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ABSTRACT: A detailed light scattering investigation is presented on dilute solutions of long chain sodium
polyacrylate in the presence of Cu2þ ions under conditions which are close to the precipitation threshold of
the respective Cu2þ-PA chains. The results are compared with literature data ( Eur. Phys. J E 2001, 5,
117-126) from the corresponding system in the presence of Ca2þ ions. In all cases the solvent is a 0.1MNaCl
solution in water. The PA coils shrink considerably with increasing Cu2þ concentration as the conditions
approach the precipitation threshold. Yet, the extent of shrinking can not be driven as far as for the respective
Ca2þ-PA system, where fully collapsed sphere-like polymers had been observed at the threshold. Analysis of
the aggregation process with time-resolved static light scattering reveals loose coil-like aggregate structures
for Cu2þ-PA aggregates and compact sphere-like aggregates for Ca2þ-PA in accordance with the limiting
shape of the respective shrunken single chains. The onset of Ca2þ or Cu2þ induced aggregation of PA chains
at the precipitation threshold borders an intramolecular coil shrinking process. The transition of shrinking
into aggregation occurs more readily with Cu2þ-PA as it does with Ca2þ-PA.

Introduction

Interactions of polyelectrolyte chainswith simple salts likeNaCl
in aqueous solution are dominated by electrostatic forces. These
interactions cause counterion condensation andwith it a screening
of the electrostatic repulsions among the charges of the highly
charged polyelectrolyte chains. As a consequence, coil dimensions
shrink and eventually pass the state of unperturbed dimensions as
the salt concentration is increased.1-3 At very high salt concentra-
tion, the coils may precipitate denoted as salting out.

Unlike to these predominantly electrostatic interactions ob-
servedwith simple salts, bivalent alkaline earth cations or transition
metal cations exhibit specific interactions with various polyelec-
trolytes. A large extent of work has been published on the interac-
tions of alkaline earth cations with anionic polycarboxylate chains.
Addition of the respective alkaline earth salts to dilute solutions of
sodium polyacrylate (NaPA) coils causes a coil shrinking, which
reaches a compact sphere-like shape if a critical salt concentration is
achieved.4-8 Further addition of alkaline earth cations causes a
macroscopic precipitation of the polyacrylate.Most strikingly, this
critical alkaline earth cation concentration increases stoichiomet-
ricallywith the content of polyanions in solution, leading to a linear
phase boundary.4,9-12 Addition of a simple salt like NaCl causes a
partial ion exchange at the COO- residues of the polymer back-
bone and thus leads to a chain re-expansion and to an expansion of
the stability regimeof the complexes of polyacrylate chainswith the
respective alkaline earth cations.6,9

Compared to the detailed picture established for the morpho-
logical changes of polycarboxylate chains interacting with alka-
line earth cations, the impact of transition metal cations on the
shape of these chains is less well understood. An investigation of
NaPAwith Agþ ions in aqueous solution at a salt level of 0.01M
NaNO3 revealed already a shrinking of the PA coils by a factor of
1/2 if a few percent of the COO- groups were decorated by Agþ

cations, indicating an impact of these monovalent transition
metal cations which is much stronger than the one exerted by
alkaline earth cations.13 However, further shrinking was pre-
vented by the onset of a competing aggregation of interacting
coils. Above all, investigation of morphological changes of coil
conformation was distorted by the formation of silver nanopar-
ticles induced by exposure to light.

The first paper known to address interactions of polycarboxy-
lates with Cu2þ ions was published in 1954 by Flory and Oster-
held.14 The authors could clearly show that Cu2þ ions are more
effective thanNaþ or even Ca2þ ions in suppressing the typical vis-
cosity increase of anionic NaPA in dilute solution. A few decades
later, interest in morphological transformations of polycarboxy-
lates induced by Cu2þ ions revived. Heitz and Francois revealed a
considerable shrinking of nondissociated polymethacrylic acid
upon addition Cu2þ ions.15 Although, the polymethacrylic acid
coils expanded due to neutralization, the dimensions kept always
much lower if Cu2þ ions were present in solution. Supplementary
small-angle X-ray scattering revealed a maximum in the Kratky
plot if copper ions were present in solution, indicating a consider-
able degree of coil compaction. In a highly systematic investigation,
R€uhe et al.16 induced a shrinking of NaPA brushes through
exposure to solutionsof various cations andpostulated threemodes
of interaction for the NaPA brush with the metal cations, (i) elec-
trostatic screening by inert salts; (ii) specific interactions with dehy-
dration and (iii) specific interactions with bridging. In this scheme,
Cu2þ ions follow the thirdmode of interaction, leading to a shrink-
ing of the brush at much lower Cu2þ concentrations than revealed
with alkaline earth cations, yet at a slightly lower extent of shrink-
age than observed with alkaline earth cations. The strong propen-
sity of compaction induced by copper ions was interpreted by the
formation of bridging binucleate Cu2þ-Cu2þ complexes15,16 as
one of two types of binding between the COO- ligands of poly-
carboxylates and Cu2þ ions meanwhile established. The two types
of binding are mononuclear bidentate complexes and binuclear
complexes, which bridge remote chain segments via four COO-
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residues binding to a pair of Cu2þ ions.17-19 In the latter case, the
COO- ligands interconnect twoCu2þ ionswhereby the twooxygen
atoms bind to different copper ions, respectively. Bokias et al.20

investigated the variation of the fraction of bound Cu2þ and its
distribution among the two types of complexes at a variable ratio
[Cu2þ]/[COO-] and at fixed degrees of dissociation of the poly-
(acrylic acid)respectively.

