation (× ). (A) Cp� 2.5 mM; (B)Cp� 8 mM; (C)Cp�
16 mM; (D) Cp � 100 mM.



3. Results

3.1. Phase diagrams

3.1.1. Experimental results
Fig. 2A–D give the phase diagrams where the abscissa is

the stoichiometric ratiof � CCu/Cp and the ordinate is the
pH. CCu is the molar concentration of copper ions andCp is
the molar concentration of PMA monomer units.

At a given concentration,Cp, and forf lower than a value
fs, the system is homogeneous in the whole range of pH. For
f . fs, a phase separation is observed in an intermediate
range of pH, this region increases with increasing thef
value.

When the polymer concentration increases, the phase
separation region becomes more and more important and
the value offs decreases.

The amount of copper and polymer contained in the
homogeneous supernatant were determined through u.v.–
vis spectroscopy and organic carbon measurements respec-
tively. These amounts normalised to those initially
contained in the mixtures are plotted in Fig. 3 as a function
of the degree of neutralisation of the polymer. The polymer
percentage passes through a minimum ata 0 � 0.45 and is
always lower than 10. In the same range ofa 0, the copper
amount continuously decreases. From these values, it is

possible to calculate the composition of the precipitated
phase in terms of the total number of carboxylates
([COOH] 1 [COO2]) per copper atom (XA) or of the
number of ionised groups ([COO2]) per copper atom (XB).
We assume:

�COO2� � a��COOH�1 �COO2�� �6�
The results are reported in Table 1. Moreover, we have

registered u.v. absorption spectra of the supernatant phase.
Their characteristics are those of free copper and it seems
that the copper present in this phase is not ‘complexated’ by
the polymer. This suggests that the residual organic carbon
contained in this phase is not due to polymer residues but to
organic impurities. Finally, the copper concentration
decreases continuously witha 0 up to its total binding
while the solution phase separates when a given fraction
of the carboxylates is neutralised by the copper ions. If we
extrapolate theXA values at thea 0 value corresponding to
the onset of the phase separation,XA � 5.4, the polymer
becomes insoluble when 17% of the carboxylates are bound
to a copper ion.

3.1.2. Interpretation
These phase diagrams can be qualitatively well under-

stood from the different approaches which have been devel-
oped in order to predict the behaviour of polyelectrolytes in
the presence of multivalent ions [36–38].

It is generally assumed that the system is ruled out by a
series of equilibria.

1. The hydrolysis of the ions

xM21 1 yH2O! Mx�OH�2x2y
y 1 yH1

with associated formation constants

Kxy �
�Mx�OH�2x2y

y ��H1�y
�M21�x �7�

for a divalent ion such as copper.
2. (ii) The acid–base equilibrium of the carboxylates with

the constant:

Ka � �COO2��H1�
�COOH� �8�

3. (iii) The formation equilibrium of the mono- and binuc-
lear complexes where respectively two carboxylates and
one copper atom (COO2Cu) or four carboxylates and two
copper atoms (COO4Cu2) are involved. There are many
controversies on the existence and formation of these
complexes according to the nature and the degree of
neutralisation of the polyacid. The first work of Leyte
et al. [30] lead to the conclusion that the binuclear
complex is formed at low pH and disappears at higher
pH where the mononuclear one is preponderant. In a
more recent spectroscopic study we have compared
EPR and u.v.–vis results and shown that this model
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Fig. 3. Phase diagrams: concentrations of copper (V) and polymer (W) in
the supernatant phase.

Table 1
Results of the determination of the contents of polymer and copper in the
supernatant

a 0 Total number of
carboxylates in the
precipitated phase

Number of
copper ions
in the
precipitate

XA XB

0.3, pH� 4.2 7.3× 1023 1.543× 1023 4.74 1.42
0.45, pH� 4.5 7.56× 1023 1.86× 1023 4.04 1.83
0.55, pH� 4.6 7.51× 1023 2.12× 1023 3.85 1.94
0.6, pH� 4.9 7.37× 1023 2.293× 1023 3.46 1.93



can be successfully applied to the cases of polyacrylic
acid, while for PMA mainly binuclear complexes are
formed in the whole range of pH [31]. Then, our experi-
mental results could be quantitatively adjusted by consid-
ering the following equilibrium:

4COO2 1 2Cu! COO4Cu2

with the constantKpCu:
4.

