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Strongly Stretched Polyelectrolyte Brushes
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ABSTRACT: Using molecular dynamics simulations, we study completely and partially charged
polyelectrolyte brushes. Counterions are treated explicitly. At weak electrostatic interaction we find that
the collapsed brush regime obtained at strong interaction disappears. The chains become strongly stretched
perpendicular to the grafting surface. Contrary to the well-known scaling law for the osmotic brush regime
which gives a thickness, independent of grafting density, we obtain a weak, but nonvanishing, dependence.
This unusual result is in agreement with the behavior in the nonlinear osmotic brush regime recently
predicted on the basis of an extended theoretical model which includes the lateral inhomogeneity of

counterion distribution.

1. Introduction

Polyelectrolytes have received a lot of attention in
recent years because of their importance in biology,
materials science, and soft matter research.! Polyelec-
trolyte brushes consist of charged polymers densely end-
grafted to surfaces of various geometries.? Here we
restrict ourself to the case of quenched polyelectrolytes
end-tethered to a planar solid. Note that brushes of
weak polyelectrolytes with an annealed charge distribu-
tion exhibit specific features.® Polyelectrolyte brushes
form the subject of increasing interest by theory,*7
simulation,'618-22 and experiment.23-20 Polyelectrolyte
brushes are also interesting from the point of view of
applications in colloid and material science: They are
an efficient means for preventing colloids in polar media
from flocculation.®! The stabilization arising due to
steric, entropic, and electrostatic repulsion is less sensi-
tive to the salinity of the surrounding medium than a
mechanism based on pure electrostatics (i.e., without
polymers). A strongly charged brush is able to trap its
own counterions and thus generates a layer of large
effective ionic strength.® Recently, it has been shown
that polyelectrolyte brushes can be successfully used in
small devices such as porous filters for pH-controlled
gating.32 Similar to colloid stabilization, charged poly-
mer brushes are thought to be a model of the envelope
of cells. Living cells are surrounded by a kind of charged
polymer layer (glycocalys) preventing nondesired pro-
tein—protein interaction.33

Both in experiment and in theoretical work, polyelec-
trolytes are an interesting subject with many unresolved
problems. Simulations are a promising tool to check
theoretical models and to probe quantities and regimes
that are not easily observable experimentally.3* How-
ever, despite strong effort in recent years,3 simulations
of polyelectrolytes remain still challenging. Because of
the special methods required for treating the long-range
Coulomb interaction, they are computational rather
expensive.

In a previous simulation study,?? we investigated the
structure of completely charged polyelectrolyte brushes
at relatively strong Coulomb interaction, setting the
Bjerrum length 1g ~ 0.7b with b being the average bond
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Figure 1. Average height of chain ends [Z.O(squares) and
Gouy—Chapman length Asc (thick line), both rescaled with the
contour length Nb (N = 20), vs Bjerrum length Ag at grafting
density p,0° = 0.02. The dashed line indicates [Z.Oof an
identical system of uncharged chains.

length. In contrast to theoretical results,®” which predict
in the so-called osmotic regime a brush height indepen-
dent of grafting density pa, we observed a novel collapsed
brush regime where the brush thickness grows linearly
with pa. Now it is understood that the collapsed brush
regime can occur in the strong coupling limit Ag3/v, > 1
with v, being the second virial coefficient.1® On the other
hand, up to now no collapsed behavior, related to
correlation effects, has been reported in experiments,
but experimental data have been evaluated to be in
agreement with the osmotic brush regime.?”2 This
observation suggests that the experimental systems
under consideration exhibit weak-coupling behavior,
while previous simulations were dealing with a situation
close to the strong-coupling case due to the particular
setting of parameters.'® Indeed, varying the Bjerrum
length, we obtained a nonmonotonic behavior of the
brush height with a maximum at rather small coupling
strengths.?! For a brush with completely charged chains
of length N = 20, the behavior of the average height of
chain ends [Z.[is shown in Figure 1. Together with the
average height of the chain ends [Z.[] we plotted the
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Gouy—Chapman length Agc = (274sX) ! = (27Asf Npa) 4,
which is the height at which the counterions are
effectively bound to a surface of charge density eX =
ef Npa.6 Let us emphasize three points: (i) At Bjerrum
lengths larger than about 0.5b the stretching of the
chains is smaller than in a corresponding uncharged
brush, indicating that attraction due to electrostatic
correlations comes into play. (ii) The maximum brush
height appears at Ag < 0.1b. For smaller ig the Gouy—
Chapman length becomes larger than the brush height.
The counterions are expected to leave the brush, and
the residual electrostatic repulsion between charged
monomers is rather weak, leading to its relaxation back
to the reduced extension of an quasi-neutral brush. (iii)
Near the maximum height we obtain a stretching of the
chains up to about 2/3 of their contour length. This is
certainly beyond the range where Gaussian elasticity
can be applied.

