
Introduction

Colloidal particles are often stabilized by a dense layer of
linear chains grafted on their surface [1]. If two particles
modified in this way approach each other, the respective
surface layers overlap. Hence, the polymer chains of the
two particles start to interact. This leads to a repulsive
interaction between the particles that is now termed
‘‘steric interaction’’ [2]. The repulsion induced in this way
is independent of the salt concentration present in this
system. In contrast with the classical DLVO interaction,
the steric interaction is therefore operative under condi-
tions where electrostatic repulsions fail to provide suffi-
cient stability against flocculation, e.g. if divalent salt is
present. The great industrial importance for the stabil-
ization of, e.g., latex particles is directly evident and has
led to a large body of papers on this subject. The older
work devoted to steric stabilization is well summarized
in the treatise of Napper [3] while more recent citations
can be found in the classical book of Israelachvili [4].

E.W. Fischer in 1958 was the first to develop a
quantitative theory of steric stabilization of spherical
particles [5]. In his seminal paper he calculated the in-
crease of free energy induced by the overlapping of the
two polymer layers of the approaching particles. The
repulsive interaction between the two particles is recast
in terms of the osmotic pressure in the lens-shaped
overlap volume. The osmotic pressure, in turn, is cal-
culated by use of the second virial coefficient of polymer
solutions assuming a constant polymer density within
the overlap volume. This approach also enables intro-
duction of solvent power into the theory. The Fischer
theory therefore can fully explain the mechanism of
steric stabilization in a good solvent, as well as the onset
of attractive interactions if the surrounding medium is a
poor solvent for the polymer chains grafted to the sur-
face of the particles (see the discussion of this point in
the treatise of Napper [3]).

The Fischer theory is among the most successful
approaches of modern colloid science. It has been
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further developed and the number of publications de-
voted to steric interaction related to this theory is hard
to overlook. For a survey of the literature the reader is
deferred to the treatises of Napper [3], and Israelachvili
[4], or of Fleer and coworkers [6].

An interesting question that is discussed in the trea-
tise of Napper is overlap of the chains (Section 12.4 of
Ref. [3]). Here the chains of the two layers can either
occupy the same volume as assumed in Fischer’s theory
or retract from each other. The latter process referred to
as ‘‘denting’’ has been extensively discussed by Napper
and rejected [3]. A direct experimental proof of this
conjecture has not been given, however. Going through
the literature, one gets the impression that the theory
of steric repulsion in colloid science that started with
Fischer’s paper is mostly thought to be complete.

Recently, this picture has changed substantially,
however. With the advent of computer simulation the
interaction of polymer chains in solution can now be
investigated directly. The results of these simulations can
be used directly for comprehensive checking of current
analytical theory. Charges can also be introduced in
these simulations, and then the simulations lead to the
effective pair potential of the interacting polymeric ob-
jects. This has been demonstrated by considering the
interaction of two uncharged star polymers in solution.
Some years ago, and based on the original ideas of
Witten and Pincus [7], Likos et al. derived an analytical
formula for effective interaction between two star poly-
mers showing thereby that this effective potential is ul-
trasoft, a finding corroborated by experimental work
performed by small-angle neutron scattering [8].
Monomer-resolved computer simulations of two inter-
acting star polymers fully confirmed the theoretical
predictions [9]. Moreover, subsequent theoretical work
demonstrated that the ultrasoft interaction leads to or-
dered phases if the concentration of the star polymer is
raised [10]. An interesting point directly visible in these
simulations is the retraction of the arms when two stars
approach each other. The virtually unlimited power of
simulations for closer understanding of steric interaction
has thus become directly obvious.

Recently, this work has been extended to include
charged star polymers [11, 12]. By combining molecular
dynamics (MD) computer simulations with analytical
theory it has been demonstrated that in strongly charged
star polymers, the chains assume a rodlike, stretched
configuration. This finding has been confirmed on sim-
ilar brush systems by recent anomalous X-ray small-
angle (ASAXS) scattering experiments [13]. Moreover, it
has been found that the vast majority of the counterions
are absorbed within the corona of the polyelectrolyte
stars and give rise to an effective osmotic interaction
between them that is, again, ultrasoft in nature but
stronger than its counterpart for neutral star poly-
mers [12].