KpCu� �COO4Cu2�
�COO2�4�Cu21�2 �9�

By combining these different equilibrium equations (Eqs.
(7)–(9)), it is easy to resolve the system and obtain the
concentration of each species. The results were in good
agreement with the EPR results, usingKpCu� 1017 l 4 mol24.

In contrast, the solubility of the polymer is related to the
fraction of carboxylates which are respectively under the
acid form (A), the ionised form (B) or the complexated
form (C). Clearly, the more ionised the polymer, the higher
its solubility in water and, inversely, the higher the number
of groups forming a binuclear complex with copper, the
lower the solubility. Then, it has been proposed to write
the free energy of the system as the sum of three terms
corresponding to the three carboxylic forms, using the clas-
sical Flory formulations.

F
kT
� FA

kT
1

FB

kT
1

FC

kT
�10�

where:

FA

kT
� 1

2
nA�tA�2C2

p 1
1
3
v2

A�tA�3C3
p �11�

FB

kT
ù

1
2NaI

�tB�2C2
p �12�

FC

kT
� 1

2
vC�tC�2C2

p
FC

kT
ù

1
2
nC�tC�2C2

p �13�

• tA, tB andtC are the fractions of carboxylates under their
form A, B and C respectively;

• nA andvA are the excluded volume parameters and the
third virial coefficient associated to the A form; They are
positive;

• I is the ionic strength of the solution;
• nC is the excluded volume parameter associated to the C

form. It is assumed to be strongly negative.

The phase separation is expected to occur when:

22F

2C2
p
� 0 �14�

and

nAt
2
A 1

t2
B

NaI
1 nCt

2
c � 0 �15�

In the presence of multivalent cations and in the absence of
salt the ionic strength can be simply considered as equal to
I � CBtB and relation (15) becomes:

nAt
2
A 1

tB

NaCp
1 nCt

2
C � 0 �16�

This condition can be realised as well at low pH, when the
polymer is weakly charged and the fraction of units C high
enough (precipitation) as at higher pH when the ionisa-
tion of the carboxylates becomes sufficient to provoke the
resolubilisation.

3.1.2.1. Precipitation at low pH

• At a 0 � 0, the fractions of the A and C units are low, then
the second term of Eq. (16) is close to zero while the
absolute value of the third term remains lower than that
of the first one. Then, the polymer is soluble.

• When a 0 increases, the polymer binds more and more
copper and two situations can be considered:

1. The complexation constantKpCu is very high and only
units A and C are present in the system. In other terms,
the acid–base equilibrium is completely shifted by the
presence of the copper ions. The second term can be
neglected and the phase separation should occur
when:

2
t2

C

�1 2 tC�2
� tA

tC
�17�

for a fraction of C units independent of the polymer
concentration.

2. KpCu is not high enough to hinder the formation of
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Fig. 4. Calculated fraction of ‘complexated’ units as a function of pH.
CpM � 8 mM; f � 0.1 (X), f � 0.2, (B), f � 0.4, (V), f � 0.6 (O). CpM �
100 mM; f � 0.1 (W), f � 0.2, (A), f � 0.4, (S), f � 0.6 (K).



ionised carboxylates. One can then predict that the
lower theCp, the higher the fractiontC required for
the phase separation. Our experimental results illus-
trate such a situation. An attempt to make our analysis
more quantitative can be made, using the values of the
constants previously obtained [31] and assuming that
Ka is constant (ata 0 � 0, 4.90, pKa , 5.67, whenCp

varies between 0.57 and 0.0084 M l21 for solutions of
pure PMA. Fig. 4 gives the calculated fractions of the
unitsC versus pH for two polymer concentrations and
several values of thef parameter. As expected, at a
given pH,tC increases whenf andCpM increase. For
the lower polymer concentration,CpM � 8 mM, we
have observed that phase separation occurs at a pH
corresponding toXA� 5.4 and to a critical valuetC* �
0.37 forf � 0.31. Let us assume that this fractiontC*
is that required for phase separation at this concentra-
tion of polymer; it is represented by the horizontal line
in Fig. 3. This figure shows very well that forf lower
than approximately 0.18, the valuetC* cannot be
reached and then the polymer remains soluble, while
for higher values off, tC* is obtained for a pH value
which decreases whenf increases, in agreement with
the experimental observations. At a higher polymer
concentration, if thetC* value is the same, it is quite
clear that phase separation should occur at much
lower pH, as observed. In fact, we expect a lower
value oftC* due to the lower ionisation and the real
shift must be higher.