Shrinking experiments on dilute polycarboxylate coils similar
to those with Agþ and alkaline earth cations6-8,13 were also
performed with Cu2þ ions interacting with anionic polymetha-
cyrlate (NaPMA) chains in 0.1 MNaCl.21 The experiments were
more successful than those with Agþ because no reduction of
copper ions interfered with their interaction to PMA. Compared
to the impact of alkaline earth cations, the observed interactionof
Cu2þ ions was strong enough to suppress ion exchange effects,
even at an inert salt level of 0.1 M NaCl. As shown by light
scattering, the extent of shrinking was largest close to the
precipitation threshold of the respective Cu2þ-PMA. The
shrinking trends depended only on the ratio of Cu2þ to COO-,
suggesting a stoichiometry of 1:2 for the complex,21 which was
confirmed later by Bokias et al.20 Another important result was
that the values of the structure-sensitive ratio F of the radius of
gyration Rg over the hydrodynamically effective radius Rh

scattered around 1.5 < F < 2.0, independent of the degree of
coil shrinking. Such high and constant values are typical for
extended coils with a polydisperse mass distribution. This con-
stancy can be interpreted by two alternative modes of shrinking:
(i) a self-similar process or alternatively (ii) a cascade of inter-
mediates with shrunken pearl-like subsegments along the remain-
ing contour. However, this preliminary investigation onNaPMA
does not allow a quantitative comparison with our detailed
knowledge, established for the shrinking ofNaPA chains induced
by alkaline earth cations. As an additional advantage compared
to NaPMA, unperturbed dimensions are available for aqueous
NaPA, helping to better quantify the extent of shrinking relative
to the unperturbed dimensions of the respective chains.

The present piece of work resumes our preliminary results on
Cu2þ-PMA by systematically investigating the shrinking of long
chainNaPA coils induced by the addition of Cu2þ ions. Themolar
mass of NaPA was 2800 kDa. Combined static and dynamic light
scattering are applied as analytical methods, which will not only
quantify the size of the shrinking coils but will also give indications
for their shape as it makes accessible a comparison of the radius of
gyration with the corresponding hydrodynamic radius. The
shrinking is induced with the same technique successfully applied
for our detailed analysis of the interactions between NaPA chains
and alkaline earth cations,6,8 i.e. the phase boundary where the
corresponding Cu2þ-PA precipitates is approached by increasing
the ratio of [Cu2þ]/[COO-]. The medium is an aqueous solution
with 0.1 M NaCl. The added NaCl screens interparticle interac-
tions and enables interpretationof scatteringdata in termsof single
chain behavior. The results will supplement our knowledge on
NaPA coil shrinking and enable a direct comparison of the impact
of alkaline earth cationswith the impact ofCu2þ ions. Beyond this,
the present work investigates for the first time the onset of
aggregationofM2þ-PAcoils, once the phase boundary is crossed.
The latter investigation will be performed by time-resolved static
light scattering (TR-SLS) experiments and is expected to offer
insight into the mechanism of the aggregation of shrunken
M2þ-PA coils with M2þ corresponding to Cu2þ or Ca2þ and to
relate this insight with the observed mode of chain shrinking
induced by the respective cation.

Experimental Section and Data Evaluation

Materials.NaCl, CuCl2 3 2H2O, and solidNaOHof analytical
grade were purchased from Fluka (Buchs, Switzerland). Aqu-
eous solutions thereof were prepared with bidistilled water with

a conductivity <0.1 μS. The sodium polyacrylate P1300 was
purchased from Polysciences (Eppelheim, Germany). All solu-
tions were purified from dust prior to scattering experiments
by filtration with syringe filters from Millipore (Eschborn,
Germany) using 0.22 μm CA filters for the solvents and
0.45 μm PVDF filters for the NaPA solutions. Cylindrical
scattering cells from Hellma (M€ullheim, Germany) with an
outer diameter of 20 mm or 25 mm were used for the combined
dynamic and static light scattering experiments (DLS and SLS)
and for the time-resolved static light scattering experiments
(TR-SLS), respectively.

Combined DLS and SLS Experiments. Combined LS experi-
ments were performed using a model 5000E compact goni-
ometer system from ALV-Laser Vertriebsgesellschaft (Langen,
Germany), equipped with a Nd:YAG laser with 200 mW
operating at a wavelength of 532 nm. A C25 Haake bath was
used to set the temperature to 25 �C with a precision of 0.01 �C.
The scattering intensities were recorded in an angular regime of
30� e θ e 150�.

The NaPA standard P1300 was characterized in an aqueous
solution of 0.1 M (0.1 mol/L) NaCl at a pH of 9 by combined
static and dynamic light scattering at 25 �C. Four concentra-
tions have been analyzed in a regime of 0.179 � 10-4 nm-2 <
q2 < 1.878 � 10-4 nm-2 according to a procedure already used
by Schweins et al.3 The procedure yielded amass averagedmolar
massMw = 2800 kDa, a radius of gyration Rg = 184 nm and a
hydrodynamically effective radius Rh = 128 nm established
from the z-averaged diffusion coefficient. The diffusion coeffi-
cient was evaluated byKoppel’s cumulant method22 which gave
in addition a relative dispersion of the diffusion coefficient of
μ2/Γ

2 = 1.25 about its z-average. The latter value was established
as an extrapolation to c=0. The refractive index n, the viscosity η
and the refractive index increment (∂n/∂c)μ necessary for the data
evaluation of NaPA in 0.1 M NaCl solution are3 n= 1.336, η=
0.8979 mPa 3 s and (∂n/∂c)μ = 0.167 mL/g. The index μ at (∂n/∂c)μ
indicates that the dn/dc of NaPA was determined at the constant
chemical potential corresponding to a 0.1 M NaCl solution.3

A stock solution of the NaPA standard P1300 in 100 mmol/L
(0.1M) aqueous NaCl as solvent was prepared and gently mixed
at room temperature for 3 days. The pH of the aqueous NaCl
solution was set to 9 using 100 mM aqueos NaOH prior to
dissolving the NaPA. A second salt solution with a total cation
molarity [C]= [Naþ]þ 2 3 [Cu

2þ]= 100mMof cationic charges
was prepared in bidistilled water. Because of the formation and
precipitation of colloidal Cu(OH)2 the pH of this solution was
not manipulated. By adding the appropriate amounts of the
NaPA stock solution and the Cu2þ containing salt solution in
graduated flasks, five series with NaPA concentrations of 0.11,
0.22, 0.27, 0.32, and 0.39 mM expressed as monomer concentra-
tions [PA], were prepared. In each of this series with constant
NaPA concentration, the Cu2þ concentration was set to 0.01,
0.02, 0.03, 0.04, 0.05, and 0.06 mM giving a total amount of 30
samples with pH values between 7.0 e pH e 7.3. The solutions
were gently mixed at room temperature for 12 h.

