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ABSTRACT: We report on the observation of spatial correlation of linear polyelectrolyte chains attached
to latex particles. The particles are dispersed in water and consist of a solid poly(styrene) core and a
shell of poly(acrylic acid) (PAA). At low pH the PAA chains are virtually uncharged, but full ionization
can be reached for pH > 10. Small-angle X-ray scattering (SAXS) reveals an additional peak in the region
of intermediate scattering angles when the chains are fully charged whereas no signal is seen in the
uncharged state (low pH). Also, the peak is only seen if the polyelectrolyte chains attached to different
particles overlap sufficiently. The position of the maximum scales with the square root of the particle
concentration. The peak vanished when the ionic strength is raised by adding salt to the suspension. We
assigned this signal to the weak maximum of the scattering intensity seen by small-angle scattering
experiments in solutions of free linear polyelectrolytes (“polyelectrolyte peak”). The present investigation
demonstrates that the same spatial correlation may occur when the polyelectrolyte chains are attached
to the surface of colloidal particles.

Introduction
The solution properties of polyelectrolyte differ mark-

edly from those of uncharged macromolecular systems.
This is due to the presence of charges along the chain
which leads to long-range Coulombic interactions be-
tween the polymer segments.1-5 If an excess of low-
molecular-weight salt is added to solutions, the Cou-
lombic forces are strongly screened. In this case the
solution behavior of these systems can be compared to
results obtained from uncharged macromolecules.1-3

Dilute polyelectrolyte solutions without added salt,
however, exhibit a totally different behavior. Static
scattering experiment have revealed a maximum of the
scattering intensity I(q) (q ) (4π/λ) sin(θ/2); λ ) wave-
length of the used radiation and θ ) scattering angle)
at a certain q*. This “polyelectrolyte peak” has been the
subject of numerous theoretical4-9 and experiment-
al4,5,10-15 studies. A survey of experimental data shows
that q* scales with the polyelectrolyte concentration cp
as cp

1/2 in the semidilute regime and with cp
1/3 in the

dilute regime (see for example the discussion of this
point by Borsali et al.).14 Moreover, the scattering
intensity I(q*) at the maximum decreases with increas-
ing concentration of added salt.4,5 This phenomenon has
hence been attributed to the presence of long-range
electrostatic interactions which impose a local order onto
the polyelectrolyte solution.

There is no generally accepted model that satisfac-
torily explains all the features of salt-free polyelectrolyte
solutions so far. An overwhelming number of recent
experimental studies demonstrate, however, that the
“polyelectrolyte peak” is a genuine feature of salt-free
polyelectrolyte solution (see the discussions in refs 4,
5, and 13-15).

If linear polyelectrolyte chains can build up spatial
structures in salt-free solutions which lead to a maxi-
mum of I(q), the same phenomenon should in principle
occur in systems in which the polyelectrolyte chains are

bound to solid surfaces. Such polyelectrolyte brushes
consisting chains grafted densely to planar or curved
surfaces have attracted much attention recently.16-28

Interactions between polyelectrolyte chains should be-
come observable when attaching such macromolecules
to the surface of well-defined colloidal particles. Hence,
scattering experiments on suitable spherical brushes of
colloidal dimensions should reveal whether chains at-
tached to surfaces lead to a similar ordering as observed
in salt-free solutions of free polyelectrolyte chains.

Colloidal particles with attached polyelectrolyte chains
can be achieved through adsorption of block copolymers
on latex particles (see e.g. refs 24 and 25). Micellization
of suitable block copolymers may lead to spherical
micelles with a hydrophobic core and a corona consisting
of polyelectrolyte chains.29-34 These systems could be
compared to star-branched polyelectrolytes in which
polyelectrolyte chains emanate from a well-defined
core.35,36

We have developed a method whereby linear poly-
electrolyte chains can be grafted to the surface of well-
defined core latex particles.37,38 The synthesis proceeds
through photoemulsion polymerization in which radicals
are generated on the surface of monodisperse latex
particles of radius R by photoinitiation.37 These radicals
start the polymerization of water-soluble monomers as
for example acrylic acid (AA) directly on the surface,
and the contour length Lc of the resulting poly(acrylic
acid) (PAA) and their grafting density σ can be varied
within wide limits.38 Hence, these particles (see Figure
1) obtained by a grafting from technique21-23 represent
suitable model systems for studying the solution be-
havior of spherical polyelectrolyte brushes.