3.1.2.2. Re-dissolution at high pH.When a 0 increases
after the total binding of the copper ions present in the
solution, one has also to consider two situations.

1. f , 0.5, thentC � 2f and the re-dissolution is expected
when:

nA�1 2 2f 2 tB�2 1
tB

NaCp
1 �2f �2nC � 0 �18�

The first term can be neglected since the fraction of
COOH units becomes very low and the associated virial
much lower than the electrostatic virial of the charged
units B. This expression shows that the fraction of B units
must increase whenf increases, in agreement with the
experimental observations. Nevertheless, it is difficult to
approach this limit more quantitatively, because the
variation of theKa with the polymer ionisation and the
polymer conformation must be taken into account.

2. f . 0.5, all the carboxylates are theoretically involved in
the formation of a complex and in our approach, no re-
dissolution is expected since only units of low virial will
be present on the polymer. In fact, this phenomenon is
observed and one of the possible explanations is the
competition of the complexation and hydrolysis equili-
brium of copper. We have indeed observed that in such a

case the nature of the precipitate changes and that it
contains less polymer than expected.

In conclusion to this phase diagram study, it appears that
the solubility limits can roughly be understood through a
simple thermodynamic model, by considering that copper
and carboxylates form binuclear complexes insoluble in
water. The solubility results mainly from an excess of
charged groups at high pH and an excess of acid groups at
low pH. The results are in agreement with the previous
investigations using e.p.r. to quantitatively determine the
percentages of the different units.

3.2. Light scattering experiments

3.2.1. Static light scattering
Let us recall that the PMA sample used in this study has a

relatively small molecular weight and consequently a small
radius of gyrationRg (Rg � 50 Å for a � 0 [7,8]). In the
light scattering experiments performed in the absence of
salt, no angular dependence of the scattered intensity was
observed sinceqRg p 1. In the presence of copper the
formation of aggregates due to intermolecular complexation
could be expected with an excess of scattered intensity at
small angles. All the experiments were performed at low
polymer concentration corresponding to the dilute regime in
the absence of copper, according to the evaluation of the
critical overlap concentration through viscosity measure-
ments [8]. Moreover, the ratiof was chosen so that the
polymer remains soluble (see phase diagrams). We have
considered two cases: in the presence and in the absence
of added salt (NaCl).

(a) In the presence of NaCl (0.05 M), we used two poly-
mer concentrationsCp � 2.06 × 1023 g ml21 and 0.68×
1023 g ml21 corresponding toCpM � 24 mM and 8 mM
respectively, and to a ratiof � 0.125 in both cases. The
value ofa 0 was varied by addition of NaOH. The scattered
intensity was never dependent on the scattering angle,
which demonstrates the absence of aggregates in our experi-
mental conditions. We can deduce that for low enough poly-
mer concentrations, in the dilute regime and in the presence
of salt, the formation of binuclear complexes is only an
intramolecular phenomenon. We have also observed that
the variations ofI/KCp versusa 0 do not differ significantly
from that observed in the absence of copper (K is the optical
constant andI the excess of scattered intensity of the solu-
tion with the respect to the solvent).

(b) In the absence of salt, we used the same concentration
as for X-ray scattering:Cp� 9 × 1023 g ml21. No excess of
scattered intensity was observed, meaning that even in pure
water no aggregates are formed and we will discuss only
results obtained atQ � 908. One can compare in Fig. 5 the
variations ofI/KCp versusCp obtained ata 0 � 0: (i) in the
presence copper (f � 0.125), (ii) in the absence of copper,
(iii) with addition of 0.1 M HCl (in order the eliminate the
self-ionisation of the polymer). The values ofI/KCp are
much higher in the presence of copper than in pure water
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and almost equal to those obtained in 0.1 M HCl, at zero
ionisation. This behaviour can have two origins, the
complete binding of copper which leads to the formation
of a neutral polymer or, more probably, a screening out of
the electrostatic repulsions by the excess of non-bound
copper ions. When the degree of neutralisation increases,
I/KCp decreases as in pure water (see Fig. 6) but the values
obtained in the presence of copper are higher. This can be
qualitatively due to the copper binding which reduces the
polyelectrolyte effect. It can be shown that fora 0 . 0 the
discrepancies between the two curves are reduced if this
binding is taken into account (the true ionisation degree is
calculated using the complexation constants) which leads to
a decrease in the value ofa 0 when copper is present.