The scattering experiments on M2þ induced coil shrinking
were carried out at 25 �C. Extrapolation to zero concentration
was not possible because the coil-size effects under considera-
tion depend on the PA concentration as its variation modifies
the ratio [Cu2þ]/[PA]. The angular dependent SLS experiments
were evaluated according to Zimm’s approximation23 in a
regime of 0.661� 10-4 nm-2< q2<4.93� 10-4 nm-2 by extra-
polating to zero scattering angle, resulting in an apparent
weight-averaged molar mass Mw and an apparent radius of
gyration Rg:

Kc

ΔRθ
=

1

Mw
þRg

2q2

3Mw
ð1Þ

In eq 1, K is the contrast factor, c the polymer concentration
in g/L, ΔRθ the excess scattering intensity of the polymeric
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solute and q the scattering vector magnitude.

K ¼ 4π2

λ0
4 NA

n
Dn
Dc

� �
μ

 !2

ð2Þ

In eq 2, λ0 = 532 nm is the vacuum wavelength of the laser,
NA is Avogadro’s number, n = 1.336 is the refractive index of
the solvent and (∂n/∂c)μ = 0.167 mL/g is the refractive index
increment ofNaPA in aqueousNaClwith the chemical potential
of 0.1 mM NaCl in this case. With θ being the scattering angle,
the scattering vector q is defined as:

q ¼ 4πn

λ0
sin

θ

2
ð3Þ

By extrapolating to zero scattering angle, the DLS experi-
ments were evaluated according to

D = Dzð1þCRg
2 q2Þ ð4Þ

D in eq 4, like Kc/ΔRθ in eq1 could not be extrapolated to c
equal zero and is thus an apparent diffusion coefficient. It was
evaluated using the cumulant method22 including linear and
quadratic powers of the correlation time t. According to the
Stokes-Einstein relation, D can be transformed into a hydro-
dynamically effective radius Rh:

Rh ¼ kBT

6π 3 η 3D
ð5Þ

In eq 5 kB is Boltzmann’s constant, T is the absolute tem-
perature and η = 0.860 mPa 3 s is the viscosity of the solvent.

Although, Rg and Rh are apparent values, the deviation from
the true size values is considered to be negligibly small and even
disappears at the collapse point because the decoration of the
coils with M2þ screens interparticular interactions.

Impairment of the analysis of single particle shrinking pattern
by a premature onset of aggregation could be excluded as only
those samples have been used in which apparent molar mass
values did not significantly deviate from the apparent value
measured far off the phase boundary. If aggregate formation
would have occurred to a significant extent two possible mass
deviations have to be considered. A significant increase in mass
is observed if the aggregates would have been formed after
filtration or if the aggregates would have passed the filters. A
significant decrease in mass values is recorded if the aggregates
would have been removed by filtration. None of these effects
have been observed with the samples discussed in Figures 2-4.

Construction of the Phase Boundary. The phase boundary of
Cu2þ-NaPA in 0.1 M NaCl was constructed in analogy to a

procedure originally introduced4 for the system Ca2þ-PA.
Construction is based on the assumption that the state of the
collapsed NaPA coil approaches a compact sphere at the phase
boundary. The radius R of this sphere was estimated to Ro =
16.2 nm using the appropriate degree of polymerization DP =
Mw/M0 = 2.8 � 106/94 = 29800 and a volume of monomeric
unit of 0.6 nm3. Plotting the logarithm of the hydrodynamically
effective radius Rh against the Cu

2þ concentration within each
series of constant NaPA concentration reveals a linear correla-
tion. Extrapolation to log(R0/nm) = log(16.2) = 1.21 (inlet of
Figure 5) yields the critical Cu2þ concentration for the respective
series.

Figure 1. SLS data at a NaPA concentration of 0.11 mM. The copper
concentrations are 0.01 (black box), 0.02 (red circle), 0.03 (black
triangle, pointing up), 0.04 (blue triangle, pointing down), 0.05 (green
tilted square), and 0.06 mM (purple triangle, pointing left).

Figure 2. Rg values (A) and Rh values (B) plotted versus the ratio
[Cu2þ]/[PA] of the molar ion concentration [Cu2þ] to the monomeric
molar monomer concentration [PA] of NaPA. The symbols denote
copper concentration series at NaPA concentrations of 0.11 (purple
box), 0.22 (black box), 0.27 (red box), 0.32 (green box), and 0.39 mM
(blue box). The copper concentrations in each series are 0.01, 0.02, 0.03,
0.04, 0.05, and 0.06 mM. The open circle indicates the reference state of
the NaPA coils in copper free solution.

Figure 3. Extent of coil shrinking Rg (A) and structure-sensitive para-
meter F (B) plotted versus the ratio of themolar Cu2þ ion concentration
[Cu2þ] to the monomeric molar NaPA concentration [PA], [Cu2þ]/[PA].
The symbols denote copper concentration series at NaPA concentra-
tions of 0.11 mM (purple box), 0.22 mM (black box), 0.27 mM (red
box), 0.32 mM (green box) and 0.39 mM (blue box). The copper
concentrations in each series are 0.01, 0.02, 0.03, 0.04, 0.05, and
0.06 mM. The open circle indicates the reference state of the NaPA
coils in copper free solution.
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TR-SLS Experiments. The scattering curves are recorded
with a home-build goniometer system24 equippedwith aHe-Ne
laser operating at 632 nm and a power of 30 mW. The instru-
ment allows the simultaneous detection of static light scattering
curves at 2 � 19 fixed angles arranged in pairs on both sides of
the beam symmetrically in an angular regime of 25.84� e Θ e
143.13�. A C25 Haake bath was used to set the temperature to
25 �C. Each scattering curve was based on 4000 measurements each
requiring a recording time of 0.002 s. Taking into account the time
required toprocess the rawdata, the smallest possible time increment
for the recording of one scattering curve with this setup isΔt≈ 30 s.
Anoccasionally appearing signal overflowat a certain angle led toan
elimination of the respective angular signal.26 The same refractive
indexandrefractive index incrementhavebeenusedat532nmandat
632 nm. This can be justified because the refractive index increments
at 532 nm and at 632 nm only differ by about 0.1%.3

