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Abstract. Results on the structural and dynamical properties of aqueous solutions of NaPSS (HPSS) are
reported. Most samples of previous measurements, including our own, are contaminated by the presence
of (temporal) aggregates. The emphasis of this paper lies on investigations of well purified samples at very
low ionic strength where interacting effects are maximum. As previously reported, this can be achieved by
pumping the suspension through ion exchange resin by means of a tube-pump, using filters of 0.1 µm pore
size. Information has been extracted from static and dynamic light scattering and viscosity measurements.
A second maximum is observed in the scattering curves versus wavenumber for the first time. It is discussed
on the basis of two current models describing the structure of charged macromolecules. The short time
dynamics reflects the measured intensity. Detailed viscosity data in comparison of those of rodlike (TMV),
slightly flexible so-called fd virus particles (length 880 nm) are used to confirm the interpretation of the
light scattering results. The recently observed maximum in the reduced viscosity could be confirmed.

PACS. 51.20.+d Viscosity, diffusion, and thermal conductivity – 78.35.+c Brillouin and Rayleigh
scattering; other light scattering – 82.70.Kj Emulsions and suspensions

1 Introduction

The structural and dynamical properties of highly charged
polyelectrolytes at low ionic strength have been the sub-
ject of many investigations [1]. Especially aqueous solu-
tions of sodium polystyrenesulphonate has served as a
model system. Small angle neutron scattering (SANS) was
the first technique which revealed a broad intensity max-
imum [2], that later was compared to the reciprocal effec-
tive diffusion coefficient derived from neutron spin echo
measurements [3,4]. Since then, various papers have ap-
peared that dealt with the properties of NaPSS solutions
[1]. Whereas SANS and SAXS- (small angle X-ray scatter-
ing) techniques [5,6] are best suited to explore the prop-
erties of semidilute/concentrated solutions (depending on
the molecular weight (MW) of the samples used), light
scattering (LS) monitors the dilute/semidilute regime.
Typical concentrations range around 0.01 mg/ml com-
pared to about 50 mg/ml with the former techniques. The
first static and dynamical LS investigations are due to
Drifford et al. [7]. Again a single maximum in scattered
intensity was observed. In two recent articles we have ex-
tended the LS measurements arriving at equivalent re-
sults [8,9]. It should be mentioned that a similar feature
was observed for other polyelectrolytes [1]. Theoretically,
the maximum observed in SANS and SAXS has been de-
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scribed by an isotropic model based on a correlation hole
concept [10].

Careful sample preparation is of high significance. It
has been recognized that NaPSS tends to form steady or
temporal aggregates visible as a strong intensity increase
at small wavenumbers [1,7–9]. It cannot be excluded that
they also influence the static structure factor of the solu-
tion. The dynamics are severely affected by these aggre-
gates too as a so-called slow mode occurs [11]; this mode
has been claimed to be absent in pure samples [12], but
this is still a matter of debate [1]. Subsequently Gosh et al.
have shown that these features can be eliminated by press-
ing the solution through a filter of at most 0.1 µm pore
size [12]. Since this condition was not met in our previous
investigations as well as in other ones we have resumed LS
measurements on aqueous solutions of NaPSS. Emphasis
is put on highly interacting samples as described below.

In a second step we have investigated the short time
behaviour of the correlation function which we have com-
pared with the results of the static measurements, and
finally we report on detailed viscosity measurements. Var-
ious investigations of this type have already been reported,
which, however, come to different conclusions [13–16]. In
some papers, the ionic strength was not minimum or the
shear rate dependence was not measured [13]. Our results
can be used to qualitatively support statements of SLS
measurements concerning the conformation of the chains.
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2 Experimental

