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Summary: We present results from monomer-resolved, Molecular Dynamics com-

puter simulations of multiarm, star-shaped polyelectrolytes brought in the vicinity of

planar, uncharged walls. We demonstrate that polyelectrolyte stars are very robust

against planar confinement, in the sense that they maintain their key properties from

the bulk, despite their strong deformation due to the wall: the chains remain

stretched, the radius is insensitive to the wall and the number of trapped counterions

is barely affected by the wall. We supplement our study with measurements of the

star-wall force and a corresponding analytic theory.
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I. Introduction

One of the most interesting, both theore-

tically and technologically, types of macro-

molecules are polyelectrolytes (PE’s).

These are polymer chains that carry ioniz-

able groups along their backbones, which

lose their counterions via dissociation upon

dissolution in a polar solvent (water). PE’s

combine aspects of chain connectivity and

electrostatics, thus displaying a richness of

conformations and physical states that

greatly exceeds that of neutral polymer

chains. The situation becomes even more

interesting if one now chemically attaches f

linear polyelectrolyte chains on a rigid

particle of radius Rd. One then speaks of a

spherical PE-brush (planar brushes result

by grafting on flat walls). In the limit in

which the height of the brush greatly

exceeds Rd, PE-stars result, the topic of

the current contribution. A great deal of

theoretical[1–17] and experimental[18–27]

work has been devoted to the study of

spherical brushes and stars in the recent

past, due to the importance of the grafted

chains in colloidal stabilization but also as a

result of the interest in PE-stars as novel,

soft and controllable colloidal aggregates.

Effective interactions between PE-stars

have been derived and some of the

theoretical predictions on their structural

and phase behavior[8,11] have been experi-

mentally confirmed.[28]

As far as the properties of single stars in

low concentrations are concerned, the most

striking feature they show is their ability to

act as trapping agents for their own

counterions, readsorbing and recondensing

in their interior as much as 90% of the

counterions they release.[1,4,5,7,8] This hap-

pens when the chains are stretched and such

PE-stars are called osmotic. A novel field of

intriguing physics is arising when PE-stars

are mixed with hard colloids or brought in

contact with planar walls, due to their

promising applications as drug-delivery and

protein-encapsulation and immobilization

agents[29–32] or as building blocks of tunable

microlenses.[33–36] It is therefore pertinent

to examine the conformations of PE-stars

close to walls in order to determine to which

extent a wall affects the self-organization of

the star and its accompanying counterions.

In this work, we present computer simula-

tion results regarding the shapes and

properties of PE-stars close to planar,
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neutral walls as well as the effective forces

that develop when PE-stars are brought in

close contact with such planar surfaces.

II. Simulations of Free
Polyelectrolyte Stars

We construct the PE-stars by considering f

PE-chains that are all attached to a

common core of radius Rd. In order to be

indeed in the star-burst limit, we choose the

latter to have a size similar to the monomer

length, to be defined below. Due to reasons

of overcrowding in the middle of the star, a

finite value of Rd is necessary. The

PE-chains themselves are modeled in a

coarse-grained fashion, i.e., atomistic

details are not taken into consideration.

Instead, the chains are regarded as bead-

spring sequences of N Lennard-Jones (LJ)

monomers, an approach broadly employed

also for the computer modeling of neutral

polymer chains and stars[37–39] and of linear

polyelectrolytes.[40] We consider good sol-

vent conditions without explicit solvent,

thus the monomer-monomer interaction

has to be purely repulsive. To this end, a

shifted and truncated LJ potential is

employed that reads as:

VLJðrÞ ¼ 4"LJ
sLJ
r

� �12� sLJ
r

� �6þ 1
4

h i
r � 21=6sLJ

0 r > 21=6sLJ

(

(1)

In Eq. (1) above, r denotes the distance

of two monomers. The quantity sLJcan be

identified with the monomer size and sets

the length scale of the problem, whereas

eLJs is the energy scale. The temperature is

fixed at the value T¼ 1.2 eLJ/kB, where kB
denotes Boltzmann’s constant. Bonding

between sequential monomers is modeled

by the finite extension nonlinear elastic

(FENE) potential:(38,39)