Taking into account both the nonlinear elasticity of
the chains and the lateral inhomogeneity of the coun-
terion distribution, recently the osmotic brush regime
has been reanalyzed by Naji et al.1” Nonlinear elasticity
is considered within the freely jointed chain model. In
the large stretching limit R < Nb, the elastic free energy
becomes Feas/ke T =~ —N log(1 — R/Nb), instead of the
Gaussian law Fe/ksgT ~ 3R2/2Nb?, which is correct in
the limit of small stretching R << Nb. However, it is
known that finite extensibility alone does not change
the scaling behavior of brush height with grafting
density.!® Nevertheless, it is important for the compari-
son of theory with simulation data as well as experi-
mental ones because at large stretching it strongly
influences the absolute value of chain extension.

In ref 14, the nonlinear Poisson—Boltzmann equation
has been solved without any assumption about the
distribution of the counterions perpendicular to the
grafting surface. It has been shown that the brush
height grows monotonically with grafting density when
the counterion distribution extends beyond the rim of
the brush. In the limit of large Gouy—Chapman length
Acc > hosg, With hosg being the brush height in the
osmotic regime, one obtains the so-called Pincus brush®
with a brush height hpg ~ N3b%f21gp,. On the other
hand, the osmotic regime with hosg ~ Nbf 2 is recovered
in the limit Agcc < hosg. In ref 14 as well as in all
previous theoretical studies, it was commonly assumed
that counterions are distributed uniformly in the lateral
directions parallel to the grafting plane. However, an
inhomogeneous distribution was obtained in both simu-
lation16:22 and experiment.3° Using nonlinear Poisson—
Boltzmann theory, lateral inhomogeneity is explicitly
taken into account in ref 17. It was shown there that
lateral inhomogeneity of the counterion distribution
yields a weak dependence of brush height on anchoring
density although the counterions are assumed to be
trapped inside the brush. The corresponding brush
regime is called nonlinear osmotic.

The aim of this paper is to study the behavior of
polyelectrolyte brushes at rather weak Coulomb inter-
action. To reach the weak-coupling limit, the Bjerrum
length is set 1g ~ 0.1b. The parameters of the underly-
ing neutral chain are not changed compared to previous
simulations with ig ~ 0.7b. Hence, any feature of the
collapsed regime is expected to disappear, but the
polyelectrolyte chains should exhibit strong stretching.

The paper is organized as follows. In the next section
we introduce the polyelectrolyte model and the simula-
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tion technique. The results obtained for completely and
partially charged brushes are discussed in section 3.
Conclusions are given in section 4.

2. Simulation Model and Method

The brush is represented by M freely jointed bead—
spring chains of length N + 1 which are anchored by
one end to an uncharged surface at z = 0. The chains
are assumed to be in a good solvent modeled by a
repulsive short-range interaction which is described by
a shifted Lennard-Jones potential

P L | R LA
ifr=r,

where the cutoff radius is r, = 250 and ¢, o are the
usual Lennard-Jones parameters. For simplicity, we
assume that both monomers and counterions are inter-
acting with the same shifted Lennard-Jones potential,
i.e., om = o = o and ey = ¢ = €. Henceforth, ¢ and o
are used as basic units of the model. In addition to the
repulsive potential, beads being neighbors along the
polymer chains are coupled by a FENE (finite extensible
nonlinear elastic) bond potential3*