The aggregation experiment with Cu2þ was performed twice
and denoted as Cu01 andCu02. 5.0mL of a solution ofNaPA in
100 mM aqueous NaCl with a NaPA concentration of 0.217 mM
were filtered into a Hellma scattering cell. The TR-SLS experi-
ment respectively indicated by the suffix “-a” in the sample
name in Table 1 was performed after the first addition of
50 μL of a solution which is 5.05 mM with Cu2þ ions and
89.9mMwithNaþ ions. The sample volume in the scattering cell
was now 5.05 mL and the NaPA and the Cu2þ concentration
were 0.215 and 0.05 mM, respectively. The phase boundary was

crossed by further stepwise addition of the Cu2þ solution. In
each step, 50μLof a dust free solution containing 5.05mMCu2þ

ions and 89.9 mMNaþ ions were added to the scattering cuvette
by using an Eppendorf pipet.Within 30 s, the cuvette was placed
into the goniometer and the measurement was started, respec-
tively. The scattering curves were recorded with Δt = 40 s
between two successive curves. The NaPA concentration in the
scattering cell decreased only slightly by this procedure and
amounted to 0.211 mM after the final step while the Cu2þ

concentration reached a value of 0.147 mM in the experimental
series Cu01. In the case of experimental series Cu02, the
aggregation process did not set in at this concentrations and
an additional portion of 50 μL of the Cu2þ solution became
necessary to start the aggregation process. In this case the final
NaPA and Cu2þ concentrations in the scattering cell were 0.209
and 0.194mM, respectively. Because of the increasing scattering
signal accompanied by a strong signal overflow, the measure-
ment of the aggregation step was stopped after 20 min.

The aggregation experiments with calcium ions were performed
in a similar way. In the case of experimental series Ca01, 5.0mL of
NaPA in 100 mM aqueous NaCl with a NaPA concentration of
1.087 mM were filtrated into the scattering cell. A dust free
solution, containing 50 mM CaCl2 was added with an Eppendorf
pipet in steps of 50 μL. The experimental series Ca02 and Ca04
started with a slightly lower NaPA concentration of 1.024 mM. In
bothseries, adust free solutioncontaining40mMCaCl2and20mM
NaCl was added to the respective scattering cell in increments of
100 μL first and later 20 μLwith an Eppendorf pipet. In the case
of the experimental series Ca03, the concentration of the Ca2þ free
NaPA solutionwas 0.213mM,which is close to the concentrations
of the series with Cu2þ. A dust free solution containing 40 mM
CaCl2 and20mMNaClwas added in stepsof 100and50μL. In the
experimental series Ca03 the aggregation process set in at [PA] =
0.188 mM and [Ca2þ] = 4.602 mM. The values n = 1.336 and
(∂n/∂c)μ=0.167mL/gwere applied respectively as refractive index
of the solvent and as the refractive index increment of NaPA at a
chemical potential corresponding to 0.1 M NaCl.

Evaluation of the TR-SLS data for the aggregation experi-
ments induced by Cu2þ cations was performed with an analysis
according to eq1 in a regime of 0.7 � 10-4nm-2 < q2 < 2.82 �
10-4nm-2. All scattering curves recorded for these aggregation
processes turned out to follow straight lines in the respective q-
regime. This holds for polydisperse coil-like structures and
certain branched structures as is demonstrated in the Support-
ing Information. A quadratic fit which includes an additional q4

term in eq1 gives only slightly larger Rg andMw values than the

Figure 4. Structure-sensitive parameter F plotted versus the extent of
coil shrinking Rg. The symbols denote copper concentration series at
NaPA concentrations of 0.11 (purple box), 0.22 (black box), 0.27 (red
box), 0.32 (green box), and 0.39 mM (blue box). The copper concentra-
tions in each series are 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 mM. Open
symbols show the shrinking behavior of NaPA in 0.1 M NaCl in the
presence of Ca2þ ions.6 The black line shows the shrinking behavior of
poly(N-isopropylacrylamid) (PNIPAM) in aqueuos solution.30 PNI-
PAM is a good comparison, because it is a neutral derivate of NaPA.

Figure 5. Phase boundary of NaPA in the presence of Ca2þ ions (--)
and in the presence of Cu2þ ions (9). The straight line (;) is a linear fit
to the data (9). The inlet illustrates the evaluation of the critical Cu2þ

concentration at [PA] = 0.11 mM as the intersection of a linear fit to a
plot of log(Rh) vs [Cu

2þ] to Rh = R0= 16.2 nm.

Table 1. Overview on the Aggregation Experiments
of M2þ-PA in 0.1 M NaCl

experiment [NaPA]/mM [M2þ]/mM Rg/nm Rh/nm F = Rg/Rh

Cu01-a 0.215 0.050 82.3a 50.9b 1.79b

90.9b

Cu01-b 0.213 0.099 110.2a 75.1b 1.53b

115.0b

Cu01-c 0.211 0.147 109.3c

Cu02-a 0.211 0.147 62.3a

Cu02-b 0.209 0.194 76.5c

Ca01-a 1.032 3.271 70.6a 37.3b 1.94b

72.4b

Ca01-b 1.021 3.704 67.1c

Ca02-a 0.960 3.899 70.6a

Ca02-b 0.957 4.029 66.8c

Ca03-a 0.183 3.963 183.0a

Ca03-b 0.188 4.602 61.0c

Ca04-a 0.957 4.029 114.0a

Ca04-b 0.953 4.158 65.9c 176.8d 0.773d

136.6d

aResults from TR-SLS experiments. bResults from combined DLS
and SLS experiments. cFirst Rg value measured via TR-SLS at the
beginning of the aggregation process. dResults from combinedDLS and
SLS experiments during the aggregation process.
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corresponding linear fit does without having any effect on the
mass versus size correlations. The TR-SLS data for the aggrega-
tion experiments with Ca2þ cations turned out to be most
suitably analyzed according to Guinier’s approximation25 in a
regime of 0.352 � 10-4 nm-2 < q2 < 3.17 � 10-4 nm-2

ln
Kc

ΔRθ

� �
=ln

1

MwPðqÞ
� �

¼ ln
1

Mw

� �
þRg

2q2

3
ð6Þ

with P(q) ≈ exp{-(1/3)Rg
2q2}. As is shown in the Supporting

Information, the fit in the respective q-regime gives accurate
results for polydisperse spheres. The resulting formfactors
represented in Figures 8 and 10 follow characteristic master
curves respectively and serve as an additional confirmation of
the applied procedures to fit the data.