Here we wish to extend this work to include spherical
polyelectrolyte brushes, an example of which is sche-
matically depicted in Fig. 1 [14, 15]. The purpose of this
paper is twofold. First, we present a theory for the
interaction of spherical polyelectrolyte brushes with
their counterions. Here the problem of counterion con-
finement within the brush layer is considered, with
emphasis on calculation of the fraction of counterions
that are confined within the height of the spherical
brush. Subsequently, the effective interaction potential
of spherical polyelectrolyte brushes is explicitly calcu-
lated and it is shown that, with the approximation of
neglecting the number of untrapped counterions, the
effective interaction potential assumes an analytical
form. In this way the original idea of Fischer [5],
namely the interrelation of the osmotic pressure and the
repulsive interaction, is expanded to include charged
particles.

Spherical polyelectrolyte brushes: theory

In this section, we put forward a theoretical treatment of
isolated spherical polyelectrolyte brushes (PE-brushes),
pertaining physically to situations arising in dilute
solutions of the brushes. The theory proceeds along lines
similar to that developed for star-branched polyelec-
trolyte systems (PE-stars), presented elsewhere [11, 12].
The main difference from the stars is that the brush
thickness L and the core radius Rc have similar sizes,
whereas for PE-stars Rc fi 0. The core usually consists
of a solid latex particle (e.g. polystyrene) with a radius
between 50 nm and 100 nm, whereas the brush consists
of linear polyelectrolyte chains (e.g. poly(acrylic acid) or
poly(styrene sulfonic acid); [14]). Experimental realiza-
tions of PE-brushes have been presented elsewhere [14,

Fig. 1 A sketch of the spherical polyelectrolyte brush used in the
experimental study of Refs. [14, 15]
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15]. The counterions (e.g. Na+) are dissolved in the
solution and provide the necessary overall charge neu-
trality.

We start with the description of the theoretical
approach for a single PE-brush, which is based on a
cell model. Klein Wolterink et al. have introduced this
approach for conformational analysis for an isolated
polyelectrolyte star, in order to calculate the star radius
and its effective charge of the star object, assuming
homogeneous charge distribution inside the star [16].
The aforementioned conformational quantities have
been obtained by introducing a variational free energy
for the system and minimizing it with respect to these
quantities. The model has been modified by assuming
fully stretched chains (inhomogeneous density profile
inside the star) and by taking into account the cylin-
drical counterion condensation along the stretched
chains [11]. The distinction of the counterion density
distribution states has led to very good agreement of the
theory with simulation results [12].

An isolated PE-brush

We extend the theory of the PE-stars to PE-brushes in a
cell model and make use of some aspects of the star
model as studied in Ref. [12]. For the sake of simplicity,
we do not treat the brush thickness L as a varying
property and limit ourselves to the question of coun-
terion partition between free and trapped ones.

An isolated PE-brush can be considered as a neutral
solid core with grafted chains on its surface. The proper-
ties are determined according to the physical condi-
tions, as described in detail in Ref. [14]. The cell
radius (Wigner–Seitz radius) RW is determined by the
concentration c of PE-brushes in the solution via the
relationship c ¼ 3

�
4pR3

W

� �
. In accordance to the experi-

mental conditions, we vary RW in the range
600 nm £ RW £ 1100 nm. The bare charge is roughly
Qbare=6·105|e|, where e denotes the elementary charge.
The experimental values for brush thickness and core
radius are L=67 mm and Rc=68 nm, respectively. Be-
cause RW>>Rc+L, the average interbrush distance
greatly exceeds the typical size of the particles and thus the
model describes a dilute solution of spherical PE-brushes.
Figure 2 illustrates the geometry of the cell model and the
physical situation.

Because the grafted polyelectrolytes carry a very high
charge (almost every monomer along the chain is
charged), we expect a significant number of counterions
to be cylindrically condensed along the rodlike chains. A
simple estimate of the number of condensed counterions
can be obtained by considering the Manning parameter,
n [17, 18, 19, 20, 21, 22], which is defined as the ratio of
the Bjerrum length kB=e2/(�kBT) (where � denotes the
dielectric constant of the solvent, kB is Boltzmann’s

constant, and T is the absolute temperature) to the dis-
tance a between two sequential charged sites. With the
Bjerrum length kB=7.1 Å (corresponding to water at
room temperature), we obtain for the Manning param-
eter the value n=(kB/a)�3. This implies that the number
of condensed counterions is Qcond=Qbare(1)1/n),
approximately two-thirds of the bare charge. Therefore
the effective charge is Q=Qbare)Qcond=2·105|e|.
Because the chains are stiff, we assume that the charge
distribution q(r) decays with r)2 within the PE-brush,
where r stands for the distance from the core center. This
assumption is justified both by simulation results for PE-
stars [11, 12] and by recent anomalous small-angle X-
ray scattering (ASAXS) experiments on PE-brushes [13].