2

kRO r\2 .
_ log{1— (=]}, ifr<R
L’Ibond(r) = 2 Og{ (RO) } ’ (2)
0 ifr ZRO

with bond strength k = 30e¢/6?2 and maximum bond
length Ry = 1.50. For completely charged chains, this
choice of parameters gives an average bond length of b
= 0.980, which fluctuates by about 4%.22 The Coulomb
repulsion between adjacent monomers slightly stretches
the bond length compared to uncharged chains, where
b = 0.970 has been reported.36 Within the simulation
box of size L x L x L, the grafting density is given by
pa = M/L2. The uncharged anchor segments are fixed
and form a square lattice with lattice spacing d = p,~1/2.
All particles except the anchor segments interact re-
pulsively with the grafting surface at short distances.
The exact form of the wall potential is arbitrary. In
principle, one can use any strongly repelling short-range
potential. Here we use a potential similar to the shifted
Lennard-Jones potential introduced in eq 1 which
vanishes smoothly as z — 0.5¢

Uyan(z) =

o \12 o ¢ 1 .
46{(2 + Az) (z + Az) + Z}’ itz <050 3)
0, ifz> 0.50

with Az = (216 — 0.5)0. Counterions are treated as
individual, nonbonded particles. To prevent divergences
at large Gouy—Chapman lengths, in addition to the
repulsive wall potential at the z = 0 plane, a similar
potential is assigned to the top boundary of the simula-
tion box. However, to guarantee that this restriction is
only a small perturbation, L, has to be chosen large
enough that collisions of counterions with the top plane
of the simulation box remain rare events. In the
simulations reported here we used L, = 3No. For
completely charged chains (f = 1), this choice ensures
that Agc/L; < 1 and counterions never visit the z = L,
boundary in the course of the simulations. All the
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charged entities interact with the bare Coulomb inter-
action

A
Ucou(r) = KgTag; TB 4)

with g; and g; being the corresponding charges in units
of elementary charge e. The Bjerrum length which
determines the strength of Coulomb interaction is given
by As = e%/(4meocksT), where o and ¢ are the vacuum
permittivity and the dielectric constant of the solvent,
respectively. The calculation of long-ranged Coulomb
interaction in periodic systems requires special care. In
the problem under consideration we have periodic
boundary conditions only in two dimensions (x and y)
while perpendicular to the grafting surface (z-direction)
the system is restricted to one layer. To calculate
Coulomb forces and energies in the case of a 2D+1 slab
geometry, we use a technique proposed by Lekner3” and
modified by Sperb.38 Details of the implementation can
be found in ref 22. We assume that we have a system
with matching ¢ boundary condition, so that no image
charges appear across the anchoring surface. For highly
charged and densely grafted systems, image charge
effects are indeed expected to be small.10

To study the system in equilibrium, we use stochastic
molecular dynamics.3°4% The equation of motion for
particle i at position rj(t) is the Langevin equation

d°r, dr,
m F: —ViU —mI E—i_ Wi(t) (5)

where all particles carry the same mass m and I is a
friction constant which couples the particles to a heat
bath. U is the potential energy

U= ULJ + Ubond + UWall + UCoul (6)

The system is held at thermal equilibrium by a Gauss-
ian random force Wi(t)

[W,(t)C= 0
IW,(t)-W,(t') 0= 6mks TT0,0(t — t) @)

where the coupling to I' is a consequence of the fluctua-
tion—dissipation relation.
Weused m =1, kgT = 1.2¢, and I’ = 0.57 537 with 7.3

= vmd?le being the Lennard-Jones time unit. Equa-
tion 5 was integrated by means of the velocity—Verlet
algorithm*® with a time step 6t = 0.0067 ;. For a
Newtonian trajectory with a quite similar time step, the
total energy fluctuations have shown to be less than
10—4_22

The molecular dynamics code was parallelized using
a self-scheduling (master-slave) algorithm?! for the force
loop. Upon testing the parallel code for different proces-
sor numbers n, we found that the efficiency is optimal
in the range of n = 32 to n = 64 processors, where an
efficiency of over 90% is reached. Lower numbers of
processors lead to a loss in efficiency due to the idle
master processor, while large processor numbers are
less efficient because communication time becomes a
dominant contribution. It should be noted that the
efficiency of the parallel code strongly depends on the
degree of charging. Therefore, it is only used for
simulating strongly charged polyelectrolytes. Weakly
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charged systems are studied by using the sequential
version of the code on local compute servers with Alpha
EV67/667 processors.