Results and Discussion

The Coil Collapse. In five series of experiments NaPA
chains in dilute solution were shrunken by an increasing
content of Cu2þ ions. In each series the Cu2þ concentration
was increased at constant concentrations of NaPA respec-
tively. All series covered a regime of NaPA concentration of

0.11 mMe [PA]e 0.39 mM as the monomer concentration,
corresponding to a concentration of 0.0092 g/L < c <
0.0327 g/L. Figure 1 shows the SLS data of one selected
example at [PA] = 0.11 mM asKc/ΔRΘ versus q2. The slope
of the scattering curves in Figure 1 decreases with increasing
copper concentration. Figure 2 summarizes the evolution of
the apparent radius of gyration and the apparent hydrody-
namically effective radius as a function of the concentration
ratio of copper ions per monomeric units expressed as
[Cu2þ]/[PA]. The apparent size of the anionic PA coils
shrinks drastically as the copper concentration increases.
Data recorded above [Cu2þ]/[PA] = 0.2 seem to indicate a
shrinking trendwhich is considerablyweaker than below 0.2.
For both radii, the respective variations overlay, suggesting
that the ratio of the two ion concentrations is the crucial
variable and that the trends point to a single limiting value of
[Cu2þ]/[PA] at which the system crosses the phase boundary

Figure 6. Rg (A) andMw (B) for samples Cu01-a (O), Cu01-b (9), and
Cu01-c (0). The inlet shows the respective trajectory in the phase
diagram. Further details of the sample characteristics are given in
Table 1.

Figure 7. Plot of the radius of gyration against weight-averaged molar
mass for the experiments Cu01-c (0), Ca03-b (0), and Ca04-b (9). The
solid line to Cu01-c corresponds to an exponent of 0.40 extracted above
Mw,app=4.2� 107 g/mol (t>530 inFigure 6) and the solid line toCa03-
b has a slope of 0.32 if established above Mw,app = 2.0 � 108 g/mol.

Figure 8. Normailzed Kratky plot (A) and form factor (B) of the
scattering data of Cu2þ-PA intermediates within series Cu01-c at 50
(black box), 450 (red box), 770 (green box), and 1200 s (blue box).
NaPA and Cu2þ concentrations are 0.211 and 0.147 mM, respectively.
The black line corresponds to the form factor of a Gaussian coil with a
polydispersity index PDI = 2.23,31,32 The dashed curve indicates the
respective model curve for monodisperse coils.31

Figure 9. Rg (A) and Mw (B) of the experiments Ca03-a (O), Ca03-b
(0), Ca04-a (2), and Ca04-b (9). The inlet shows the respective
trajectory in the phase diagram. Further details of the sample char-
acteristics are given in Table 1.
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and precipitates. This can be interpreted by a characteristic
stoichiometry of COO- residues per Cu2þ ion in the pre-
cipitate.

Two parameters can be used to analyze the extent of
shrinking and the accompanying morphological changes in
the collapsing coils. The first parameter relates the size of the
shrinking coilRg to the radius of gyration of its unperturbed
dimensions Rg(Θ).

Rg ¼ Rg=RgðΘÞ ð7Þ
For the present NaPA sample, Rg(Θ) in eq7 can be

estimated according to eq 13b of ref 3, which correlates the
radius of gyration to the molar mass of NaPA in an aqueous
solution at an inert salt content of [NaCl] = 1.5 M. In the
presence of 1.5 M NaCl, NaPA chains adopt their unper-
turbed dimensions.1,3 The second parameter compares the
ratio of the radius of gyration Rg to the hydrodynamically
effective radius Rh of a sample according to

F ¼ Rg=Rh ð8Þ
The F-ratio is structure-sensitive.27 For linear, flexible

polymer coils theory predicts a value of F = 1.504, which
increases to 1.86 under good solvent conditions. Polydisper-
sity also increases F. The theoretical value at Θ-condition
becomes 1.73 if the weight-averaged molecular weightMw is
twice as large as the number-averaged molecular weightMn.
Experimental values for monodisperse linear polymer sam-
ples under Θ-conditions are about 15% lower than theore-
tically predicted.28 For NaPA in 1.5 M NaCl a value of F=
1.53 could be established.3 Homogeneous spheres with a
monodisperse size have a value of F = 0.78, which is signi-
ficantly smaller than the value for linear chains. The impact
of polydispersity in the case of spheres is expected to be
much smaller than for linear chains8 and still negligible at
Mw/Mn= 2. Thus, discrimination between coils and spheres
by means of F is possible.

The data shown in Figure 2, enable direct calculation ofRg

and F with eq7 and 8. Results are presented in Figure 3. All
five series of experiments led to a unique decrease of the
expansion factor Rg, which approaches 1 at a ratio [Cu2þ]/
[PA] = 0.25. At this value, the coil reaches its unperturbed

dimensions and further shrinking occurs more gradually.
The strongest degree of shrinking appears at Rg = 0.5. It
belongs to the series with the lowest polymer concentration.
As has already been mentioned, the fact that the shrinking
trends from all concentration series overlay, indicates that a
critical stoichiometric ratio exists where coil shrinking bor-
ders precipitation. If this critical ratio corresponds to the
point where the shrinking trend changes its slope, it indicates
4 COO- residues per boundCu2þ ion and if this critical ratio
is close to the largest shrinking extent observed, it indicates
only 2 COO- residues per bound Cu2þ ions. As soon as this
phase boundary is crossed, aggregation inevitably starts to
compete with the intramolecular chain shrinking. Yet, the
propensity to aggregate gets weaker, as the NaPA concen-
tration decreases. It has to be emphasized at this point that
the extent of shrinking achieved with Ca2þ ions under the
same conditions6 exceeded the strongest degree of shrinking
observed for Cu2þ in the present work.

The corresponding F values observed with Cu2þ ions
scatter around a value close to 1.6 for all five series of
experiments. The average value of F = 1.6 is only slightly
larger than the value determined for NaPA under Θ-condi-
tions but lower than the value of F= 1.84 established in 0.1
MNaCl which corresponds to good solvent conditions.3 The
fact that the F values stay close to the value of unperturbed
NaPA coils may be interpreted by several alternative shrink-
ing mechanisms for the Cu2þ-PA: (i) The shrinking inter-
mediates adopt self-similar shapes resembling closely the
shape of an unperturbed coil; (ii) the shrinking process
generates a cascade of intermediates with two opposing
effects on the F-ratio, i.e., an increasing compaction, which
decreases F and an increasingly anisotropic shape, which
increases F. The most prominent model, currently discussed
for elongated shapes of collapsing polyelectrolyte chains is
the necklace-like chain model, with compact pearls inter-
connected by stretched chain-like strings.29 Although this
model is highly anisotropic as the interconnecting strings
form a straight line, it points to still another alternative (iii)
where the shrinking also generates locally condensed nodules
but now the connecting strings keep their freely jointed chain
arrangement albeit with a shorter contour than in the
absence of any collapsed domains.