Previously, a number of these system varying with
regard to Lc, σ, and R have been studied by dynamic
light scattering.38 By measuring the hydrodynamic
radius RH of the particles as a function of ionic strength
and pH, it could be shown that the polyelectrolyte chains

9109Macromolecules 2000, 33, 9109-9114

10.1021/ma001373n CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/31/2000



chemically attached to the surface are stretched to
nearly full length if the ionic strength is low. The salt
concentration within the corona was calculated using
the theory of Hariharan et al.39 which assumes a
Donnan equilibrium between the brush layer and the
solution. Thus, the counterions are assumed to be
confined within the polyelectrolyte brush. This point is
well-confirmed by a recent investigation of block copoly-
mer micelles by small-angle neutron scattering (SANS).34

In this paper we present the first study of these
particles by small-angle X-ray scattering (SAXS).40 The
core of the particles consist of poly(styrene) (PS) which
has a low X-ray contrast41 whereas the corona consists
of linear poly(acrylic acid) (PAA) which has a strong
X-ray contrast toward water. Hence, the measured
scattering originates mainly from the corona of poly-
electrolyte chains. Moreover, the contrast of the corona
can be enhanced by use of cesium counterions since
these ions exhibit a high X-ray contrast in water.

The interaction between the long polyelectrolyte
chains is varied systematically by changing the concen-
tration of the particles from the dilute to the concen-
trated regime. The onset of chain overlap can easily be
calculated by estimating the effective volume fraction
of the particles in water. This quantity can be derived
from the measured hydrodynamic radius of the particles
at a given ionic strength.37 The charges of the chains in
the corona can be tuned by adjusting the pH of the
system: at low pH the PAA chains are virtually
uncharged whereas full dissociation results at pH >
10.38 Hence, a comparison of charged and uncharged
spherical brushes at a given concentration can reveal
the features evoked by electrostatic interaction in these
systems.

Evaluation of Scattering Data
The analysis presented here rests on a comparison of

the spherical brushes in the uncharged (low pH; cf. ref
38) and the fully charged state (pH > 10; ref 38). It is
hence necessary to discuss first the scattering signal to
be expected for an uncharged spherical brush. The
measured scattering intensity I(q) of a suspension of
noninteracting spherical brushes contains in principle
three independent contributions, the origin of which is
depicted in Figure 2 (cf. ref 43):

Here ICS(q) is the part of I(q) due to the core-shell
structure of the particles, i.e., the scattering intensity
caused by a composite particles having a homogeneous
core and a shell. The core and the shell are characterized
by a different electron density shown schematically in
Figure 1. The shell, however, does not consist of a solid
material but of polymer chains. Hence, two contribu-
tions to the observed I(q) are to be expected: At
intermediate q value the typical distances of the order
of 2π/q are longer than the average distances between
the densely packed chains. In this region the small-
angle scattering experiment cannot resolve the structure
of single polymer chains but only probes the spatial
fluctuations of the chains. As already discussed by
Auroy and Auvray,44-46 for the case of flat brushes this
contribution may become the leading term at higher q
values and must be taken into account. In the following
this part is termed Ifluct(q).

At highest q values 2π/q has become so small that
the SAXS experiment “sees” the local structure of single
chains.47 In this case the measured intensity should
scale with q-1 as expected for a rodlike structure (see
the discussion of this point by Guenon et al.).32 It is to
be understood, however, that in the case of the dense
systems under consideration here this part of I(q) only
comes into play for the highest q values in which
parasitic scattering and other problems of the back-
ground may impose severe difficulties for the evaluation
of data.48 Hence, this contribution is dismissed in the
present discussion. Finally, IPS(q) denotes the scattering
intensity which is caused by the density fluctuations of
the solid PS core of the particles.41-43,48 It must be
understood that all contributions originate from statisti-
cally independent fluctuations. Hence, their intensities

Figure 1. Sketch of the spherical polyelectrolyte brushes
investigated here: Linear chains of poly(acrylic acid) (PAA)
are chemically grafted onto the surface of a colloidal poly-
(styrene) particle. The contour length Lc can be determined
by cleaving off the chains from the surface and subsequent
analysis of the resulting PAA in solution.37,38 Details of the
synthesis and characterization of the spherical polyelectrolyte
brushes may be found in refs 37 and 38.

Figure 2. Modeling of the measured scattering SAXS inten-
sity: The term ICS(q) which is dominant at low q values refers
to a core-shell particle with the excess electron density ∆F(R).
The polymer chains in the corona of the particles exhibit
thermal fluctuations which lead to Ifluct(q). Finally, the poly-
(styrene) cores of the particles are not entirely homogeneous,
but the density of the solid poly(styrene) fluctuates weakly
around a mean value. This gives the third term IPS(q) which
gives a contribution to I(q) that is found negligible compared
to the other terms. As discussed in the text, all three contribu-
tions to I(q) derive from statistically independent fluctuations
of the electron density in the system. Hence, the respective
scattering intensities add up as stated by eq 1.