Sodium polystyrenesulphonate was purchased by Poly-
sciences Europe. In order to investigate polyelectrolytes
with different contour lengths Lc the following molecular
weights were used: MW = 183 kg/mol (Lc = 222 nm),
MW = 356 kg/mol (Lc = 432 nm), MW = 744 kg/mol
(Lc = 903 nm), MW = 1010 kg/mol (Lc = 1226 nm),
MW = 2870 kg/mol (Lc = 3483 nm). According to the
manufacturer, the polydispersity of the salt form is char-
acterized by MW/Mn ≤ 1.1 (≤ 1.2 for MW 2870 kg/mol),
and the degree of sulphonation larger than 90%. The
preparation of salt free samples was achieved by a well
known procedure used for obtaining saltfree suspensions
of spherical or rodlike particles [17] which differs from the
preparation of NaPSS samples for SANS and SAXS ex-
periments. First, for each molecular weight, a stock sus-
pension was prepared by dissolving the weighted salt in
carefully deionized water (R > 18 MΩ). The process of pu-
rification and deionizing of the appropriate concentrated
samples was then accomplished in a closed circuit using
a tube-pump to circulate the suspension through a mixed
bed ion ex-change resin [17,18]. Conductivity measure-
ments yielded a charge density per monomer of about
0.25. Almost all the Na+ counterions are exchanged by
H+ which was confirmed by pH measurement. In what
follows, we note the molecular weights of NaPSS. As men-
tioned above, cleaning from precipitates was achieved by
a millipore filter of 0.1 µm pore size. In our previous inves-
tigations the pore size was 1.5 µm. The concentration was
measured with a Beckman spectrometer DM 64 at the
absorption maximum (λ = 224 nm) after completion of
the light scattering or viscosity measurement. For neutron
scattering measurements after purification by ion resins,
the polyelectrolyte was neutralized with sodium hydroxide
and then lyophilized. The ionic strength of those samples
will not be quite as low as that of our samples at small con-
centrations. Since most of the Na+ ions are replaced by H+

ions, these solutions represent almost pure two-component
systems. The self ionization of water is suppressed [1,19]
and therefore essentially no coions are present in the so-
lution. In contradiction, NaPSS solutions can hydrolyse.
Although NaPSS derives from a strong acid, ion exchange
can take place between the Na+ counterions and water,
leading to the formation of small amounts of NaOH. These
solutions contain therefore small amounts of salt.

We used commercial light scattering equipment (ALV
5000, Langen/Germany) consisting of a computer con-
trolled goniometer table with focusing and detector optics,
a power stabilized 3 W argon laser (Spectra Physics), a
digital rate meter and a temperature control, stabilizing
the temperature of the sample cell at ±0.1 ◦C [8]. For
the viscosity experiments a computer controlled Couette
type rotational viscosimeter (Contraves Low Shear 40, Fa.
Mettler) was employed. It allows measurements in the
range of 1 mPas (water) at a shear rate of γ̇ = 0.5 s−1

with an accuracy of better than 3%. The measuring sys-
tem was flushed by nitrogen gas to get samples of lowest
ionic strength. The sample was again kept in the closed
pump circuit. Connection to the viscosimeter vessel was

made by two glass pipettes [20]. The whole apparatus was
first thoroughly cleaned by pumping highly purified wa-
ter through it. A minimum conductivity of 0.6 and of
70 µS/cm was achieved with samples of lowest and high-
est concentration, respectively. During the measurement
the conductivity raised only by a few percent.

3 Static and dynamic light scattering

Information on the shape of the single macroparticle is
contained in the form factor P (q) where q is the scatter-
ing vector. The mutual arrangement of the chains is given
by the structure factor S(q). The scattering intensity can
formally be written as the product of the form factor P (q)
and the static structure factor S(q). If the particles are
flexible as is the case for NaPSS, only a mean value for
the single particle form factor can be given. As long as
there is no interaction between the chains, S(q) is equal
to one and the form factor can experimentally be deter-
mined. However, this becomes impossible when the chains
are charged. Indeed changes of form result from the repul-
sion of neighboring segments leading to some stretching
of the macroparticles. Thus, the form factor changes, but
only the product S(q)P (q) can be measured. In contrast
to the situation with rodlike particles, only the scatter-
ing intensity can be plotted. We are mostly interested in
the structure in the semidilute region. For this purpose,
MW’s of 744 kg/mol (Fig. 1a) and 1010 kg/mol (Fig. 1b)
are well suited. The transition between the dilute and the
semidilute regime is defined here by the concentration de-
pendence of the wavenumber of the main maximum, qmax,
changing from

qmax ∝ c
1/3 to qmax ∝ c

1/2 as explained later.