This apparent constancy of the F value for the Cu2þ

induced shrinking compares with a gradual but significant
decrease observed for the collapsing Ca-PA chains. Unfor-
tunately, the Rg-regime, covered by data from both cations is
only a narrow range in between 0.5<Rg< 0.8.6 For a direct
comparison, the present data are replotted as a function ofRg

and combined with the respective data from ref 6 measured
at [NaCl]=0.1M inFigure 4. The data for theCa2þ-induced
shrinking even indicated a collapse to spherical particles not
observed in the case of the Cu2þ induced shrinking. Yet, the
major difference between the two cations is that we could
reachmuch lower shrinking ratios withCa2þ ions (Rg∼ 0.25)
than with Cu2þ ions (Rg ∼ 0.5). In the Rg regime covered by
data from both cations in Figure 4, no discrimination
between the two trends is possible. As each of the experi-
mental series ended once aggregation and/or precipitation
occurred for the first time, aggregation of Cu2þ-PA inter-
feres with shrinking already at lower degrees of shrinking
than aggregation of Ca2þ-PA does.

The experiments enabled us in addition to establish the
phase boundary as the threshold between the clear solution
state and the state where aggregation and/or precipitation
starts. The resulting phase boundary is shown in Figure 5
together with the respective phase boundary of the Ca2þ-
PA system established in ref6. at an inert salt level of

Figure 10. Kratky plot (A) and form factor (B) of the scattering data
from Ca2þ-PA intermediates of the experimental series Ca03-b at 71
(black box), 230 (red box), 454 (green box), 774 (blue box), and 1190 s
(9). The solid black line corresponds to a polydisperse sphere23,33 with a
PDI = 2.
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[NaCl] = 0.1 M. Although the scattering of the data points,
which cover only a narrow regime of [PA], is considerable, we
can state that the trend for the Cu2þ-system is compatible
with a straight line pointing to the origin and hence with a
distinct stoichiometic ratio of COO- residues per Cu2þ ions.
The slope of 0.29( 0.06 results in a ratio of 3( 1 COO- per
Cu2þ. Disregarding the large uncertainty for a moment, this
value suggests that the chains may not exclusively be neu-
tralized with Cu2þ cations as they precipitate. More impor-
tant, the resulting trend is well below the corresponding
phase boundary observed with the Ca2þ-PA system under
identical conditions. With the Ca2þ-PA system, a clear
extension of the one-phase state (dilute solution) is observed
if the level of NaCl is increased.6 This extension was inter-
preted due to an increasing excess of Naþ ions causing a
gradual exchange of the stronger bound Ca2þ . Apparently
the binding of Cu2þ ions is much stronger than the Ca2þ ions
and even a level of NaCl of 0.1 M does not succeed to
significantly replace bound Cu2þ ions. Several values of the
slopes were established for the phase boundary of the
Ca2þ-PA system at [NaCl] = 0.1M, which indicate a
stoichiometry close to 3:1.

Although, the present results do not totally exclude a
Cu2þ/COO- ratio of 1:2 for the precipitate postulated in
the literature,21,22 the precipitation threshold may already
occur at a lower value for this ratio. As already outlined,
shrinkingmay stop at a ratio of 1:4 corresponding to the kink
of two trends in Figure 2, and, due to a much stronger
interaction between Cu2þ and COO- than between Ca2þ

ions andCOO-, precipitation interferes with shrinkingmore
readily in the former case. Thus, Cu2þ-PA may include
more Naþ ions as counterions in its precipitate than
Ca2þ-PA does. The propensity of bound Ca2þ to be ex-
changed by an excess of Naþ ions is considerably larger than
of bound Cu2þ ions. This diminishes the stable one-phase
regime of dilute solution ofCu2þ-PA.On amolecular level a
larger extent of shrinking could be achieved in the case of
Ca2þ than observed in the present work with Cu2þ by the
time M2þ-PA is precipitating. The following paragraphs
will address the question whether this causes differences in
the mode of aggregation once the phase boundary is crossed.

TheOnset of Aggregation.Crossing a phase boundary like
the one indicated in Figure 5 for the systems under present
investigation (i.e., Cu2þ-PA in 0.1 M NaCl) by increasing
the Cu2þ content leads to macroscopically visible pre-
cipitates.9-11 If the polyelectrolyte concentration is dilute
enough, precipitation is preceded by a considerable coil
shrinking, which may achieve a complete coil collapse in
the case of Ca2þ-PA.4,6 With these facts in mind, the
interesting question arises whether an investigation of in-
dividually growing species with colloidal dimensions be-
comes possible in such cases? If it is possible to trace such a
growth process of colloidal M2þ-PA aggregates, what can
we learn about the morphology of these colloids and are
there mechanistic differences between growing Cu2þ-PA
aggregates and Ca2þ-PA aggregates?

TR-SLS is the method of choice to tackle these questions.
To this end, dilute solutions of NaPA in the presence of
appropriate amounts of M2þ =Cu2þ or M2þ =Ca2þ were
prepared in 0.1 M NaCl. First, in solutions close enough to
the phase boundary the ratio [M2þ]/[PA] was increased in
steps by adding small portions of concentrated M2þ solu-
tions. Each stage was analyzed by TR-SLS. If the solution
was stable for minutes the next portion of M2þ was added,
respectively. At a certain M2þ content, the solution turned
instable and exhibited a gradual increase in particle size and
mass.