If not otherwise stated, in this study we have consid-
ered systems with M = 36 polyelectrolyte chains, each
consisting of an uncharged fixed anchor and N = 30 free
chain monomers, f x N of which are (negatively)
charged. The degree of charging f varies between one
(completely charged) and zero (neutral). Because of
electroneutrality, there are f x M x N counterions. Two
types of finite size effects may interfere with the
simulation results discussed below. First, the chain
length N should be long enough to capture typical
polymeric behavior. Second, because of possible self-
interaction of the chains, a small lateral system size due
to the restricted number of chains M may also influence
the large-scale properties such as brush thickness.
Although we cannot completely rule out that finite size
effects will still have an effect on the simulation results
discussed below (in particular on the prefactors of the
scaling laws), in ref 22 it has been shown that at the
particular system size, used also in the present study,
both types of finite size effects can be kept small. Note
that at f = 1 the system contains 2160 charged particles.
Such simulations imply CPU times that require the use
of parallel supercomputers.

For strongly charged chains, the anchoring density
pa Varies between 0.042¢0-2 and 0.120072, which corre-
sponds to a box size L between 29.30 and 17.30. For
these systems, Agc ranges from 1.30 down to 0.5¢0. That
is why most of the counterions are expected to be still
confined in the brush. On the other hand, this means
that the stretching of the chains is still below its
maximum. To reach the asymptotic limit of a neutral
brush, for weakly charged chains, an additional anchor-
ing density is studied with L = 15.5¢ or py = 0.15072.
Fully stretched chains with a line of counterions were
used as initial configuration. The relaxation was moni-
tored by studying the decay of the end-point height of
the chains. Details of the equilibration procedure can
be found elsewhere.?2 Typically, the relaxation of the
brushes takes some hundreds of 7. ;. After reaching
equilibrium, we calculated trajectories between 25007,
and 400073, depending on degree of charging and
anchoring density. With this trajectory lengths one can
ensure that the relative error of the average height of
chain ends is less than 0.5%, which has been proved to
be sufficient for obtaining smooth end-point distribution
functions. Errors were estimated by computing block
averages*® and by monitoring cumulative averages.*?

We have to note that with the setting ig = 0.10 the
direct mapping of the coarse-grained model to the
standard experimental system; i.e., fully charged poly-
(styrenesulfonate) (PSS) is lost. Because the length scale
of the model is set by the Bjerrum length, which is about
0.7 nm for water at room temperature, the bond length
(i.e., the average distance between neighboring charges
along the chain at f = 1) becomes b ~ 7 nm. Using for
PSS a monomer size of about 0.25 nm, one results with
a fraction of charged monomer f ~ 1/30, which is 1 order
of magnitude below the value known for standard PSS.
However, the model could be mapped to weakly charged
PSS which can be produced by controlled sulfonation
from polystyrene standards.*® On the other hand, there
are experimental systems that exhibit inherently much
larger average distances between neighboring charges.
For, e.g., poly(methacrylic acid), which is a weak poly-
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Figure 2. Polyelectrolyte brushes with M = 36 chains of
length N = 30, completely charged at grafting density (a) p.0®
= 0.042 and (b) pa0? = 0.120. The Bjerrum length is g = 0.10.
Counterions are assigned to the closest polyelectrolyte chain;
polyelectrolyte chains are light gray, counterions are black,
and anchor monomers are dark gray. The box height perpen-
dicular to the grafting surface has been reduced for the sake
of representation. Snapshots have been represented by using
the visualization program VMD.*

electrolyte with annealed charge distribution, under
certain conditions the average distance is about 10 nm.2°
Thus, the coarse-grained model with the parameter
settings chosen here can be applied to real systems. Let
us remember that the reason for choosing Ag = 0.10 was
to enter the weak-coupling region Ag < v,3. To compare
the theoretical model with the simulations, however, the
second virial v, has been estimated in a very crude
way.® To allow an appropriate consideration of real
systems, doubtless a more sophisticated way for evalu-
ating v; is required.