We consider first the quantity commonly referred to
as the osmotic coefficient, defined as F=P/ Pid, where P
is the osmotic pressure of the solution and Pid is the
ideal osmotic pressure arising from a solution of all the
counterions of the solution, assumed to be interacting
neither with themselves nor with the macro ion. The
osmotic pressure P can be measured by osmometry [15].
In principle, there are two contributions to P, one
arising from the free counterions in the solution and one
arising from the spherical particles themselves. However,
in a dilute solution the contribution from the brushes is
dominated by the ideal part, which is proportional to the
brush concentration c. Because every brush releases an
enormous number of counterions, the concentration of
the latter is much higher than that of the brushes and
hence the brush contribution to the osmotic pressure can

Fig. 2 A sketch of a spherical polyelectrolyte brush in its Wigner–
Seitz cell. The chains are represented by lines and are grafted on the
core surface (filled sphere in the center). The spherical particle is
enclosed in a cell of radius RW and carries the net charge Q*
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be neglected. On the other hand, it is only the free
counterions that contribute to the osmotic pressure, thus
the osmotic coefficient F is simply equal to the ratio
between the free counterions and the total number of
counterions. The number of free counterions is, in turn,
equal to Q*/|e|, where Q* is the net charge of the brush
that remains after the charge of the absorbed counteri-
ons has been subtracted. Therefore the osmotic coeffi-
cient is given as:

U ¼ Q�

Qbare
ð1Þ

and calculation of the osmotic coefficient reduces to
determination of Q*.

The equilibrium value for the net charge Q* is
determined by minimization of a variational free energy
F(Q*), which we write as:

F ðQ�Þ ¼ UH þ Sin þ Sout ð2Þ

where UH is the electrostatic contribution, and Sin and
Sout are entropic contributions from the counterions
inside the brush and outside the brush, respectively. We
have neglected any elastic or self-avoidance terms, be-
cause these do not depend on Q* and drop out after
taking the derivative of F(Q*) with respect to Q*.

The term UH is the Hartree-type, mean-field electro-
static energy of the whole brush:

UH ¼
1

2e

Z Z
d3rd3r0

.ðrÞ.ðr0Þ
jr� r0j ð3Þ

with the local charge density .(r) to be defined. Because
the chains are modeled as being fully stretched, the
density distributions inside the brush fall off as �r)2
from the core surface. On the other hand, the charge
distribution outside the brush arises from the presence of
free counterions there, which we model as having uni-
form density. Accordingly, we write:

.ðrÞ
Q�
¼ HðRc þ L� rÞHðr � RcÞ

4pLr2

�Hðr � Rc � LÞHðRW � rÞ
V ðRWÞ � V ðRc þ LÞ ð4Þ

with the volume V(z)=4pz3/3 of a sphere of radius z
and theHeaviside step functionQ(x). It is straightforward
to see that .(r) integrates to zero within the Wigner–Sei-
tz cell, thus electroneutrality is guaranteed. At this point
we distinguish the number of counterions inside the brush
as Nin=(Q)Q*)/|e| and the free ones outside the brush,
Nout=Q*/|e|. We thus obtain the electrostatic energy as:

UH

kBT
¼ N 2

inkB
2
� Rc

L2
#in

Rc þ L
Rc

� �
þ 1

Rc þ L
#out

Rc þ L
RW

� �� �

ð5Þ

where the functions Ji (x) (i=in, out) are given by:

#inðxÞ ¼ x� 2lnðxÞ � 1

x

#outðxÞ ¼
5� 9xþ 5x3 � x6

5ð1� x3Þ2

The ideal entropic contributions Si (i=in, out) arising
from the counterions are of the form:

Si

kBT
¼
Z

Vi

d3r qiðrÞ ln qiðrÞa3
� �

� 1
� 	

þ 3Niln
K
a

� �
ð6Þ

where qi (r)=Ni/Vi are the number densities of the
counterions in the two different volume regimes Vi,
according to the charge distribution in Eq. (4). In
Eq. (6) above, L is the thermal de Broglie wavelength of
the counterions. In writing the sum of the entropic
contributions in Eq. (2), the terms 3Ni ln (L/a) will be
dropped in what follows, because they add up to the
irrelevant constant 3(Q/|e|)ln(L/a).