VFENEðrÞ

¼ � kFENE
2

R0
sLJ

� �2
In 1� r

R0

� �2
� �

r � R0

1 r > R0;

8<
:

(2)

with a spring constant kFENE¼ 7.0eLJ. The
divergence length R0 limits the maximum

relative displacement of two neighboring

monomers and is set to R0¼ 2.0sLJ. The

equilibrium bond length results from the

position of the minimum of the sum of the

steric and bonding interactions and has, in

this case, the value l0¼ 0.97sLJ. The bond-

ing of the initial monomers that are grafted

on the core are modeled in a similar way,

taking into account the central particle’s

radius Rd. Thus, we have for the grafting the

sum of a steric potential Vc
LJðrÞ and a

FENE-potential Vc
FENEðrÞ of the form:

Vc
LJ ¼

1 r � Rd

VLJðr � RdÞ r > Rd

�
(3)

and

Vc
FENE ¼ 1 r � Rd

VFENEðr � RdÞ r > Rd:

�
(4)

We charge every (l/a)-th monomer

(a< 1) along the chain by assigning to it

an elementary charge e, introducing at the

same time a total ofNc¼aNf counterions of

opposite charge, - e, where N is the degree

of polymerization of each chain. The

counterion-charged monomer as well as

the counterion-counterion interactions also

include a steric, short-range repulsion given

by Eq. (1) above. This is particularly

important for stability, since attractive

Coulomb interactions between oppositely

charged point-particles lead to a collapse of

the two onto each other.

Finally, we have to introduce the inter-

actions between the charged components,

which are simply given by the Coulomb

potential

bV
ij
CoulðrÞ ¼ b

qiqje
2

er
� lB

qiqj
r

: (5)

Here, qi,qj¼�1 are the valencies of

monomer ions and counterions, respec-

tively, (b¼ 1/(kBT) and e is the dielectric

constant of the solvent. The Bjerrum length

lB ¼ be2

"
(6)

denotes as the distance at which the

electrostatic energy equals the thermal
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energy and provides a measure for the

strength of the Coulomb coupling. For

water (e¼ 80) at T¼ 300K, we have lB¼ 7.1

Å; in terms of the unit of length, sLJ,we fixed

the ratio lB/sLJ¼ 3.0, corresponding to a

realistic[41] monomer size s¼ 2.4 Å.

In Fig. 1 we show a typical simulation

snapshot of a PE-star with f¼ 30 arms and

a¼ 1/3, far away from the confining walls,

i.e., free of their influence. It can be seen

that the star arms are stretched and that the

vast majority of the counterions are within

the sphere delineated by the star extension.

This is a manifestation of the property of

PE-stars to ‘trap’ in their interior the

counterions that they release. Suppose

now that the PE-star is brought very close

to the wall shown at the bottom of Fig. 1.

The volume in the star’s interior will be

halved, due to the loss of the half-space

taken by the bottom side of the wall. Thus,

the trapped counterions will lose entropy

and it is reasonable to assume that a good

fraction of them will be released into the

solution. Further, the planar confinement

may bring about more drastic, conforma-

tional changes, such as chain stretching or

collapse. The investigation of the shape that

the PE-star assumes under such conditions

is the subject of the following section.

III. Simulations of Confined
Polyelectrolyte Stars

We now additionally introduce two neutral,

hard walls parallel to the x-y-plane at

positions z¼�t/2, resulting in an overall

wall-to-wall separation t. In principle, the

discontinuity of the dielectric constant on

the two sides of the planar wall implies the

necessity to introduce image charges.

However, we do not expect the latter to

have a significant impact on the conforma-

tion of that star, since the overall charge of

the latter is drastically reduce due to the

presence of the adsorbed counterions, thus

we neglect image charges in what follows.

Macromol. Symp. 2006, 245–246, 276–286278

Figure 1.

A polyelectrolyte star with f¼ 30 arms away from the confining walls, demonstrating the star’s conformation.