3. Simulation Results and Discussion

3.1. Structure of the Brush. Figure 2 shows snap-
shots from the equilibrium trajectories of completely
charged brushes at the smallest and largest grafting
density considered in the study. In this representation,
the connectivity of the chains has been preserved, such
that the chains may extend beyond the simulation box.
The counterions are assigned to the closest chain
monomer. Considering the snapshots, we address two
points: (i) Immediately one can realize that the chains
become strongly stretched and aligned perpendicular to
the grafting surface. (ii) As expected from the estimation
of the Gouy—Chapman length, in the case of completely
charged brushes almost all the counterions remain
trapped inside the brush. Both features will be quan-
titatively discussed below.

For completely charged brushes, Figure 3 gives the
monomer density pm(z) as a function of the distance from
the grafting surface. pm(z) is normalized such that f3dz
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Figure 3. Monomer density profiles pm(z) of completely
charged polyelectrolyte brushes (N = 30, g = 0.10) as a
function of the distance from the grafting surface. Shown are
four different anchoring densities p.0? = 0.042 (circles), pao?
= 0.063 (squares), pa0? = 0.094 (diamonds), and p,0? = 0.120
(triangles).

pm(z) = Npa. Let us remember that in the collapsed
regime, obtained in the strong coupling limit, the
monomer density becomes independent of anchoring
density, resulting in a linear scaling of brush height
with anchoring density.1622 Obviously, at iz = 0.1l¢
there remain no reminiscences of such a behavior. The
extension of the brushes is substantially increased, and
its dependence on anchoring density becomes much
weaker.

The average thickness of the brush and of the coun-
terion layer is measured by taking the first moments
of the corresponding density profiles:

o LZzpci(z) dz
j; pi(2) dz

_— Js 2pp(2) dz
Jo Pr2) dz

Note that a possible logarithmic divergence in the first
moment of the counterion density at large Agc due to
the 1/z2? decay of p.i(z) is canceled by the finite size of
the simulation box in the z-direction. The term neglected
by closing the system is of the order of A log(L/Acc) with
a prefactor A < 1. A systematic simulation study of the
behavior of counterions at charged plates in both open
and closed systems can be found in ref 45.

The average monomer and counterion heights for all
systems studied with Ag = 0.10, completely and partially
charged ones, are given in Table 1. For completely
charged brushes the comparison with the previously
studied strong coupling case Ag = 0.7022 is shown in
Figure 4. As indicated by the snapshots shown in Figure
2, at f = 1 most of the counterions remain still captured
inside the brush, and the relation between z,,Cand [z
is not perceptibly changed compared to the behavior
obtained at strong coupling Ag = 0.70. With an exponent
o = /5 there appears a rather weak dependence on
anchoring density. However, contrary to the well-known
scaling law for charged brushes in the osmotic regime,
which predicts a thickness independent of the anchoring
density, there remains a weak, but nonnegligible,
dependence on pa.
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Table 1. Simulation Results: Average Brush Height [zy[)
Average Counterion Height [Z.[J and Average End-Point
Height [zc.[at Different Grafting Density p. and Degree of