The functional form of the number densities qi(r)
needs to be specified. Because the trapped counterions
follow the profile of the charged monomers, we write
qin(r)=Cr)2Q(Rc+L)r)Q(r)Rc). Outside the brush, we
have a uniform distribution of the free counterions
within the cell Rc+L<r<RW, thus we write qout(r)=
Q(r)Rc)L)Q(RW)r)Nout/Vout, with Vout=V(RW))
V(Rc+L). Carrying out the integrations in Eq. (6), we
obtain the following expressions for the entropic con-
tributions of the counterions in their two different states:

Sin

kBT
¼ Nin 1þ ln

Nina3

4pLðRc þ LÞ2

 !"

�2Rc

L
ln

Rc þ L
Rc

� ��

ð7Þ

Sout
kBT
¼ Nout ln

Nouta3

V ðRWÞ � V ðRc þ LÞ

� �
� 1

� �
ð8Þ

The value Q* is found by minimization of the free
energy, Eq. (2). The final result is:

Q�

jej ¼ � 1

kB

� Rc

L2
#in

Rc þ L
Rc

� �
þ 1

Rc þ L
#out

Rc þ L
RW

� �� ��1

� �2þ 2
Rc

L
ln

Rc þ L
Rc

� ��

þln
Q�

Q� Q�
4pLðRc þ LÞ2

V ðRWÞ � V ðRc þ LÞ

 !#

ð9Þ

Q* carries an explicit density-dependence through the
Wigner–Seitz radius RW, a usual situation for charged
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systems, familiar from the statistical mechanics of
charged-stabilized colloids also [23].

The dependence of the osmotic coefficient F on the
concentration is shown in Fig. 3. In contrast, the charges
of the PE-stars are more sensitive to changes of the cell
radius RW. First we note that the absolute scale of the
coefficient is two orders of magnitude smaller than that
obtained for the PE-stars, for which typical values of
0.15–0.30 for the osmotic coefficient were obtained [12].
This is a consequence of the much higher bare charge
carried by the brushes, which exerts a strong electro-
static attraction on the counterions and pulls them back
into the interior of the brush. The experimental values
for PE-brushes lie in the range F=0.02–0.05 [15], i.e.
they are also much smaller than for PE-stars.

Although our theory correctly predicts the reduction
of the osmotic coefficient in brushes as compared with
stars, the theoretical values are still too low, roughly one
order of magnitude smaller than the experimental val-
ues [15]. The source of this discrepancy most probably
lies in the mean-field character of the electrostatic part of
our theory, i.e. neglecting the lateral chain fluctuations
that can polarize the core. Work on improving the the-
ory along these lines in currently in progress. Still, within
the limitations of our mean-field approach, certain
trends and characteristics of the theory are in agreement
with experimental observations.

One agreement of our theory with experimental re-
sults is the weak dependence of F with varying brush
concentration, (varying the cell radius RW), as can be
seen in Fig. 3 [15]. In the limit RW fi Rc+L (overlap
concentration c*), there is no longer any free space for
the counterions and the osmotic coefficient approaches
zero: all counterions are absorbed. On reducing the
concentration, F grows and attains a local maximum at
about RW/(Rc+L)@1.2. The origin of this maximum
probably lies in the assumption of uniform counterion

density profiles outside the brush, whose validity be-
comes questionable for concentrations approaching c*.
Upon further decrease of the concentration c � R�3W over
about two orders of magnitude (2<RW/(Rc+L)<10),
the osmotic coefficient remains roughly constant, in full
agreement with experimental observations [15].

Let us now discuss the dependence of F on the rela-
tive brush thickness L compared with the extent of the
rigid core Rc. We have determined the linear charge
density k of the experimental PE-brush as k=Q/
L=2.1·105|e|/670Å)1@313|e|/Å and then we varied the
brush thickness L and the charge Q in Eq. (9) as Q=kL,
solving this equation self-consistently for Q*. The core
radius was kept fixed at the experimental value
Rc=68 nm and L was varied in such a way that the ratio
(Rc+L)/Rc spanned the range from 1 to 100. The ratio
of the Wigner–Seitz radius RW to the total extent of the
core and the brush was thereby fixed at the value
RW=8.15(Rc+L) and the dependence of F on the
height of the brush was monitored. The result is shown
in Fig. 4. In the limit of vanishing brush thickness,
(Rc+L)/Rc fi 1, the osmotic coefficient approaches
unity, because there is no longer any brush and thus all
counterions are free. There is a dramatic decrease of F
with increasing brush thickness, however, and values of
F of order 10)3 are rapidly reached. This demonstrates
the ability of PE-brushes to capture the vast majority of
the counterions even at moderate brush heights, L@Rc.