The dark, free spheres are the counterions. The light monomers along the chains are neutral and the dark ones

are charged.
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The wall-particle interaction is purely

repulsive and short-range. In parallel lines

with the modeling of monomers as Len-

nard-Jones spheres, and based on Eq. (1),

we introduce a truncated-and-shifted LJ

interaction between the wall and the

monomers, which is also identical to the

wall-counterion potential and reads as:

Vw
LJðzÞ ¼ VLJ

T

2
� z

� 	

þ VLJ
T

2
þ z

� 	
; (7)

whereas z refers to the z-component of the

position vector of the particular particle

(monomer or counterion). The finite-size

central core interacts with the wall by a

similar potential, shifted by Rd i.e.:

Vwc
LJ ðzÞ ¼ VLJ

T

2
� Rd � z

� 	

þ VLJ
T

2
� Rd þ z

� 	
: (8)

IV. Results

The PE-star is enclosed in a rectangular

simulation box of total volume V¼ t M2,

with periodic boundary conditions applied

in the x- and y-directions, while the box is

confined with respect to the z-direction.

Here, we always fix M¼ t¼ l20sLJ. The

equations of motion were integrated

numerically using the Verlet algorithm in

its velocity form,[42–44]whereas a Langevin

thermostat[42–44] was employed to stabilize

the system’s temperature. The long-range

Coulomb interaction was taken into

account for its two-dimensional periodicity

by modifying Lekner’s summation techni-

que[45] in two dimensions. We considered

three different functionalities, f¼ 10, f¼ 18

and f¼ 30, three different charging frac-

tions, a¼ 1/5, a¼ 1/4, and a¼ 1/3 and a

single degree of polymerization per chain,

N¼ 50. For every different distance D

between the star center and the planar

wall, the system was equilibrated for about

5� 105 time steps and we performed

production runs lasting between 1� 106

and 2� 106 time steps.

In Fig. 2 we show a simulation snapshot

of a f¼ 18, a¼ 1/3 PE-star very close to the

planar wall and in Fig. 3 the same for a

f¼ 30, a¼ 1/3 PE-star. It can be seen, also in

comparison with Fig. 1 that although the

PE-star is strongly deformed by the wall

presence, still the great majority of counter-

ions remains trapped in its interior. More-

over, no significant shrinkage or expansion

of the PE-star can be noticed. In order to

quantify these assertions, we have mea-

sured in our simulation a number of

quantities of interest that we list below.

1. The Star Radius

Here, we have monitored the center-to-end

distance R of every chain and averaged over

all chains for any given separation D

between the star center and the wall. In

particular, we measure the quantity,

RðDÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

f

Xf
i¼1

ðri;N � rcoreÞ2
* +

D

;

vuut (9)

where ri,N denotes the position of the

end-monomer of the i-th chain and rcore
the core position. The angular brackets <�
� �>D stand for the statistical average,

which is taken for any fixed value of the

star-to-wall distance D. In Fig. 4 we show

the measured spatial extent R(D) for stars

with functionalities f¼ 10, f¼ 18, and f¼ 30.

In all cases, the charging fraction is chosen

to be a¼ 1/3. It can be seen that the radii

are hardly affected by the distance D to the

wall, even when the latter changes from a

value between two and three star radii (free

star) to zero. Due to the chain stretching,

the star is thus robust against confinement,

as far as its size is concerned. It should also

be noticed that the radii are practically

independent of the arm number f, in

contrast to the case of neutral stars, for

which a scaling law R� f1/5 holds.[46]

Looking at the results in more detail, we

can discern a slight depression of the

arm-averaged star radius that starts at

distance Dmaxffi 1.3R, where R denotes the

radius of the free star. This effect stems

Macromol. Symp. 2006, 245–246, 276–286 279
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from a compression mechanism of a few

chains of the star as the latter approaches

the wall. The compression reaches its

strongest extent at distances

0.7 R <~ D0 <~  0.9 R and thereafter the

chains are getting released and decom-

pressed, slipping tangentially to the wall, as

sketched in Fig. 5 that follows. This

mechanism gives also a contribution to

the effective star-wall force, as will be

discussed in the following section.