Figure 6 illustrates this procedure at a NaPA concentra-
tion of 0.21 mmol/L with Cu2þ the specifically interacting
cation to be added. Addition of the initial amount of Cu2þ

led to an instantaneous decrease of Rg and did hardly affect
the apparent mass data Mw. Further details can be taken
from Table 1 where this experimental series is denoted as
Cu01. Addition of a second portion of Cu2þ slightly in-
creased the particle dimensions and enlarged the particle
mass by a factor of 2-3. Although this may already indicate
formation of some small oligomers, the sample is still stable
for more than 10min.We also have to keep inmind that part
of the increase in the mass may stem from the adsorption of
Cu2þ ions, which does not only increase the mass but may
also modify the scattering contrast of the objects. Only after
addition of the third increment of Cu2þ, did an aggregation
set in. The growth process under these conditions could be
followed byTR-SLS formore than 10minwith a particle size
of some 200 nm at the end of the experiment. The sample was
not stable and eventually became turbid. The pathway of
crossing the precipitation threshold also denoted as phase
boundary is indicated in the inlet of Figure 6.

In order to further illuminate this growth process, the
square root of the z-averagedmean square radius of gyration
Rg of the growing particles was correlated with the corre-
sponding weight-averaged particle mass indicated asMw. At
this point, we have to emphasize that particle mass values are
only apparent values as the index of refraction of this
Cu2þ-PA species is not known exactly and the value of
NaPA in 0.1 M NaCl has been used instead. Such a correla-
tion may lead to a power law according to eq9

Rg � Mw
a ð9Þ

Self-similar structures with a mass distribution indepen-
dent of Mw exhibit an exponent a which is a characteristic
value for the respective topology of the particles. For densely
packed spheres or cubes the exponent has a value of a= 1/3
and for ideal polymer coils or rods this value is 1/2 or 1,
respectively. If the resulting correlation is based on data
recorded by static light scattering, Rg and Mw are averaged
values, which include all species. In the case of a monomer
addition mechanism, where monomers add to aggregates,
monomers and aggregates are the only existing species. The
“monomers” here correspond to single M2þ-Pa chains and
the growing particles are aggregates thereof. Under such
circumstances the monomer addition mechanism leads to
exponents which are only half of the topological values, i. e.
1/2 for rods, 1/4 for ideal polymer coils, and 1/6 for homo-
geneous spheres.26 Topological exponents like 1/3 for spheres
may also be recovered from light scattering data if, in a
coagulation process, any sphere-like aggregate particle can
attach to any other particle independent from the degree of
aggregation.26

The correlation, resulting from the experiments outlined
in Figure 6 is represented in Figure 7. In fact, a power law
with an exponent of 0.4 can clearly be discerned from the
experimental data recorded after crossing the phase bound-
ary. This trend could be fully reproduced with a second time-
resolved experiment leading to an exponent of 0.42. Data of
this second run denoted as Cu02 are shown in the Supporting
Information. Exponents between 0.4 and 0.5 definitely ex-
clude the formation of compact spherical particles even if
aggregation would not follow a monomer addition mechan-
ism but rather would take place as coagulation to ever larger
spherical particles.26 A value close to 0.4 also excludes aggre-
gation following a monomer addition mechanism for a coil-
like morphology as the latter mechanism would inevitably
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result in an exponent equal to or smaller than 0.33. The
fact that the value of the exponent is only slightly smaller
than the one expected for particles with fractal dimensions of
flexible polymer coils, leaves us with a coagulation process of
coiled aggregates. This is also the more likely process to
occur as an entangled dimer may just as well add to another
dimer as it does to a monomer. A monomer addition
mechanism toward rod-like aggregates is also compatible
with an exponent close to 0.5 but appears to be extremely
unlikely in the light of the coil-like structure of the constitu-
ent units.

A closer look onto the particle form factors of intermedi-
ate aggregates represented in Figure 8 nicely supports the
scheme of coil-like structures. Such coil-like structures can be
described by the Debye formula,31 which in fact fits perfectly
well to the experimental data once a polydispersity index of
PDI = 2 is assumed. Polydispersity was taken into account
by a Schulz-Zimmdistribution23,32 of the particle mass with
a polydispersity parameter z = 1. This parameter is related
to the polydispersity index PDI according to

z ¼ 1=ðPDI-1Þ ¼ Mn=ðMw -MnÞ ð10Þ
with PDI=Mw/Mn the ratio of the weight-averaged particle
mass to the number-averaged particlemass. AKratky plot of
the respective form factors exhibit the beginning of a plateau
value which is characteristic for coils.27 Figure 8 also ex-
cludes the possibility of a monodisperse coil.

The aggregation behavior of Cu2þ-PA shall now be
compared with the corresponding behavior of Ca2þ-PA.
To this end, one series of experiments denoted as Ca03 has
been performed in 0.1 M NaCl with a similar concentration
of NaPA as used for the two experiments with Cu2þ-PA.
Results from the Ca03 series are shown in Figure 9. In the
first place, a much higher concentration is required for Ca2þ

to cross the phase boundary than for Cu2þ. Two additional
features are striking: (i) Particle mass values are larger by an
order of magnitude if compared to those achieved in the
corresponding experiments with Cu2þ. (ii) The exponent ob-
served for the experiment Ca03-b is close to 1/3 (Figure 7). If
the same line of argumentation is followed as presented for
the Cu2þ system, a coagulation mechanism is the more likely
one to occur and hence an exponent close to 1/3 indicates the
formation of compact, spherically shaped aggregates. Fig-
ure 9 compares the growth curve of the Ca2þ-PAaggregates
recorded at the low NaPA concentration close to 0.2 mM
(Ca03) with another one, recorded at a NaPA concentration
close to 1mM(Ca04). As is shown inFigure 7, both sets ofRg

versus Mw data are close to each other and reveal the same
exponent.

The structural difference of Ca2þ-aggregates from Cu2þ-
aggregates could be supported by an inspection of the
particle form factors and of the structure-sensitive ratio of
the radius of gyration and the hydrodynamically effective
radius. The Kratky plot of the formfactors exhibits a clear
maximumcharacteristic for regularely branched polymers or
even spherical particles. This is a striking difference to the
feature of the aggregates formed from Cu2þ-PA. As is
demonstrated in Figure 10, the experimental curves of
Ca2þ-PA aggregates from the experiment Ca03-b which
are large enough to become shape sensitive can be overlaid
and resemble the theoretical formfactor of a polydisperse
sphere over a wide range of the normalized momentum
transfer qRg irrespective of the time-resolved experiment
from which the curve was selected. The polydisperse for-
mfactor was calculated with the formula derived byRayleigh
for monodisperse spheres33 subdued to a Schulz-Zimm

distribution23 of the sphere volume with PDI= 2 according
to eq10.