Charging f 2
0a0? f Zmllo Zillo [Zelo
0.042 1 8.72 £ 0.01 9.16 + 0.01 15.74 + 0.03
0.042 1/2 7.66 £ 0.01 8.01 £0.01 13.33 £ 0.03
0.042 1/3 7.08 £0.01 7.69 £0.01 12.24 + 0.03
0.042 1/5 6.38 + 0.01 7.65 + 0.02 10.83 + 0.03
0.042 1/10 5.72 +£0.01 8.36 + 0.02 9.61 + 0.03
0.042 1/15 5.48 £ 0.01 9.04 £0.03 9.09 £ 0.03
0.042 1/30 5.27 +0.01 11.08 £+ 0.07 8.58 + 0.03
0.042 0 5.12 +£0.01 8.09 + 0.03
0.063 1 9.48 £ 0.01 9.94 £ 0.01 17.54 + 0.03
0.063 1/2 8.17 £ 0.01 8.46 £ 0.01 14.45 + 0.03
0.063 1/3 7.52 +£0.01 8.17 £ 0.01 13.18 + 0.03
0.063 1/5 6.76 + 0.01 7.94 +0.02 11.67 + 0.03
0.063 1/10 6.14 £ 0.01 8.82 £ 0.02 10.53 +£ 0.03
0.063 1/15 5.90 + 0.01 9.42 +£0.04 10.02 + 0.03
0.063 1/30 5.754+0.01 11.90 + 0.07 9.51 +0.03
0.063 0 5.58 £ 0.01 9.06 £+ 0.03
0.094 1 10.30 £ 0.01 10.77 £0.01 19.57 £ 0.02
0.094 1/2 8.85+ 0.01 9.12 +£0.01 15.99 + 0.03
0.094 1/3 8.13 +£0.01 8.69 + 0.01 14.50 + 0.03
0.094 1/5 7.40 £0.01 8.58 £0.001 13.04 £0.03
0.094 1/10 6.73 £ 0.01 9.51 £+ 0.02 11.82 +0.03
0.094 1/15 6.54 +0.01 10.18 +£0.03 11.36 + 0.02
0.094 1/30 6.33+0.01 13.00 £ 0.07 10.69 £+ 0.02
0.0940 O 6.23 £ 0.01 10.36 + 0.03
0.120 1 10.78 £ 0.01 11.25+0.01 20.64 + 0.02
0.120 1/2 9.26 + 0.01 9.50 + 0.01 16.87 + 0.03
0.120 1/3 8.51+£0.01 9.10 £ 0.01 15.32 + 0.03
0.120 1/5 7.83 +0.01 9.01 +£0.01 13.95 + 0.02
0.120 1/10 7.18 +£0.01 9.94 + 0.02 12.74 + 0.03
0.120 1/15 7.00+£0.01 10.75+0.03 12.30 +£ 0.02
0.120 1/30 6.81+£0.01 13.41 +0.06 11.67 +0.03
0.120 0 6.69 + 0.01 11.33 +£0.03
0.150 1/5 8.20 + 0.01 9.87 +0.01 14.93 + 0.02
0.150 1/10 7.65+0.01 10.51 +0.02 13.68 + 0.02
0.150 1/15 745+0.01 11.53+0.03 13.19 + 0.02
0.150 1/30 7.26 £0.01 14.09 + 0.05 12.63 + 0.03
0.150 0 7.17 £0.01 12.35 +£ 0.02
a The Bjerrum length is 1g ~ 0.1b.
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Figure 4. Average brush height Zy,0(filled symbols) and
average counterion height [Z;0(empty symbols) of completely
charged polyelectrolyte brushes vs anchoring density both for
Ag = 0.70 (diamonds)?? and Ag = 0.1¢ (triangles). Error bars
are smaller than symbol size.

At first sight, it was unclear whether this unusual
behavior might be only a feature of a crossover regime
that appears accidentally due to the particular param-
eters chosen in the simulations. At least for completely
charged brushes, there is no way to explain the depen-
dence of the brush thickness on grafting density due to
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Figure 5. End-point distributions of completely charged
polyelectrolyte brushes at weak coupling g = 0.10. Grafting
densities are the same as in Figure 3.

the transverse distribution of counterions. Most of them
are still trapped inside the brush, and only a few percent
are free to leave (see Figure 2 and Table 1). Note that
the dimensionless parameter hosg/Acc, governing the
dependence of the brush thickness on grafting density
in the model proposed by Zhulina and Borisov,* is
rather large (of the order of 10), indicating a behavior
similar to the osmotic brush. Now it is understood that
a dependence of the brush thickness on grafting density
can be also caused by a lateral inhomogeneity of the
counterion density!” which is more likely to explain the
simulation data under discussion. In the model used by
Naji et al. the electrostatic free energy is evaluated
within the cylinder model by means of nonlinear Pois-
son—Boltzmann theory. The elastic free energy of the
chains is treated using a freely jointed chain model and
the short-range volume interaction is included by im-
posing a constant volume constraint for the polyelec-
trolyte. Doing so, reasonable agreement between simu-
lation data and theoretical predictions has been obtained
without any fitting parameter in the so-called nonlinear
osmotic brush regime.” Independently, recent experi-
mental data indicate also a weak dependence of the
brush height on anchoring density.*6

Figure 5 gives the end-point distribution pe(z) normal-
ized to unity. One notes that, for all grafting densities
pa, the end-point distribution exhibits a pronounced
peak at large z and decays strongly inside the brush.
These features reflect the highly ordered brush state
due to strong stretching perpendicular to the grafting
surface. The behavior is in contrast to that found in the
collapsed brush regime at low grafting densities,??
where a second peak of the end-point distribution was
obtained at small z, indicating that the chains are likely
to fold back onto the surface.