I(q) ) ICS(q) + Ifluct(q) + IPS(q) (1)
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will add up because the respective cross-terms will
cancel out.

For spherical symmetric particles with radius R is ICS-
(q) equal to B2(q) where the scattering amplitude B(q)
is given by40,41

Here F(r) - Fm denotes the radial excess electron density
which has been depicted in Figure 2, and Fm is the
electron density of the medium. In the course of the
analysis to be conducted here, it is important to realize
that ICS(q) will decrease with q-4 at sufficiently high q
(Porod’s law)40 if the core-shell particles have sharp
interfaces. For particles with diffuse interfaces ICS(q)
will diminish even stronger at high q.40 Model calcula-
tions and previous experimental studies on core-shell
particles therefore suggest that ICS(q) of the present
particles will decrease by 2-3 orders of magnitude in
the range 0 < q < 0.2 nm-1. Equation 2 can easily be
generalized to include polydisperse systems of nonin-
teracting systems.41 In this case the intensities Bi

2(q)
of the species i are added up weighted by their respec-
tive number density Ni.

The second term Inetwork(q) may be described in good
approximation by a Lorentzian since it is due to the
thermal fluctuations of a semiconcentrated polymer
solution49

In this context Iin(0), Ifluct(0), and ê, the correlation
length of the spatial fluctuations, are treated as adjust-
able parameters.

The third term of eq 1, IPS(q), is the small but
nonnegligible contribution to I(q) caused by the density
fluctuations of the solid PS core. This term and its
magnitude have been discussed at length recently in the
course of the SAXS analysis of composite latex par-
ticles.41,43,48

The decomposition of the experimental scattering
intensities can be done as follows: It is evident that ICS-
(q) will dominate I(q) at small q. This is due to the fact
that ICS(q) refers to the entire core-shell particle, the
diameter of which is between 120 and 160 nm. This also
implies that ICS(q) will decrease most rapidly with
increasing q as discussed above. The correlation length
ê governing Ifluct(q) is expected to be of the order of a
few nanometers for the system under consideration
here. As discussed above, Ifluct(q) may be neglected at
small q to good approximation. As a consequence of this,
I(q) measured up to q ≈ 0.2 nm-1 can be described solely
by ICS(q) while all other terms may be dismissed in this
q range. On the other hand, ICS(q) will be greatly
diminished for q > 0.2 nm-1 and Ifluct(q) will become the
leading term at higher scattering angle because it scales
with q-2 for large q values. The subtraction of IPS(q)
provides no difficulty because this term can be deter-
mined from SAXS measurements of the PS core latex.
By virtue of these propitious facts, a decomposition of
I(q) into the three terms of eq 1 becomes possible.

The presence of several contributions to I(q) restricts
the angular range in which ICS(q) can be analyzed. This
problem has been discussed in detail in a previous
analysis of polymeric layers attached to the surface of

latex particles by SAXS.47 Here it turned out that only
lower moments of the distribution F(r) - Fm are avail-
able. Therefore, no conclusion can be drawn about its
exact dependence of F(r) - Fm on r.

If the charges within the corona are fully dissociated,
the chains will be strongly stretched depending on the
ionic strength as discussed for the present system in
great detail.38 Hence, both ICS(q) and Ifluct(q) will be
affected. In addition, there may be fluctuations of the
distribution of the counterions as well. Because of the
restricted q range, however, SAXS is only sensitive to
the internal region of the brush in which the density of
the chains is highest. Hence, the overall dimensions of
the brush can only be determined securely by DLS.

The extension of the surface layer at high pH will lead
to a much higher effective volume fraction. This must
be followed by a strong spatial correlation of the
particles as expressed through the structure factor
S(q).40,41 The alterations effected one the measured
scattering intensity, however, are visible only in the
region of smallest q values and can hardly be resolved
by the present SAXS experiments.

Experimental Section
The spherical polyelectrolyte brushes employed in this study

were prepared as described in refs 37 and 38 by photoemulsion
polymerization. The system studied here was latex L15 of ref
38. This system is characterized by the following parameters:
R ) 66 nm (determined by DLS), Lc ) 228 nm, σ ) 0.039 nm-2

(see ref 38). A separate analysis of the core particles by SAXS
leads to a slightly smaller diameter (58 nm). After purification
of the latex a pH of 11 adjusted through addition of CsOH.