3.2.2. Quasi-elastic light scattering
Fig. 7a shows examples of diffusion coefficient distribu-

tions obtained with PMA solutions (CpM � 24 mM) in the

presence of copper (f � 0.125) and salt (NaCl 0.05 M) and
for various values ofa 0. These distributions are always
monomodal and their broadening whena 0 increases is
negligible. The average diffusion coefficientD seems to
be constant up to the total copper binding represented by
the vertical line on Fig. 7b and then it decreases. The same
evolution was observed by viscosimetry (see below). The
hydrodynamic radius of the macromolecules (deduced from
D using the classical Stokes–Einstein relation) is approxi-
mately 49 Åduring the binding step and when an excess of
charged carboxylates appears, it increases and tends toward
60 Å for a 0 � 0.9. Under the same conditions but in the
absence of copper,D is generally lower, in agreement with a
higher average charge density.

In the absence of copper and salt, it is difficult to make
significant measurements, due to very low scattered inten-
sity. When copper is added to solutions, the results become
better and some results are given in Table 2. In all the cases,
the distribution ofD is monomodal. Fora 0 � 0 and at a
givenCp, D is lower in the presence of copper than in pure
water. In this last case, a coupling with the free counter ions
tends to increase the value ofD, while this effect is reduced
by the copper binding. GenerallyD increases whena 0

increases, in opposition to the behaviour observed in the
presence of NaCl. We have shown that PMA in pure
water is characterised by a bimodal distribution ofD with
a fast mode corresponding to aDf value approximately
seven times higher than that of the slow mode,Ds. Sedlak
et al. [39] have observed an increase ofDf with increasing
a 0. Finally, the behaviour in the presence of copper is that of
a polyelectrolyte, the effects being attenuated by the binding
phenomenon. It is clear that under these conditions of
concentration no aggregates are formed due to the copper
PMA interactions. This suggests that model D (Fig. 1) is the
more appropriate to give a good account of both the struc-
tural and spectroscopic observations.

3.3. X-ray scattering

3.3.1. Results
The structure of PMA solutions containing divalent

cations has never been investigated, to the best of our
knowledge. It was interesting to compare the scattering
functions of this system with those obtained with a mono-
valent cation Na1 and another divalent one, Ni21, which is
known to interact less strongly with polycarboxylates. The
aim of this comparison is to clearly differentiate the effects
due to complexation from those related to the electrostatic
screening out.

In all these X-ray experiments, we kept the polymer
concentration constant,Cp � 9 × 1023 g ml21, the salt
concentrations were 8.35 mM for copper nitrate and nickel
sulphate (f � 0.125) and 0.025 M for sodium nitrate. The
total binding of copper occurs ata 0 � 0.16. The evolution of
the scattering curves as a function ofa 0 for PMA in pure
water and for the three salts can be compared in Figs. 80
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Fig. 5. Static light scattering: variations ofI/KCp (908) versusCp ata 0 � 0:
in the presence of copper (f � 0.125) (X) in pure water (A), in 0.1 M HCl
(W).

Fig. 6. Static light scattering: variations ofI/KCp (908) as a function of the
degree of neutralisationa 0 (open symbols) or of the true degree of ionisa-
tion (filled symbols) in pure water (A,B), in the presence of copperf� 0.08
(O,K), f � 0.125 (X,W).



increases, while generally the intensity at this maximumImax

continuously decreases. The case of PMA is more compli-
cated due to the conformational change which occurs at
0.15 , a 0 , 0.35, as shown in previous studies [31,39].
Moreover, when X-rays are used, several authors have
shown thatImax passes through a minimum. Heitz et al.
[31] explained such a behaviour, taking into account the
ionic condensation whena 0 . 0.5. In the smallq range,
the scattered intensity generally decreases whena 0

increases as typically observed with polyelectrolytes.
Nevertheless, it does not reach a value close to zero when
q tends to zero which indicates the presence of heterogene-
ities in the solutions (Fig. 8).