For a more detailed examination of the intrachain
structure of grafted polyelectrolytes at all length scales,
we calculate the spherically averaged single chain

structure factor
N
ZD D ©)

1
S(g) = ig-r.
(@ ELT 1J;exp(lq r) )

as well as the structure factor in transverse direction
S(g;) and the in-plane averaged one S(gyy). In analogy
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Figure 6. Spherically averaged structure factor S(q) (middle
set), in-plane averaged structure factor S(qy,) (upper set), and
structure factor perpendicular to the grafting plane S(qg.) (lower

set) of completely charged polyelectrolyte brushes at 1 = 0.10.
Grafting densities and symbols are the same as in Figure 3.

to free chains, in the asymptotic regime the structure
factor is expected to obey the scaling relation S(q) ~
g, where v is the exponent of the N dependence of
the chain radius R ~ N". Figure 6 gives the three
different structure factors. Within the range of the
anchoring densities studied in the simulations, the
spherically averaged structure factor S(q) is almost not
changed, reflecting strong stretching with a exponent v
~ 0.9. This result is consistent with the structure
perpendicular to the grafting plane, shown by S(q,)
which exhibits strong features of a rigid-rod-like behav-
ior amplified with increasing anchoring density. Note
that a highly ordered layering evolves close to the
grafting surface. The transverse monomer profiles
shown in Figure 3 indicate short-range ordering in a
stack ranging from three up to seven layers above the
grafting surface. The most interesting additional infor-
mation gives the in-plane averaged structure factor
S(0xy). Note that the in-plane behavior of the grafted
polyelectrolyte chains is determined by the properties
of the underlying neutral chains. In agreement with our
model, which is supposed to mimic polyelectrolytes
under good-solvent conditions, at low grafting densities
S(0xy) gives an in-plane scaling Ry, ~ N%6. At large pa,
however, S(gxy) indicates Ry, ~ NO5, j.e., the scaling
behavior of a Gaussian chain well-known for chains in
melt.

3.2. Counterion Distribution. In refs 16 and 22 it
has been shown that the particular behavior of poly-
electrolyte brushes in the strong-coupling limit, i.e., the
existence of a collapsed regime, is caused by Coulomb
correlations. To discuss the role of correlations and the
degree of counterion condensation, we calculated the
ion—polyelectrolyte distribution function p(r) where r
is the separation between counterion center and closest
polyelectrolyte bond. The distribution p(r) is normalized
according to 2z fJrp(r) dr = 1. For strong coupling, at
As = 0.70, the distribution functions show a pronounced
peak at r = 0.22 At 1g = 0.10, the peak is much weaker
and the probability remains finite up to larger distances
(see Figure 7). There is still another remarkable differ-
ence between the two situations: At strong interaction
strength the lowest anchoring density shows the highest
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Figure 7. lon—polyelectrolyte distribution function for com-
pletely charged chains at 1g = 0.10. Grafting densities and
symbols are the same as in Figure 3.

peak value. This can be understood due to the decreas-
ing effective line charge density N/2[zy,0Owith increasing
stretching of the chain, i.e., with increasing anchoring
density. Thus, the effective Manning ration Eesr = NAg/
2[ZmOexhibits its largest value at the lowest anchoring
density, giving rise for a large fraction of “condensed”
counterions. On the other hand, at weak interaction the
peak becomes monotonically enhanced with growing
anchoring density, which is probably a simple packing
effect.

3.3. Partially Charged Brushes. Considering par-
tially charged chains, once more we observe quite
different behavior at strong and weak interaction
strengths. In Figure 8 the scaling behavior of the brush
height as a function of grafting density is plotted for
different degree of charging f.