As can be derived from Figure 2, the transition takes
place between c = 1.5c∗c and c = 2.5c∗c . Here c∗c =
1 particle/L3

c where Lc is the contour length. Consequently,
the first MW 744 sample refers to the transition regime
where the other one and all three MW 1010 samples are
located in the semidilute regime. Besides the well known
first peak, a second maximum is clearly visible, which
would even be more pronounced if S(q) could be plot-
ted, since the (unknown) form factor decreases with in-
creasing q. For smaller MW’s the intensity is too weak to
be resolved from the background. The large intensity in-
crease towards small wavenumbers mentioned above and
observable in previous publications does not occur here or
is very much reduced, which means that aggregates are
essentially absent.

An oscillatory behaviour of I(q) and S(q) is known to
appear for aqueous suspensions of rodlike and weakly flex-
ible particles. Extensive experimental studies have been
performed mainly on suspensions of charged tobacco mo-
saic viruses (TMV, length 300 nm) and so called fd viruses
(length 880 nm) [21,22]. Detailed theoretical treatments
are available showing a liquid like order of the particles
below the overlap concentration c∗ = 1 particle/length3
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Fig. 1. (a) Scattering intensity versus wavenumber.
MW = 744 kg/mol: c = 0.0042 mg/ml (∗) and c =
0.0067 mg/ml (H). (b) Scattering intensity versus wavenum-
ber MW = 1010 kg/mol: c = 0.004 mg/ml (�); c =
0.0063 mg/ml (♦); c = 0.011 mg/ml (×).

[23,24]. It is expressed in S(q) by that part of the struc-
ture factor which arises from the center-to-center correla-
tions only. However, at about 4c∗, this peak vanishes. The
total S(q) has still a peak because of the angular corre-
lations between the particles, which become important at
about c∗ and above. Globally no orientational order ex-
ists. The concentration dependence of qmax changes from
c1/3 to c1/2 around c∗ 1. Good agreement has been found
between experimental [23] and theoretical results [21,22].

Because of the flexibility of the macroparticles, this
model can only be applied with circumspection. We put it
aside while describing another model, which has been ap-
plied successfully to the single maximum found in neutron-
and X-ray investigations of flexible chains. This is called
the isotropic model, applicable in the semidilute regime.
Here, the chains are entangled and form an isotropic tran-
sient network. The structure is described by a dense as-
sembly of blobs of size ξ. At length scales smaller than
ξ, electrostatic interactions lead to a rodlike conforma-
tion of the chains. For scales larger than ξ, the interac-
tions are screened out and each chain behaves randomly.
The structure factor resembles the so called correlation
hole first introduced by de Gennes in polymer melts [25].
The model is characterized by a broad peak in the scat-
tered intensity. More detailed calculations have been done
meanwhile, which show a single peak as consequence of
the correlation hole [26–29]. No oscillatory behaviour of
the intensity has been derived so far.

In the semidilute regime, all model calculations
essentially predict a concentration dependence of qmax pro-
portional to c1/2. According to the liquid like picture for
c� c∗c , qmax has to vary proportional to c1/3 since in this
case it is approximately a measure of the reciprocal mean
distance between centers of gravity, as already mentioned.
Thus, we are able to estimate a mean length Leff from the
experimental data of Figure 2. Here, the product of qmax

by the contour length is plotted versus the concentration
normalized to the overlap concentration c∗c , defined above
in a logarithmic representation. In this way, all LS data
of qmax for different MW’s below c∗c and above 2.5c∗c re-
spectively, can be found each on a straight line as in the
case of rodlike particles. The best fit in the semidilute
regime is obtained by an exponent of 0.47, but to a good
approximation, the results can be described by

qmax Lc = a

(
c

c∗c

)1/2

, a = 1.0

as can be seen from the additional line in Figure 2.
Using for c the value 2.0c∗c one arrives at Leff ≈ 0.8Lc.

This means that the chains are not Gaussian coils but are
fairly stretched at these concentrations. What is impor-
tant is not the absolute number of Leff but the fact that
the crossover from an exponent of 1/3 to 1/2 takes place
not much above c∗c . At higher concentrations, due to the
increasing ionic strength, stronger coiling may occur com-
patible with computer simulations on short chains [30].