2. Condensed Counterions

When strongly charged polyelectrolytes are

present, there are two kinds of counterion

capturing that can take place: strong, or

Manning condensation[47–49] and weak

trapping. The former refers to the fact that

a certain fraction of the released counter-

ions physisorbs in the neighborhood of the

release sites, forming tightly-bound ion

pairs. We expect, thus, that a certain

number N1of the counterions will be found

within a distance lBfrom the monomer ions,

being confined to move in narrow cylinders

around the stretched, rodlike chains. In

order to monitor the Manning-condensed

counterions along the simulation, we sur-

rounded each charged monomer by a

fictitious sphere of radius lB and counted

the number of counterions in every sphere,

performing time averages along the

MD-run for every star-wall separation D.

The quantity N1depends, of course, on

the charging fraction a and on the func-

tionality f, however it is practically inde-

pendent on D, as Fig. 6 demonstrates. For

this type of condensation effect, electro-

statics is dominating and confinement

cannot affect the ability of the PE-star to

Manning-condense a significant fraction of

the counterions.

3. Trapped Counterions

In addition to the Manning-condensed

counterions, there is also an additional

numberN2 of them, which remains confined

in the sphere of radius R formed by the

Macromol. Symp. 2006, 245–246, 276–286280

Figure 2.

Simulation snapshot of a polyelectrolyte star with f¼ 18 arms close to the confining wall.

Copyright � 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



brush, without becoming strongly con-

densed along the chains. These still have

the freedom to move inside the sphere but

they cannot leave its interior and they are

called spherically condensed or weakly

trapped. In the simulation, we measured

the total number of counterions present

within a sphere of radius R equal, in every

Macromol. Symp. 2006, 245–246, 276–286 281

Figure 3.

Same as Fig. 2 but for a f¼ 30-arm star.

Figure 4.

The star radii as a function of the star-wall distance for fixed charging fraction a¼ 1/3 but for different

functionalities f as indicated in the legend. Note that the stars’ spatial extensions are almost independent on D.

Moreover, the radii are only weakly affected by the functionality.
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measurement step, to the average between

the instantaneous center-to-end distances

of all f chains. The procedure was carried

out for every distance D from the wall. In

Fig. 7 we show the dependence of the total

number of trapped counterions, Nin¼N1þ
N2 on the star-wall separation D. We see

once more that this number is practically

independent of the proximity of the planar

wall. Thus, we have established that

PE-stars are simultaneously flexible and

robust objects. They undergo drastic defor-

mations upon close approach to a hard,

planar, repulsive wall, halving the space

available in their interior when their center

approaches the wall to distances of the

Macromol. Symp. 2006, 245–246, 276–286282

Figure 5.

A sketch of the compression-decompression mechanism of the arms of the PE-star that are oriented

perpendicular to the wall as the former approaches the latter. In (i), the arm has just touched the wall and

still has its maximum extension L¼Dmax¼ 1.3R. In (ii), L<Dmax the chain compresses and L¼D. This persists

down to a star-wall distance D0; when D<D0, as in (iii), the compression cost becomes too high, so the chain

bends, as sketched by the rod bent to the left. For the purposes of theoretical modelling, we have replaced the

bent rod with a straight one of the same center-to-end distance, and the latter is depicted mirror-reflected to

the right to avoid crowding.

Figure 6.

The fraction N1/Nc of strongly condensed counterions for f¼ 18 PE-stars and for various charging fractions a,

indicated in the legend, as a function of the star-wall distance. Note the insensitivity of N1/Nc on D.
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order of a monomer length. Despite of this

fact, neither their radius nor their ability to

strongly capture the vast majority of

their counterions is affected by this con-

finement. The results of our investigations

regarding the radius and the number of

trapped counterions are summarized in

Table 1.