At Ag = 0.70, previously we found a nonmonotonic
behavior:16 At large pa the brush shrinks with decreas-
ing f, while at small grafting density unexpectedly the
brush is expanding with a reduced degree of charging.
The particular behavior at small grafting densities is
consistent, however, with the predictions of the col-
lapsed brush regime where the brush height scales as
h ~ 1/f3. At high anchoring densities steric repulsion
of monomers and counterions becomes dominant and
gives rise to the growing of brush height with p,. The
quasi-neutral brush regime is reached at a small, but
finite, degree of charging.

On the other hand, at 1z = 0.10 we obtain a com-
pletely monotonic behavior. Reducing the degree of
charging the brush shrinks at any grafting density.
However, any finite charge on the chain (together with
the corresponding counterions) gives rise to an ad-
ditional stretching of the brush compared to the un-
charged one, and the limiting scaling law h ~ p!3 is
attained only at very small f.

Note that for weakly charged brushes the Gouy—
Chapman length becomes rather large, and a substan-
tial fraction of counterions leave the brush. Obviously,
the influence of the inhomogeneity in the transverse
distribution of counterions cannot be neglected in this
case, but the crossover in the dependence of the brush
thickness on grafting density involves a complex inter-
play between second virial effects and inhomogeneities
in all spatial directions.
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Figure 8. Brush height ZnOof completely and partially
charged chains vs anchoring density pa: (&) A8 = 0.70, N1 =
50 and (b) Az = 0.10, N> = 30. f = 1 (diamonds), f = 1/2
(triangle left), f = 6/25 (N1) or f = 1/3 (N,) (squares), f = 4/25
(Ny) or f =1/5 (Np) (triangles up), f = 2/25 (N;) or f = 1/10 (Ny)
(circles), f = 1/15 (triangles right), f = 1/30 (cross) and f =0
(star). The limiting power laws pa!, pa'3, and p,'® are given as
a guide to the eyes.

4. Conclusion

Performing extensive simulation of completely and
partially charged polyelectrolytes, we have shown that
the collapsed brush regime found at strong Coulomb
interaction disappears when the interaction strength is
reduced. The substantial difference between strong and
weak interaction is also reflected in the counterion
distribution and in the specific behavior of partially
charged brushes.

We obtain strong stretching of the chains that reaches,
at the maximum, an end-to-end distance of about ?/5 of
the contour length. For such brushes, contrary to the
well-known scaling law for the osmotic brush regime,
which predicts a thickness independent of grafting
density pa, we obtain a weak, but nonvanishing, depen-
dence of the brush height on p,. It is known!* that a
grafting density dependence occurs when the counterion
distribution extends beyond the rim of the brush, as this
reduces both the osmotic pressure exerted by counteri-
ons and the screening of the Coulomb interaction inside
the brush. But, such a mechanism can be ruled out in
our case because almost all the counterions have been
found to be trapped within the brush. However, contrary
to the assumption made in theoretical models of poly-
electrolyte brushes, we observe a strong lateral inho-
mogeneity in the counterion distribution which was also
obtained in experimental studies. In a recent theoretical
study,!” it has been shown that such an inhomogeneity
can also produce a weak dependence of the brush
thickness on grafting density, a regime which has been
called nonlinear osmotic. In fact, including lateral
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inhomogeneity of the counterion distribution together
with nonlinear elasticity of the polyelectrolyte chains
provides reasonable agreement between simulation data
and theoretical predictions without any fitting param-
eters.”

From an experimental point of view, tethering charged
chains by an end at a surface is a rather challenging
task which can be only solved with relatively short
polymers. Therefore, the finite extensibility and, related
to that, the nonlinear elasticity of the chains can play
an important role in the brush regime. On the other
hand, an inhomogeneous counterion distribution in the
lateral direction has been reported in recent experi-
ments.30 Therefore, both effects, i.e., nonlinear elasticity
and lateral inhomogeneity, neglected in scaling ap-
proaches might play an important role in experimental
systems. Interestingly, there is some indication on a
weak dependence of the chain stretching on anchoring
density from recent experiments with polyelectrolyte
brushes.*6

We conclude the following: (i) It is necessary to
evaluate a more sophisticated parameter mapping
between experimental systems and the coarse-grained
theoretical model applied also in simulations. (ii) It
would be very useful to have more experimental data
on the structure of diversified polyelectrolyte brushes
in different environment in order to check the relevance
of theoretical models and related simulation studies.
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