1 This finding agrees closely with the overlap concentration
observed previously, if only the light scattering results are
taken into account [9].
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Fig. 2. Wavenumber of the first inten-
sity maximum multiplied by the contour
length Lc versus concentration normalized
to 1/L3

c for various molecular weights.
220 kg/mol (×), 356 kg/mol (O), 400 kg/mol
(∗), 744 kg/mol (o), 1010 kg/mol (�),
2870 kg/mol (M). The points marked by
arrows correspond to the samples of Fig-
ures 1a, 1b.

Further extraction of the conformation of the chains
are not possible at present. Application of the model for
rodlike particles is questionable because of the nonnegligi-
ble flexibility of the (charged) chains. The isotropic model
on the other side, as far as it has been worked out, does
not show oscillatory behaviour.

4 Short time dynamics

For solutions of spherical particles it has been shown both
theoretically and experimentally that the reciprocal short
time diffusion coefficient Di(q) is given by the structure
factor divided by the diffusion coefficient Do of noninter-
acting spheres provided by hydrodynamic interactions are
neglected [31]

1

Di(q)
=
S(q)

Do
· (1)

It has been proved experimentally that this relation holds
also for rodlike particles even in the semidilute regime if
Do and Di are replaced by effective diffusion coefficients
Deff,0(q) and Deff,i(q), respectively. They reflect all differ-
ent types of motion of the particles in the scattering vol-
ume such as translational, rotational and bending modes.
For flexible polyelectrolytes the first LS results of Drifford
et al. [7] on samples of MW 7.8 × 105 indicate a similar
behaviour. Neutron spin echo measurements reveal only
partial agreement [4]. Therefore, to establish the relation
between structural order and diffusive behaviour, we have
performed detailed dynamical light scattering investiga-
tions on solutions of four molecular weights.

The effective diffusion coefficient is derived from the
field correlation function of the scattered light which is
related to the measured intensity correlation function by

the Siegert relation [32].

gI(q, t) = 〈I(q, 0)I(q, t)〉/〈I(q)〉2 (2)

gE(q, t) = 〈E(q, 0)E(q, t)〉/〈I(q)〉. (3)

The field correlation function reflects all different types
of motion mentioned above. In the absence of an adequate
theory it is not possible to calculate gE(q, t) for a given
flexible particle in the case of strong interparticle interac-
tion. Therefore there is no way to determine the correspon-
dent diffusion coefficients in an unequivocal and consistent
manner. Of course the experimental data can be fitted by
a sum of several exponential functions, but there exists
no method to connect the relaxation times with a special
kind of single particle motion. Nevertheless, a well-defined
quantity is represented by the first cumulant

K1(q) = −
d

dt
{ln gE(q, t)}t (4)

which can be related to an effective diffusion coefficient
via

Deff(q) = K1(q)/q2. (5)

To study the short time behaviour of the field correlation
function in interacting solutions of rodlike particles, use
has been made of an equation that was originally derived
for strongly interacting spheres [31], given by

K1,i(q) = K1,0(q)/S(q). (6)

This means that the first cumulant K1,i(q) can be calcu-
lated from the first cumulant of suspensions of noninter-
acting particles, K1,0, and the static structure factor S(q).
Using the above equation one gets

S(q) = Deff,0(q)/Deff,i(q) (7)
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Fig. 3. Comparison between the scattering intensity (�) and the reciprocal effective diffusion coefficient (M) versus wavenumber.

where Deff,0(q) denotes the effective diffusion coefficient
for noninteracting particles introduced above. Since it is in
general only a weak function of q, the relation shows that
high structural order is accompanied by a strong slowing
down of the diffusion.