V. The Effective Star-Wall Force

An additional quantity of great interest is

the effective force that is experienced by

the center of the star as it approaches the

wall. There are several contributions to this

force: the D-dependence of the total

electrostatic energy of the star and its

counterions due to the change of the star

shape, Ves(D); the loss of entropy of the

trapped counterions, Ventr(D), due to

the decrease of the available volume in

the interior of the star; and, finally, the

aforementioned compression mechanism

of isolated chains, giving rise to an addi-

tional potential Vcomp(D). The three terms

add to the effective star-wall potential,

Veff(D):

VeffðDÞ
¼ VesðDÞ þ VentrðDÞ þ VcompðDÞ: (10)

The magnitude of the effective force is

then given as the gradient of Veff(D), i.e.,

FeffðDÞ ¼ � @VeffðDÞ
@D

: (11)

For a detailed discussion of the terms

Ves(D) and Ventr(D), we refer the reader to

Ref. 51. Here, we proceed with a concise

presentation of the compression contribu-

tion Vcomp(D) and the way it wasmodeled in

theory.

As discussed in the preceding section,

for D in the order of the typical length of an

arm of the star, the star will undergo strong

configurational variations to avoid the wall

since the monomers are not able to

interpenetrate it. Thereby, due to the

presence of neighboring arms, it can be

energetically favorable for chains directing

towards the wall to compress instead of

bending away from the surface, although

this compression leads to an extra cost in

electrostatic energy. Based on simulation

data, we therefore make the following

assumption for the dependence of the

length of those chains that face the wall

perpendicularly on D, in conjunction with

Fig. 5. If the separation becomes smaller

than Dmax¼ 1.3 R, the chains start compres-

sing and the chain length L¼D down to a

distance D0¼ 0.9 R. Further compression

causes the chain to bend/slip and the length

Macromol. Symp. 2006, 245–246, 276–286 283

Figure 7.

Same as Fig. 6 but for the total number of counterions Nin trapped in the interior of f¼ 18 PE-stars.
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L correspondingly starts increasing again:

L¼ 2D0�D, until a minimum distance

Dmin¼ 0.5 R is reached, at which point

the chain retains its original, undisturbed

length. In mathematical terms, thus

LðDÞ ¼
Dmax D 2 0;Dmin½ ½

2D0 �D D 2 Dmin;D0½ ½
D D 2 D0;Dmax½ ½

Dmax D 2 Dmax;1½ ½:
(12)

This D-dependence of the length of the

compressed chains brings about an ener-

getic penalty, since the rods can be viewed

as elastic springs of equilibrium lengthDmax

and spring constant keff. The latter can be

calculated from the sum of electrostatic and

elastic energies of a uniformly charged

rod[50] with linear charge density h:

bUrodðLÞ ¼ bUelecðLÞ þ bUelasðLÞ
¼ b h2

" LIn
L
sLJ

� �
� bkeff

2 L2

¼ Z2a2N2lB
L In L

sLJ

� �
� bkeff

2 L2

(13)

by setting @Urod/@LjL¼Dmax¼ 0. Accord-

ingly, when L(D) 6¼Dmax, a compression

contribution to the force is obtained as

FcompðDÞ

¼ �fc
D

LðDÞ
@Urod
@L L ¼ LðDÞj D 2 ½Dmin;Dmax	

0 otherwise:

�
(14)

Here, fc is the total number of compressed

chains, in general a small fraction of f.

Assuming that the chains are regularly

attached to the colloidal core, we expect a

linear relation between fc and f, namely

fc¼ f/f0. Simulation data indicate f0¼ 4 to be

a good choice for all parameter combina-

tions under investigation. The pre-factor D/

L(D)¼ cosv results from geometrical con-

siderations, as can be seen from Fig. 5.

Based on Eq. (14), we obtain the corre-

sponding energy term Vcomp(D) by a simple

integration:

VcompðDÞ ¼
Z D

1
FcompðD0ÞdD0: (15)

The theoretical model must be tested

against MD measurements. Keeping the

star center at a fixed position rcore as

effective coordinate in our simulations,

the effective force F(rcore) can be measured

as the time average over all instantaneous,

microscopic forces fcore acting on the core,

namely

FðrcoreÞ ¼ fcoreh i: (16)

Due to symmetry, Fcore (rcore)¼ jFcore

(rcore)j will only have a z-component and

will depend on the z-coordinate of rcore,

namely on D. The theoretical treatment is

successful if the relation

FcoreðDÞ ¼ FeffðDÞ ¼ � @VeffðDÞ
@D

: (17)

holds to a satisfactory degree of approx-

imation.