In the presence of NaCl, the intensity at smallq increases
with respect to that measured in pure water, which is consis-
tent with the screening out of the electrostatic interactions.
Upona 0 increasing, its value continuously decreases due to
the polyelectrolyte effect and finally fora 00 . 0.4 a peak can
be clearly observed in the scattering functions. In fact the
salt concentration used in these experiments is not high
enough to screen out the electrostatic repulsions and some
correlation between the chain can be observed.

When copper is present in the solutions, the intensity at
small q passes through a maximum fora 0 � 0.15 and its
value is always much higher than that measured in pure
water or in water 0.025 NaCl. Froma 0 � 0.10, the curve
exhibits a peak which is shifted towards highq values when
a 0 increases. Qualitatively ifa 0 . 0.6, the scattering func-
tions look like those observed in the presence of salt.

The effect of nickel ions seems to be intermediate
between those of Na and Cu. The observations are
summarised in Figs. 12–14 where we have respectively
plotted the scattered intensity atq � 0.005 Å21, qmax and
Imax versusa 0.

3.3.2. Discussion

3.3.2.1. Smallq range. At a 0 � 0, the value of the scat-
tered intensity extrapolated atq� 0 is the same for the three
salts and is consistent with the value which can be calcu-
lated from the relation:

1
CpMw

� BK2Na

m2I
1 2A2 �19�

whereB is the apparatus constant,K2 is the contrast factor,
m the molecular weight of the monomer andA2 the second
virial coefficient. This expression works for neutral
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Fig. 7. Dynamic light scattering. (a) Evolution of the distribution function
G(D) as a function ofa 0, CpM � 24 mM (Cp � 2.06 × 1023 g ml21) and
CCu� 3 mM ( f � 0.125) (the lines are guides for eyes). (b) Variation ofD
with a 0 in pure water (A) in the presence of copper (X).

Table 2
Diffusion coefficient for the system PMA/copper in pure water and broad-
ening of the distribution (DG(D)). The scattering angle is given in the final
column

Cp (g ml21) f a 0 D (cm2 s21) × 1027 DG(D) Angle (deg.)

0.0090 0 0 7.95 0.58 20
0.125 0 4.86 0.4 20

0.4 7.65 0.54 20
0.9 10.6 0.7 20

0.08 0.05 4.77 30
0.029 0.125 0 3.73 0.32 30

0.4 8.62 0.44 30
0.041 0 0 4.90 0.55 20

Fig. 8. X-ray scattering curves at differenta 0 values for PMA in pure water;
Cp � 9 × 1023 g ml21, CpM � 0.105 M.



polymers.B, K2 andA2 were obtained from light and X-ray
scattering experiments performed on PMA in 0.1 N HCl, on
the unionised polymer [8]. This means that in the presence
of NaCl, the electrostatic repulsions are completely
screened out and with copper and nickel the ion binding
lead to the formation of a neutral polymer.

Whena 0 increases,I decreases continuously in the case
of NaNO3; this indicates the appearance of the polyelectro-
lyte effect. The behaviour in the presence of copper is quite
different. In the first step of the neutralisation up toa 0 �
0.16, the value for which all the copper ions are bound on
the polymer,I increases, which is the inverse effect to that
expected. Since our light static and dynamic light scattering
experiments did not reveal aggregates, we cannot attribute
this behaviour to an intermolecular association. Such an
increase ofI may be simply explained by a change of the
contrast factor due to the ionic complexation. Indeed, the
scattering entity is no longer the PMA more or less ionised
but a chain which contains a fraction of copper ions. One
can calculate the contrast factor for this range ofa 0 by using

the results of the spectroscopic complexation study [31]
which shows that, in a first approximation:

(i) the PMA–copper complex is a binuclear species (R–
COO)4Cu2;

(ii) the concentration of bound copper is Cui� a 0CpM/2;
(iii) the fraction of ionised carboxylic functions is zero.

Hypothesis (ii) is consistent with the experimental results
of Fig. 10 which shows correlation peaks whena 0 . 0.2.
We will consider the chain ofN monomer units as consti-
tuted by:

(1 2 a 0)N unionised monomer units R–COOH with a
contrast factorK1;

no ionised monomer units; (a 0/4)N complexes (R–
COO)4Cu2 with a contrast factorK3.