For flexible particles equation (7) cannot be applied,
since only the measured intensity is accessible. Therefore

we write instead

I(q) =
Deff,0(q)P (q)

Deff,i(q)
· (8)

The theory assumes that the shape of the particles re-
mains unchanged when the interaction is switched on. As
already mentioned, this is not fulfilled for flexible particles.
Therefore, one can only compare I(q) with 1/Deff,i(q).
This is done in Figures 3a-f. By fitting both curves at
qmax, good agreement is obtained, which indicates that
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Fig. 4. Viscosity of aqueous suspensions of NaPSS
(MW 1010 kg/mol) with added salt for different con-
centrations as given in the inlet.

the nominator is essentially constant. For the lowest
MW = 220 kg/mol because of the weak scattering power,
the results are affected by rather big errors. As is obvious
from Figure 3d, also the second maximum is reproduced
in 1/Deff,i. Therefore, on the whole, for all MW’s the data
confirm the proportionality between I(q) and 1/Deff,i(q)
At not too high concentration, it is tempting to interpret
this as a consequence of a liquid like order of the particles.

It is interesting to compare our results with those of
spin echo investigations of Kanaya et al. [4] at four orders
of magnitude higher concentrations but similar molecular
weights. Good agreement is found there only at wavenum-
bers below that of the maximum of I(q). Around qmax and
above the reciprocal effective diffusion coefficient is flatter
than the intensity I(q).

5 Viscosity

The viscosity reflects the shape of the macroparticles,
their flexibility and mutual arrangement. These proper-
ties strongly depend on the electrostatic interaction of
the polyions. Therefore, viscosimetry can be used, besides
light scattering, to learn something about these proper-
ties.

There exists already a variety of papers dealing with
the viscosity of NaPSS [13–16]. In all cases, a maximum of
the reduced viscosity is observed as function of concentra-
tion (Fig. 5). Its position, cpmax, and magnitude depend
only slightly on the molecular weight of the samples. In-
creasing the ionic strength by adding small amounts of salt
results in a rise of cpmax by more than one order of mag-
nitude before vanishing. Vink has compared his viscosity
data of NaPSS solutions with those of HPSS and found
that cpmax decreases by about 30%. He attributed this dif-
ference to the smaller ionic strengths of the HPSS samples
at small concentrations as explained in the experimental
part. Anticipating our data in Figure 5 this might in part

Fig. 5. Spreading of the position of the maximum of reduced
viscosity of comparable molecular weights obtained by various
authors, Coh [13], Yam [14], Vin [15], Gan [16].

explain the shift of cpmax towards somewhat smaller con-
centrations. Finally, for a quantitative comparison of the
different results, it has to be taken into account that the
shear rate dependence could not always be examined since
a capillary viscosimeter was used [13].

It was our intention again to add results on very pure
samples at minimum ionic strength.

At first we demonstrate the big increase of the viscosity
when the salt is removed from the solution.
This is demonstrated in Figures 4 and 6a which show
viscosities at high and small ionic strengths, respectively,
for MW = 1010 kg/mol. In the latter case, the zero shear
values are about an order of magnitude bigger. Figures
6a-d show the results for different molecular weights. The
viscosity versus the shear rate is plotted. The zero shear
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Fig. 6. Viscosity of aqueous suspensions of NaPSS at low ionic strength as function of shear rate for various concentrations as
given in the inlet: a) MW 1010 kg/mol, b) MW 744 kg/mol, c) MW 356 kg/mol, d) MW 183 kg/mol.
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rate values taken at the same monomer concentration in-
crease by almost a factor of ten by raising the MW from
183 kg/mol to 1010 kg/mol. A weak shear rate depen-
dence sets in for MW = 356 kg/mol at γ̇ = 10 s−1. The
measurements refer to the dilute regime below c∗c . They
may be compared to the viscosities of rodlike TMV with a
length of 300 nm [33], ranging within the contour lengths
of our NaPSS particles. In this case, the viscosity does
not depend on the shear rate. Its absolute value is very
similar to the mean value of the zero shear viscosities of
the NaPSS samples defined above at comparable particle
concentration.

As expected, for higher molecular weight samples, the
shear rate dependence increases. Strong shear thinning is
observed for particles of MW = 1010 kg/mol. Samples of
MW = 744 kg/mol have a contour length of 903 nm. It
is therefore again interesting to compare their viscosities
with those of slightly flexible fd-particles of length 880 nm
[34]. It turns out that the zero shear values and the shear
rate dependence are again similar; the PSS solutions be-
have like suspensions of only little shorter rods. No pe-
culiar change of the viscosity is observed by raising the
concentration through c∗c or some nearby value. Because
of the similarities stated, we again conclude that the shape
of these NaPSS particles are not far from being rodlike at
small ionic strength, in agreement with the light scattering
and recent birefringence results [9].