Effective interaction between two spherical PE-brushes

An important tool in understanding quantitatively the
structural correlations of spherical PE-brushes and the
phase behavior of the brushes is the concept of effective

Fig. 3 The osmotic coefficient F as a function of the cell radius RW.
The parameters used stem from experimental values: effective
charge Q=2.1·105|e|, n=3.5, core radius Rc=68 nm, brush
thickness L=67 nm

Fig. 4 The osmotic coefficient F as a function of the brush
thickness L. For a detailed description of the parameters used and
the way the ratio (Rc+L)/Rc was varied, see the text
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interactions between two of those objects [24]. We will
employ a first calculation of this important quantity
and give only an outline in what follows. The theo-
retical picture of the model is based on the idea already
carried out for overlapping PE-stars [11, 12]. Under
these conditions, the chains from each of the two
spherical brushes retract [12] and they can be modeled
as ‘‘chopped spheres’’ (Fig. 5). To corroborate this
picture, we show in Fig. 6 a simulation snapshot of two
PE-stars at small separations D, as was shown in
Ref. [12]. The retraction of the chains towards the half-
space belonging to the respective cores is an essential
ingredient of the theory and it is at odds with the
picture of mutually overlapping chains. Nevertheless,

extensive computer simulations both of neutral [9] and
of charged star polymers [11, 12] show beyond doubt
that the chains of each star retract, a condition known
as no interdigitation. Hence, the question of ‘‘denting’’
discussed many years ago by Napper [3] is now re-
solved. The no-interdigitation condition is also an
important ingredient in the theoretical analysis of the
effective forces between planar polymer brushes [25, 26,
27] and also plays a central role in the arguments put
forward by Pincus [28] regarding the force between
neutral and charged spherical brushes.

The effective interaction Veff(D) between two spheri-
cal PE brushes, kept at center-to-center distance D, re-
sults after taking a canonical trace over all but the core-
centers degrees of freedom and is defined as:

VeffðDÞ ¼ F2ðDÞ � F2ð1Þ ð10Þ

where F2(z) is the Helmholtz free energy of two PE
brushes at center-to-center separation z [24]. because
two spherical brushes at infinite separation experience
no influence from one another, the term F2 (¥) is simply
twice the free energy of an isolated brush, as calculated
in the section ‘‘An isolated PE-brush’’. The procedure
for theoretical calculation of the effective interaction
remains the same as for PE-stars [12]. Based on the re-
sults of the preceding section, we can simplify our cal-
culations by neglecting the tiny fraction of charge
outside of the brush, because F is very small. In such
circumstances, the local charge density .(r) vanishes
identically and the electrostatic contribution UH can be
dropped. The dominant term arises from the entropic
contribution of the counterions inside the brushes. Then,
the effective interaction stems from the difference be-
tween the entropic term Sin(D) of the trapped counteri-
ons when the brush centers are kept at finite distance D
and the contribution Sin(¥) of two isolated spherical
brushes:

VeffðDÞ ¼ SinðDÞ � Sinð1Þ ð11Þ

The calculation of the term Sin(D) under the condi-
tions of �r)2 density profiles and of no-interdigitation
follows lines similar to those presented in Ref. [12], but
taking explicitly into account the vanishing density in-
side the cores. The final result can be cast in an analyt-
ical form and reads as:

VeffðDÞ
kBT

¼ Q
jej

�
1

2RK

�
Dln2

�
D
2R

�
þ 8Rcln

�
Rc

R

��

þ ln
�
2L
RK

�
� 2

Rc

L
ln
�

Rc

R

��
ð12Þ

where R=Rc+L and K is a D-dependent dimensionless
parameter obtained from the condition

R
Vin

qðrÞd3r ¼ Q,
where q(r)=A/r2 and the normalization factor A=Q/
(4pRK). This yields:

Fig. 5 A sketch of two polyelectrolyte-brushes of core radius Rc

(black center spheres) each, held at center-to-center separation D.
The dark fused spheres denote the brush regime of thickness L and
have a total volume Vin. The light ‘‘eight-shaped’’ hollow region of
volume Vout denotes the region in which the free counterions can
move

Fig. 6 A simulation snapshot of two 10-arm PE-stars at small
separations D (taken from Ref. [12])
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K ¼ 1� 2
Rc

R
þ D
2R

1� ln
D
2R

� �� �
ð13Þ

The analytical expression of Eq. (12) is plotted in
Fig. 7 per unit counterion, Q/|e|=1. As can be seen from
this figure, one obtains an ultrasoft interaction. The
energy scale is determined by the number of trapped
counterions Q/|e| which appears only as a prefactor in
Eq. (12). The assertion that the effective interaction is
dominated by the entropic contribution of the trapped
counterions was first put forward by Pincus [28], who
subsequently applied simple scaling arguments to reach
the conclusion that the effective interaction has the form
of a ‘‘ramp’’ potential. Our findings are in line with
Pincus’ physical assumption of the dominant role of the
trapped counterions. On a quantitative basis, however,
the effective potential does not have a linear form. The
discrepancy between Pincus’ results and those presented
here is because of the inhomogeneous counterion dis-
tribution employed in this model.

To provide further corroboration of the validity of
the procedure of ignoring the electrostatic contributions
and focusing exclusively on the entropic terms of the
trapped counterions, we also applied the same procedure
for PE-stars (Rc fi 0), for which MD simulation data
for the effective force are readily available [12]. As a
matter of fact, because the osmotic coefficient for the
PE-stars are higher, abandonment of electrostatic con-
tributions in Eq. (10) is less justified than for the PE-
brushes, hence our comparison provides a strong test.

As can be seen from Fig. 8, the presented approach
gives a very good description even for PE-stars. The data
shown correspond to two 10-arm stars with Q=100,
Rc=0.04R, and two 18-arm stars with Q=192;
Rc=0.05R in this case. We repeat that the quoted Q-
values are effective charge numbers, i.e. the cylindrically
condensed counterions along the rodlike chains are

subtracted by using the simple estimate n=3, as de-
scribed in the previous section.

The presented approach works very well over a large
overlap-separation domain D. Only for smaller distances
corrections are required and we need to take into ac-
count the electrostatic contributions and employ a more
detailed calculation, as carried out in Ref. [12]. Never-
theless, the effective pair potential Eq. (12) can be used
for PE-stars and spherical PE-brush solutions and pro-
vides a manageable analytical expression with the use of
which structural data from concentrated solutions of
PE-stars or brushes can be fitted.

Conclusions

We have presented a simple, mean-field model that de-
scribes the electrosteric interaction between spherical
polyelectrolyte brushes. In this way the present model
completes the theory of steric interaction that was first
considered for uncharged systems by Fischer nearly 50
years ago [5]. The model predicts the values of the os-
motic coefficient as a function of the physical properties
of the spherical brush. It reproduces the experimental
finding of the insensitivity of the coefficient to the con-
centration of the solution. At this stage, the values of the
coefficients are still too low when compared with the
experimental values, however [15]. Because the fraction
of free counterions is very small anyway, this discrep-
ancy does not have any serious consequences on the
form and the quantitative characteristics of the effective
interaction potential Veff(D). Veff(D) has been shown to
have the form of an ultrasoft repulsion the range of
which is set by the spatial extent of the spherical brush.

In general, such ultrasoft pair potentials lead to a rich
phase behavior of the underlying physical systems.
Unusual phase behavior, such as re-entrant melting and

Fig. 7 The effective pair potential between two spherical PE-
brushes per unit counterion (Q/|e|=1), as obtained from the
analytical expression, Eq. (12), of the text

Fig. 8 The effective force between two PE-stars with Q=100 (solid
line) and Q=192 (dashed line). The symbols denote simulation
results
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exotic crystal phases, such as body-centered orthogonal
(bco), hexagonal, trigonal, and diamond lattices have
been theoretically predicted for such diverse systems
as neutral stars [10], ionic microgels [29], and

PE-stars (unpublished work). It is therefore justified to
expect similar exotic structural correlations also for
spherical PE-brush solutions. This requires and deserves
a further detailed study.
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(1999) Phys Rev Lett 82:5289

11. Jusufi A, Likos CN, Löwen H (2002)
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