For the calculation of the scattering length density of the
solvent, the counter ions and the added salts are neglected.
Finally, the average contrast length is obtained from the
simple relation:

K � �1 2 a 0�K1 1
a 0

4
K3 �20�

The different values used in this calculation are given in
Table 3. The scattered intensities obtained fora 0 � 0.1
and 0.15 were normalised to this average contrast factor
K2. Fig. 15 shows that the extrapolation ofI/K2 is the
same for the three values ofa 0. This result is consistent
with a complete binding of the copper ions according to
an intramolecular mechanism without aggregation. The
same evaluation was made in the case of nickel, but the
normalisation of the scattered intensity by the factorK2

does not lead to a superimposition of the curves obtained
at a 0 � 0 and 0.1. This confirms that Ni21 interacts less
strongly with PMA and that a polyelectrolyte effect appears
for a 0 � 0.10 due to the presence of ionised carboxylates.

3.3.2.2. Scattering peak.The logarithmic variations of
qmax versusa 0 shows that similar data were obtained with
Na, Cu and Ni while the values corresponding to pure water
are much higher. In previous work we have shown that in
pure water this variation exhibits a discontinuity which
reflects the conformational change of PMA which passes
from a compact to an extended conformation.

The lower value ofqmax in the presence of copper is
expected for a lower ionisation of the polymer. The discre-
pancy decreases significantly when the abscissa is the true
ionisation degree of the polymer calculated taking into
account the ion binding, which may indicate that the
complexation is the main phenomenon. However, in this
analysis we neglect the decrease of the ionic strength due
to the complexation while it is known that this must induce
an increase ofqmax, as observed with NaNO3. In fact these
antagonistic effects must be taken into account in order to
explain theqmax shifts. One may consider as a coincidence
the similarity of the results obtained with the three salts. The
same discussion can be made concerning theImax values.
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Fig. 9. X-ray scattering curves at differenta 0 values for PMA in the
presence of NaNO3 (0.05 M); Cp � 9 × 1023 g ml21, CpM � 0.105 M.

Fig. 10. X-ray scattering curves at differenta 0 values for PMA in the
presence of copper (CCu � 8.33 mM); Cp � 9 × 1023 g ml21, CpM �
0.105 M.



3.3.2.3. Excess of scattered intensity at small q.An excess
of scattered intensity at smallq was observed for all the
solutions in pure water and for the solutions in the
presence of NaNO3, Cu(NO3)2 and NiSO4 for a 0 higher
than 0.15, 0.4 and 0.2 respectively. This indicates the
presence of heterogeneities frequently observed in
polyelectrolyte solutions and objects of many
controversies [40–43]. Generally, it seems that the more
charged the polymer, the more important this smallq
anomaly is. It is interesting to note that in the case of
copper for which aggregation was expected, these
anomalies appear only at high values ofa 0 when the
polyelectrolyte character appears. For Na and Ni the
polymer behaves as a polyelectrolyte at lowera 0 values.
The light and X-ray scattering results are then in good
agreement and they clearly show that the complexation is
mainly an intramolecular phenomenon, at least in the
explored concentration range.

3.3.2.4. Chain conformation. In the case of copper, the
scattering function does not exhibit correlation peaks at
low ionisation and it may be possible to draw some
conclusions on the polymer conformation. Values of the
radius of gyration equal to 54, 38 and 34 A˚ for a 0 � 0,
0.10 and 0.15 respectively, can be obtained from the
Guinier range. This means that the chain dimensions
decrease due to the ion binding. Since no aggregates were
observed under these conditions, this confirms an
intramolecular process for the cation binding.

Some of the scattering functions are represented in the
Kratky representation in Fig. 16. For copper and in the high
q range, the scattered intensity varies asq23 andq22 at low
and higha 0 values respectively. The exponent2 3 reflects
a compactness of the macromolecular coil while2 2 corre-
sponds to a quasi-gaussian statistic. Fig. 16 shows that the
compactness of the conformation is more pronounced in the
presence of copper ata 0 � 0.1 than in HCl 0.1 N. However,
a behaviour inq24 indicating a sharp boundary between two

levels of scattering length density is never observed, mean-
ing that the coil remains partially swollen. In the presence of
copper, the variation inq22 is reached fora 0 � 0.5, while it
is observed ata 0 � 0.1 and 0 for Ni and Na respectively.
This reflects the difference in the interaction strength
between the different cations.