Most of the SAXS measurements presented have been
conducted using the improved Kratky camera described re-
cently.42 The raw data have been corrected for the scattering
of the serum and of the sample holder. Desmearing of the
scattering curves was done as described in refs 41 and 42. In
all cases to be discussed here absolute scattering intensities
have been obtained. For better comparison with SANS data
all intensities are expressed in cm-1.

Additional SAXS data have been measured using the ID02A
beamline of the ESRF in Grenoble. Measurements of well-
characterized latexes demonstrated that both the Kratky
camera and the ID02A came to the same I(q) within 0.02 < q.

Results and Discussion

As depicted in Figure 1, the spherical polyelectrolyte
brushes consist of a solid PS core of 58 nm (determined
by SAXS) with attached chains of poly(acrylic acid)
(PAA). The corona consists therefore of an annealed
brush, and the charges depend strongly on the pH in
the system. This point has been investigated by dynamic
light scattering in great detail, and the results are
gathered in ref 38. Here it could be demonstrated that
the fully charged state can reached at a pH > 10. This
limits the lowest ionic strength attainable to approxi-
mately 10-3, but the corona may be treated as a
quenched brush. Since all experiments to be discussed
here are done at rather high concentration (>1 wt %),
the ionic strength will be governed mainly by the
particles themselves, and shifting the pH to ca. 10
imposes no problem.

To assess the information gained from SAXS experi-
ments, it is necessary to discuss first I(q) obtained at
low pH (pH ca. 3). Here the PAA chains are only weakly
charged, and the entire particle may be treated as a
neutral spherical brush. Figure 3a,b gives the resulting
scattering intensity together with the fit of eq 1. The
scattering contributions of the polyelectrolyte chains

B(q) ) 4π∫0

R
[F(r) - Fm]r2 sin(qr)

qr
dr (2)

Ifluct(q) )
Ifluct(0)

1 + ê2q2
(3)
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and their counterions are very strong up to the highest
q values, and IPS(q) can be disregarded in the course of
the present discussion.

Figure 3a shows the entire q range evaluated. The
strong oscillations of ICS(q) are clearly visible at small
q values and show the narrow size distribution of the
particles. The region of small q together with the fits of
eq 2 in this range is shown separately in Figure 3b. The
restricted q range does not allow a detailed analysis of
the excess electron distribution of the corona because
Ifluct(q) becomes the leading term for q > 1 nm-1. For
the present discussion is suffices, however, to describe
the data at small q by assuming an exponentially
decaying profile shown in the inset of Figure 3a. This
profile is suggested by previous analyses of spherical
particles having linear polymer chains attached on the
surface.48,50 The outer limit of the profile has been
equated to the hydrodynamic radius determined by
DLS. Figure 3b demonstrates that an excellent fit is
achieved under these premises.

At q > 1 nm-1 Ifluct(q) becomes the leading term, and
the parameters of eq 3 have been determined by fits
taking only data beyond q ) 1.5 nm-1. From this fit a
correlation length of ê of the order of 1-2 nm results,
which is a reasonable value. With these terms the entire
q range may be described as demonstrated by Figure 3.

Figure 4 displays the SAXS intensities obtained for
particles at pH ) 11. Here the polyelectrolyte chains
are fully charged, and DLS measurements showed the
strong stretching of corona.38 It must be noted that the
concentration employed in the SAXS measurements is
12 wt %, which is higher by 2 orders of magnitude than
the concentrations used for DLS measurements. At
these high concentrations the chains of the corona of
different particles must overlap considerably. Figure 4
demonstrates that the consequence of this overlap is a
new peak which for this particular concentration is
located at q ≈ 0.9 nm-1. The peak is even better visible
in Figure 5, which displays an enlarged view of the
scattering intensity. No model of the radial density of
the particles could possibly explain the maximum of I(q)
in this angular region. This is borne out directly from
the previous analysis of the I(q) measured from un-
charged particles.

Figure 3. Scattering intensity I(q) of the spherical polyelec-
trolyte brushes at low pH, i.e., in the virtually uncharged state
as a function of the magnitude of the scattering vector q. The
weight concentration of the particles is 12 wt %. (a) Survey of
the contributions according to eq 1. The squares mark the
measured intensity whereas the long-dashed line give the
contribution ICS(q) discussed in conjunction with Figure 2. The
respective profile of the radial excess electron density is
displayed in the inset. (b) An enlarged view of the small-angle
region of ICS(q). The short-dashed line in (a) gives Ifluct(q) (see
eq 3). The solid line shows the modeled intensity according to
eq 1.