The concentration dependence of the viscosity is plot-
ted in Figures 7a-d. The curves increase linearly first, then
bend towards a constant value when the concentration
gets much bigger than the overlap concentration c∗c .

Finally, the reduced viscosity, defined as

ηred =
η − ηs

ηscp
(9)

is shown for four molecular weights. ηS is the viscosity
of pure water in our case. As already mentioned, it ex-
hibits a maximum at a concentration almost independent
of molecular weight [13–16]. According to our measure-
ments, it is located at c = (1.6±0.2)×10−3 mg/ml, slightly
below the values reported so far. The maximum is most
pronounced for the highest molecular weight samples. For
MW 1010 kg/mol overlap of the chains occurs for most of
the concentrations according to the LS results, whereas
for MW 744 kg/mol the highest concentrations are in the
transition regime. The particles of the two lowest molec-
ular weight samples of Figures 6c, d on average stay far
away from each other, c/c∗c � 1.

The appearance of a maximum seems typical of flex-
ible polyelectrolytes. It has also been found for particles
of other chemical composition (for ref. see [19]), but we
have not observed it for macromolecules of rodlike shape.
For example, for TMV ηred is a decreasing function of
concentration [33], whereas for the slightly flexible

fd-particles it is about constant2 at small concentrations
and then also decreases. It has been argued that because
of the very low concentration artifacts like adsorption at
the walls might lead to a maximum in ηred, but the effect
was found to be too small [14]. Cohen and Priel have ap-
plied a theory of Hess and Klein [35], originally derived
for interacting spherical particles. Therefore they had to
limit their considerations to the dilute regime. However, it
remains unclear on which physical grounds the maximum
occurs. Since the effect is not observed for rodlike parti-
cles, it seems reasonable to correlate it to conformational
changes occurring during dilution of the suspension. The
ionic strength Cs is given by [19]

Cs = ca + εcp (10)

where ε characterizes the degree of dissociation of the
counterions and how the add to the suspensions effective
ionic strength, ca is the amount of salt.

When cp decreases CS decreases too. According to
Reed [19], lowering Cs leads to an expansion of the poly-
electrolyte coils at such a rate that the square of the vis-
cometric volume occupied by a given macromolecule in-
creases faster than cp decreases, thus leading to an increase
in ηred. As cp decreases further, the chains will approach
their maximum size, and therefore the viscometric volume
will become independent of cp and cs, and the reduced vis-
cosity decreases, giving rise to a maximum. The shape of
the curves depends on the particular model to calculate
[η]. In spite of this plausible explanation, caution has to
be taken since Yamanaka et al. [14] have reported a maxi-
mum also to exist in aqueous suspensions of spheres whose
shape does not change with concentration.

6 Summary

Light scattering measurements on carefully prepared
aqueous solutions of NaPSS (HPSS) at very low ionic
strength have revealed for the first time a q dependent
oscillating intensity, equivalent to that which has been
found recently for suspensions of rodlike and weakly flex-
ible macroparticles. The wavenumber of the maximum
varies at c1/3 below a certain overlap concentration close
to 2c∗c and as c0.47 above it. From this a mean length
of the chains around those concentration of L ≈ 0.8Lc

(Lc contour length) can be estimated. Low shear viscos-
ity measurements were compared to those of suspensions
of rodlike TMV and semiflexible fd-particles. The results
are consistent with the fact that the polyelectrolyte chains
are rather stretched. The reduced viscosity shows a pro-
nounced maximum at a very low concentration in fair
agreement with existing data on aqueous solutions of
HPSS and NaPSS. It might originate in the change of
the shape of the macromolecules with decreasing concen-
tration.

2 Data are somewhat incomplete, since they have been taken
at a few concentrations only.
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Fig. 7. Concentration dependence of the viscosity derived from the data of Figures 6a-d.
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Fig. 8. The reduced viscosity derived from the data of Figures 6a-d.
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