These results allow us to clearly differentiate the screen-
ing out and complexation effects. The polymer loses its
polyelectrolyte character when the complexation constant
is very high, as in the case of copper, and recovers it
when all the available copper ions are bound. In the case
of Ni, the ionisation equilibrium of the carboxylates is not
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Fig. 11. X-ray scattering curves at differenta 0 values for PMA in the
presence of nickel (CNi � 8.33 mM); Cp � 9 × 1023 g ml21, CpM �
0.105 M.

Fig. 12. Variation of the scattered intensity atq � 0 versusa 0 from the
experiments of Figs. 8–11.

Fig. 13. Variation of the position of the peak maximum from the results of
Figs. 8–11. (a) Plotted versus the degree of neutralisationa 0: pure water
(X), in the presence of Na (A), Cu (K), Ni (W). (b) Plotted versus the degree
of ionosation: pure water (X), in the presence of Cu (K).



completely shifted, the polymer keeps a polyelectrolyte
character in the whole range ofa 0 and the screening effect
of the excess ions plays a partial role, while for monovalent
cations this latter effect is predominant. The dimensions of
the chains neutralised by the complexation are lower than
those of the unionised one. Since aggregation is not
observed, this strong collapse suggests an intramolecular
binding associating two copper atoms with four carboxy-
lates far along the chain (model (d)). Further experiments
are necessary to describe definitively the structure of the coil
and its evolution when an excess of ionised groups appears
along the chain. In order to approach such a description, we
have performed some viscosity and fluorescence measure-
ments.

3.4. Viscosity

In Fig. 17 are represented the variations of reduced vis-
cosityh red as a function ofa 0 for PMA (CpM � 100 mM) in
pure water and in the presence of 1 and 2.5 mM of copper.
Three regimes can be identified in these curves: in the lower
a 0 range whose upper limit increases whenCCu increases,
h red slightly increases in pure water and remains very low in
the presence of copper. In a second range, theh red increases
more sharply to reach a constant value in the higha 0 range.
Such behaviour is anomalous with respect to that of other
polyelectrolytes for which the variation is monotonous. It is
generally attributed to conformational change: at low pH,
hydrogen and/or hydrophobic bonds are responsible for a

collapsed conformation whose exact structure is not eluci-
dated. At higher pH, the electrostatic repulsions lead to a
chain expansion.

In the presence of copper, the value ata 0 � 0 is much
lower than that measured in pure water, which is in good
agreement with the X-ray experiments. Moreover the shift
of the transition suggests that the copper binding maintains
this compactness up to the total consummation of copper
ions, as already observed by Mandel et al. [28,29]. If this
strong collapse of the chain is probably related to the forma-
tion of binuclear complexes where groups far along the
chain are involved, with creation of loops, one may assume
that they are stable only when the chain is neutral but they
disappear for a given amount of charged groups at higher
pH. A strong expansion should be expected, which is not the
case since the reduced viscosity reaches, ata 0 � 1, values
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Table 3
Scattering characteristics of the different entities present in the PMA/copper solutions

Elementary diffuser Number of electrons Molecular volume (cm3 mol21) r (cm2) K (cm)

R–COOH 45 59.3 1.29× 1011 3.45× 10212

R–COO2 45 37.5 2.04× 1011 6.85× 10212

(R–COO)4Cu2 234 83.7 4.75× 1011 2.65× 10211

Cu11 27 2 33.16 1.38× 1011

NO3
2 30 34.4 9.4× 1010

H2O 10 18 1.48× 1011

Fig. 15. Variations of the scattered intensity normalised to the contrast
factor (see text) for copper (a) and nickel (b) from results of Figs. 10 and 11
respectively.

Fig. 14. Variation of the maximum scattered intensity of the peak versusa 0

from the experiments of Figs. 8–11.
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Fig. 16. Scattering functions in the Kratky representation. (a) PMA–copper for differenta 0 from the results shown in Fig. 10. (b) PMA–copper ata 0 � 0.1 (X)
and PMA in water 0.1 M HCl (A).



much lower than in pure water. This also confirms the EPR
and u.v.–vis experiments which have shown that the binu-
clear complexes subsist even at high pH. However, we cannot
exclude complexes built from neighbouring carboxylates
and assume the existence of a variety of complexes.