Figure 4. Scattering intensity I(q) of the spherical polyelec-
trolyte brushes at high pH (11), i.e., in the fully charged state
as a function of the magnitude of the scattering vector q. The
weight concentration of the particles is 12 wt %. The squares
mark the measured intensity whereas the long-dashed line
gives the contribution ICS(q) discussed in conjunction with
Figure 2. The respective profile of the radial excess electron
density is displayed in the inset. The short-dashed line gives
Ifluct(q) (see eq 3). The solid line shows the modeled intensity
according to eq 1.

Figure 5. Enlarged view of the peak in I(q) due to the
interaction of the chains grafted to the spherical latex particles.
Note the linear scale of the ordinate. The squares mark the
measured intensity whereas the long-dashed line give the
contribution ICS(q) discussed in conjunction with Figure 2. The
short-dashed line in Figure 3a gives Ifluct(q) (see eq 3). The solid
line shows the I(q) - ICS(q) - Ifluct(q).
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To elucidate the origin of the peak seen in Figures 4
and 5, the following experiments have been done:

(i) Measurements done at lower concentrations dem-
onstrate that the peak is shifted to smaller q values and
finally vanishes for concentrations smaller than 1 wt
%. It is thus evident that it must be related to the
interaction of the particles and not to the internal
structure of the corona. The position of the peak can
directly be taken from the graph and is found to vary
with the square root of particle concentration (cf. also
below).

(ii) Adding salt to the suspensions lowers the peak
considerably. No effect is visible anymore if 0.5 M NaCl
is added to the system.

These findings demonstrate that the effect must be
related to the electrostatic interaction of the particles
and occurs only at sufficiently low ionic strength. This
is very similar to what is found in solutions of linear
polyelectrolytes: Here the “polyelectrolyte peak” is
visible only at low salinity and shifts to smaller q values
if the polyelectrolyte concentration is lowered.4,12-15

From these finding we conclude that it has the same
origin which must be located in the virtually unscreened
interaction of the strongly charged polyelectrolyte chains.
From what is know about the case of free polyelectrolyte
chains one must assume that the chains exhibit a
preferred distance and hence some local order leading
to the observation of a peak in I(q). Obviously, the order
thus inferred cannot have a long range but must be
envisaged as a short-range, liquidlike arrangement of
the chains between the spheres.

To investigate this unexpected finding in more detail,
the measured scattering curves have been decomposed
into the contributions of eq 1 and an additional signal
due to the interaction of the chains attached to the
surface of the particles. This procedure assumed that
the intensities of all contributions add up independently;
that is, there is no cross-term between these terms.
While this is fully justified for the terms enumerated
in eq 1, it is less obvious that this procedure is
admissible to the additional signal deriving from the
interaction of chains located on different particles. If one
assumes in first approximation that the positions of the
partially ordered regions in which the chains exhibits
some liquidlike order are not correlated to the centers
of gravity of the particles, all cross-terms vanish in
average. In this case the signal of the partially ordered
regions adds up independently to the contributions
already discussed above (cf. the discussion of eq 1).

Figure 5 displays the resulting decomposition for the
data shown in Figure 4. It is clear that subtracting all
contributions according to eq 1 from the measured I(q)
leads to a distinct scattering signal with a well-defined
maximum (solid curve in Figure 5). We do not attach
too much significance to the form of this signal, however,
but only discuss the dependence of the position q* of
the maximum on particle concentration. The inset
displays q* as a function of the concentration of spheri-
cal polyelectrolyte brushes. The solid line in the inset
has a slope of 0.45 whereas a slope of 0.5 was already
found by taking the position of the maximum directly
from the scattering curves. Within the present limits
of errors this comes close to the value of 0.5 found for
semidilute solutions of free polyelectrolyte chains (see
above).

Conclusion
We have demonstrated for the first time that the

interaction of highly charged polyelectrolyte chains
leads to the same ordering phenomena seen in solutions
of free polyelectrolyte chains of the same concentration.
The correlation is seen from a distinct signal in the
scattering curves which vanishes if an excess of low-
molecular-weight salt is added. The position q* of the
maximum scales approximately with the square root of
the particle concentration which is directly related to
the concentration of the polyelectrolyte chains. A similar
phenomenon has very recently been observed for solu-
tions of charged star polymers51 and for micelles with
charged coronae.52 Hence, the “polyelectrolyte peak”
seems to be a more general phenomenon and points to
a general mechanism of interparticular correlation
induced by strong electric charges.
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