Macromol. Symp. 2006, 245–246, 276–286284

Table 1.
Conformational properties as obtained from MD simulations for different arm numbers and charging fractions.
In addition, results from Ref. 8 are presented for comparison. The chain length is fixed to N¼ 50. Note that there
are in part insignificant discrepancies between the parameters used here and in Ref. 8.

f a Nc (R/sLJ)
a) (N1)

a) (Nin)
a) (R/sLJ)

b) (N1)
b)

10 1/5 100 24.0 32 60 – –
10 1/4 120 24.8 44 78 25.3 46
10 1/3 170 27.5 76 122 27.4 72
18 1/5 180 24.6 78 126 – –
18 1/4 216 25.4 104 159 26.6 107
18 1/3 306 28.0 163 238 28.3 159
30 1/5 300 25.1 161 229 – –
30 1/4 360 25.9 208 284 27.2 213
30 1/3 510 28.4 315 418 28.6 309

a) Values as obtained from our MD simulations, averaged with respect to D.
b) Simulation results for isolated PE-stars, taken from Ref. 8, shown for comparison.
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Representative results, comparing the-

ory and simulation are shown in Fig. 8,

where it can be seen that theory indeed

captures the measured force in a quantita-

tive fashion. The main contribution to the

effective force arises from the entropy loss

of the trapped coun-terions. Nevertheless,

this alone (and the much weaker electro-

static contribution) cannot correctly

account for the additional repulsive

‘shoulder’ of the force curves seen in the

region 0.5 <~ D/R <~  1.3. This is precisely

the contribution arising from the compres-

sion mechanism, which makes itself there-

fore manifest not only in the slight decrease

of the average star radius there but also in a

visible and important contribution to the

effective star-wall force. Additional corro-

boration for the presence of this novel

repulsion mechanism is offered by the fact

that such forces are absent between two

PE-stars. There, the entropic and electro-

static contributions are fully adequate to

account for the characteristics of the

measured force,[7,8] because the chain

compression is an effect present only when

the stars encounter impenetrable objects,

such as planar or curved walls. On a

quantitative basis, we note that, as

expected, the force is repulsive and soft;

moreover, its magnitude grows with the

functionality f since this implies that a

larger number of trapped counterions is

entropically punished and a larger number

of chains is compressed. In fact, a rough

scaling F(D)� f can be discerned.

VI. Conclusions

Computer simulations provide an indis-

pensable tool for the study of the properties

of complex macromolecules. They allow for

the construction of well-definedmodels and

the isolation of physical mechanisms that

are usually hard to control in experiments,

due to the influence of various obscuring

factors (imperfections at the synthesis,

polydispersity, system impurities etc.) In

this contribution, we analyzed by means of

Molecular Dynamics simulations the con-

formations of multiarm polyelectrolyte

stars in the proximity of planar, uncharged

walls. We have established that these soft

colloids are surprisingly robust against

confinement: although they do deform to

fit their new local environment, they do

maintain their size and they continue to act

as super-absorbers for the counterions. It

appears then, that if one wants to manip-

ulate PE-stars in a more drastic way, force

them to achieve collapsed configurations or

release their counterions fully, one has to

apply to them stronger external influences.

Macromol. Symp. 2006, 245–246, 276–286 285

Figure 8.

Effective forces between PE-stars and planar walls as functions of the star-wall distance D. Here, results for three

different functionalities are shown, as indicated in the legend, whereas the charge fraction is kept fixed at a¼ 1/

3. Symbols: simulation results; lines: theory.
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A very promising perspective is offered by

using charged planar walls with a tunable

surface charge density (e.g., placing them

between the plates of a planar capacitor or

close to an ionizable surface). Results from

this line of research will be the topic of

future publications.
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