3.5. Fluorescence

Fig. 18 shows the variations ofI1/I3 (the ratio of the
intensities of the second to the third peaks of the pyrene
emission spectrum) in several conditions: pure water,

0.05 M NaCl and 8 mM Cu(NO3)2. The superimposition
of the three curves is quite remarkable. Other authors
have previously used this technique in order to visualise
the conformational transition of PMA in water. Our results
confirm their observations. The fluorescence behaviour of
pyrene in PMA solutions is characterised by a very low
value of I1/I3 at a 0 � 0 and by an abrupt increase for the
0.1 , a 0 , 0.25 range which corresponds exactly to the
viscosimetric transition (Fig. 17). Fora 0 . 0.25,I1/I3 stabi-
lises around 1.9, a value characteristic of a pure water envir-
onment for the probe. It is very surprising to observe that the
polarity of the compact structure of PMA is much lower
than that of micelles of classical surfactants:I1/I3 is respec-
tively 1.4, 1.2 and 1.2 for sodium dodecyl sulphate, hexa-
decyltrimethylammonium or non-ionic surfactants. It is
probable that due to the ability of PMA to form helix
portions, pyrene molecules find a local environment inside
these helices, completely isolated from water. Whena 0

increases, one may suppose that the chain expansion due
to the electrostatic repulsion makes free the pyrene mole-
cules which are rejected in the bulk. The results found with
Na and Cu do not confirm such an explanation.

It is well known that the viscosity transition of PMA is
shifted towards higher values ofa 0 in the presence of
NaCl [7]. For this reason, a shift in theI1/I3 abrupt increase
is also expected, which is not observed in the results shown
in Fig. 18. In the case of copper, the structure of PMA at
a 0 � 0 is more compact than in water, however, the initial
value of I1/I3 is exactly the same. Moreover, in our experi-
mental conditions, the conformational transitions as
measured by viscosimetry are centred arounda 0 � 0.4,
while the I1/I3 curve is not shifted with respect to those
corresponding to pure water and 0.05 M NaCl.

These results are very interesting because they clearly
indicate that the pyrene fluorescence does not reflect the
overall conformation changes of the macromolecule but
very local changes of segment conformation. Moreover,
these changes are not directly correlated to the average
charge density of the polymer since they appear (in the
case of Cu) ata 0 values where the ionisation is almost
zero. One may assume that the hydrogen or hydrophobic
bonds which stabilise the compact structure are more sensi-
tive to the thermodynamic quality of the solvent which is
modified by addition of NaOH than to changes in the charge
density. This may be understood by considering that the
electrostatic repulsions are long range interactions and
have negligible effects on the local polymer structure.
Finally, two transitions may be considered which coincide
in the case of pure water: the first one should be very local
and the second one should concern the overall macromole-
cule.

4. Conclusion

Phase diagrams of the system PMA/copper were
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Fig. 17. Variation of the reduced viscosity of PMA (CpM � 10 mM) versus
a 0 in the presence of different concentrations of copper, pure water (V)
CCu� 1 mM (W), CCu� 2.5 mM (A).

Fig. 18. Variation of the ratioI1/I3 versusa 0, CpM � 10 mM, in pure water
(W); CCu� 1 mM (X), CNaCl� 0.05 M (V).



constructed. Their characteristics can be interpreted in the
terms of a simple thermodynamic model and the solubility
limits can be evaluated using the complexation constants
already determined in the literature.

The light and X-ray studies indicate that the best model
for the PMA chain interacting with copper ions is model D
of Fig. 1. In the dilute regime of polymer concentration
investigated here, the complexation phenomenon is intra-
molecular since no aggregation is observed. Due to the
chain folding allowing the binuclear complex formation,
the structure is much more compact than in pure water.
Whena 0 increases, the scattering curves exhibit the char-
acteristics of neutral or charged polymers, before and after
the complete copper ions binding, respectively. This
confirms the high complexation constant of copper. In the
case of Ni of lower constant, the polyelectrolyte effect is
always present.

Fluorescence measurements in the presence of NaCl and
Cu(NO3)2 reveal two different transitions: a local conforma-
tion change and an abrupt change of the overall dimensions
of the coil. The latter has an electrostatic origin which
implies long range interactions. The former is more difficult
to understand and may be related to simple solvent effects.
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