In experiment Ca04-b performed at 0.953 mM of NaPA,
we succeeded to achieve a comparatively low growth rate.
This enabled us to interrupt the TR-SLS experiment for
about 14min andperforma combined SLS andDLSanalysis
of the solution in the very cell. Comparison of the resulting
hydrodynamically effective radius Rh from DLS with the
radius of gyration yield F = Rg/Rh = 0.77, which is in line
with expectations for a compact particle like a sphere.

As a consequence, Cu2þ-PA coils with a comparatively
low final degree of shrinking (i.e., a comparatively large final
value of Rg ∼ 0.5) form loose coil-like aggregates. The
aggregates from Ca2þ-PA coils, on the other hand, form
sphere-like aggregates, which are much more compact than
the corresponding Cu2þ-PA aggregates. This could have
been expected already from the shrunken Ca2þ-PA coils,
which in their final conformation, are much more compact
than the shrunken Cu2þ-PA coils.

An explanation of this behavior has to be related to the
nature of the complex bond formation between the bivalent
metal cations M2þ and the COO- residues. A suitable
characterization of such a complex bonding has been carried
out by Miyajima et al.,34 who considered polyelectrolyte
solutions as domains, occupied by polyelectrolyte coils,
which are separated by a polymer free solution phase.
Miyajima et al.34 applied the Donnan model to the domains
of the anionic PA coils and an intrinsic complex formation
constant was introduced by their eq9 of ref 34, for the
complexation of Ca2þ and Cu2þ to COO- residues within
these coil domains. Following this concept,Miyajima et al.34

could demonstrate, that at complete hydrolysis of the NaPA
chains this intrinsic complex formation constant is larger for
Cu2þ bymore than 2 orders ofmagnitude than the respective
formation constant for Ca2þ. Unlike Ca2þ, Cu2þ exhibits an
increasing extent of coordination with two COO- residues
once the degree of hydrolysis exceeds 20%. This can be
related to the occurrence of a binucleate Cu2þ complex
established byKonrad andR€uhe16 in addition to a less stable
mononucleate complex. The binucleate complex requires
more than one COO- ligand and complexes with more than
one COO- ligand per Cu2þ enable formation of intramole-
cular bridges between remote segments. The driving force of
the less stable Ca2þ binding to COO- residues could un-
ambiguously be attributed to the liberation of H2O mole-
cules from solvation shells of the ions.35 This entropic nature
of Ca2þ binding was unraveled by means of calorimetric
titration35 and could later be confirmed by a molecular
dynamics study.36 Thesemolecular dynamics simulation also
revealed a frequent bonding of one Ca2þ by two neighboring
COO- residues. Such bonding stiffens the chain on a local
length scale only and leads to a considerable electrical
discharge of the chain backbone.36While putting these pieces
of information together, we may extract the following reac-
tion pattern. Cu2þ ions form coordination bonds to COO-

residuesmore vigorously andwith a higher stability andwith
a higher propensity to bridging than Ca2þ ions do. This
bridging generates intramolecular and intermolecular cross-
links. The Cu2þ-induced cross-links occur long before the
chains are fully neutralized and thus long before they are
transformed into a hydrophobic, insoluble state. Hence,
these cross-links kinetically arrest conformations in loosely
shrunken and loosely aggregated states. In the presence of
Ca2þ, the anionic PA chains will be decorated with M2þ

more gradually and, as a result, to a much larger extent than
in the case of Cu2þ. The resulting morphological changes do
not get trapped in conformational states with low segment
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density as easily as if arrested by stable coordinative cross-
links with Cu2þ. Therefore, shrinking and aggregation in-
duced by Ca2þ resembles the shrinking process observed
with neutral polymer chains after crossing the Θ-state37-39

and the respective processes induced by Cu2þ are compar-
able to an intermolecular and intramolecular cross-linking.

The present findings may be related to time-resolved DLS
experiments on the aggregation of partially hydrolyzed
polyacrylamide chains40 induced by Ca2þ ions in salt free
water. These experiments led to exponents close to a= 0.48
for eq9 which indicate a fractal dimension close to the one
expected for polymer coils and are much closer to the size
versus mass correlation found for the Cu2þ cations than for
Ca2þ-NaPA in 0.1MNaCl. Peng andWu40 used a degree of
hydrolyzation of the polyacrylamide chains, which is fairly
low. Only 20% of the residues were carboxylate functions at
the most and thus ready to form complex bonds to Ca2þ ions
and the remaining amide residues were less polar than the
COO- groups of the fully hydrolyzed NaPA chains. Appar-
ently, these features led to a similar pattern of interchain
cross-linking as induced by the Cu2þ ions with the fully
hydrolyzed NaPA in 0.1 M NaCl.

Summary

Addition of Cu2þ ions to dilute solutions of high molecular
weight NaPA chains induces a drastic shrinking of the NaPA
chains.Unlike the corresponding effects observedwithCa2þ ions,
the location of this shrinking in a phase diagram is hardly
influenced by the presence of 0.1 M NaCl. NaCl considerably
shifts the phase boundary of Ca2þ-PA solutions.6 Hence the
Cu2þ-PA complexes respond less sensitive to the pressure of ion
exchange than the Ca2þ-PA complexes do. An additional
difference between the impact of Cu2þ andCa2þ cations observed
with increasing the respective cation content is that themaximum
extent of shrinking for the Cu2þ-PA coils is smaller than the one
reached for the Ca2þ-PA coils by a factor of 2. Apparently, the
Cu2þ-PA coils aggregate long before the limiting shape of a
compact sphere is achieved and the shrinking induced with Ca2þ

led to compact Ca2þ-PA spheres prior to crossing the phase
boundary. This behavior influences the morphology of the
resulting aggregates after crossing the phase boundary.

We unambiguously demonstrate by means of time-resolved
static light scattering, that Cu2þ-PA aggregates grow as loose
coil-like aggregates and Ca2þ-PA aggregates are much more
compact objects similar to sphere-like shapes if aggregate forma-
tion is performed under identical conditions. As a consequence,
the present findings suggest the application of specifically inter-
acting cations as a new tool to control formation andmorphology
of polyacrylate aggregates.
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