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ABSTRACT: On basis of a coarse-grained model, we investigate the conformational behavior of a spherical
polyelectrolyte brush (SPB) in a solution containing oppositely charged linear polyelectrolytes. Our results obtained
from Brownian dynamics (BD) simulations show that with increasing amount of linear polyelectrolytes the SPB
undergoes the process of swelling — collapse — reswelling. The collapse of the SPB is due to the replacement
of confined counterions by linear polyelectrolytes and is well described within a theoretical mean field approach.
This replacement and a strong correlation between linear chains and SPB chains lead to a drop in the osmotic
pressure inside the SPB. The reswelling is caused by further adsorption of linear chains and counterions. This in
turn results in an enhanced excluded volume effect within SPB. A weak charge inversion of the SPB complex is
observed. With increasing length of linear polyelectrolytes the collapse of the SPB and its reswelling is shifted
toward lower concentrations of linear chains at which both effects occur. An increasing grafting density induces
a multilayer structure of adsorbed linear chains and SPB chain segments. The packing process in turn increases
the thickness of the SPB. We find that adsorbed linear polyelectrolytes are significantly denatured compared to

the free ones in the solution.

1. Introduction

Polyelectrolyte (PE) brush is formed by densely grafted PE
chains on the solid surface,' in which “brush” means that lengths
of the polyelectrolyte chains are much larger than the average
distance between the grafted sites of neighboring chains on the
surface. The polyelectrolyte brushes can be generated in different
geometries, such as planar,'~® cylindrical,” or spherical®'? PE
brushes, depending on the geometry of the surface where the
PE chains are densely grafted. In the past two decades
the investigation on polyelectrolyte brushes has become one of
the most active fields in polymer science'*' due to the entirely
new properties of PE brushes compared with brushes of
uncharged polymers and the importance in a wide range of areas,
such as colloid stability,'® rheology control,'”'® and membrane
modification.'® In recent years, the investigation of spherical
PE brushes'® (SPB) gained a lot of scientific attention due to
its widely ranged applications, such as immobilization of
nanoparticles*** or proteins,'>*** or the grafting of DNA
chains on the surface of a colloidal core particle.®® A recent
review of these investigations is given in ref 27.

The theoretical investigations on brush systems were initial-
ized by Alexander® and de Gennes® for planar brushes
assuming that the free ends of the grafted chains all lay in the
same plane. On basis of the Alexander—de Gennes ap-
proach,?®*° the theory of planar PE brush was mainly developed
in the fundamental research by Pincus'® and Borisov and co-
workers.>® A comprehensive review on the theory for planar
PE brushes was addressed by Riihe et al.! A strong confinement
of counterions inside the brush was predicted, causing a high
osmotic pressure inside spherical polyelectrolyte brushes.'® The
confinement of counterions was experimentally confirmed by
van der Maarel and co-workers.?'* Further theoretical works
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using scaling theory and self-consistent-field theory studied in
detail the conformation of single SPBs.>*° The change in
osmotic pressure is responsible for the interaction between
SPBs.”’

In recent years the conformational dependence on ionic
strength and valency of counterions was investigated in detail
for planar polyelectrolyte brushes. Theoretical mean-field ap-
proaches predicted brush shrinking and weak swelling regimes
of the brush layer, depending on the valency and the concentra-
tion of the added salt.*® A recent work predicted a collapse of
planar polyelectrolyte brushes due to fluctuation effects of
multivalent counterions.>® A simulation study of rodlike PEs
grafted on a plane demonstrated structural impacts due to
multivalent ions.*® The observed conformational regimes depend
strongly on the grafting density. The conformational behavior
of SPBs in presence of multivalent counterions has been
addressed more recently by experiments, simulations, and mean-
field theory. Particularly for this system, collapse transitions are
of interest since they affect the overall stability of the brush
suspension; coagulation effects occur in particular for collapsed
SPBs.*'~** In a most recent work the effect of multivalent ions
on the SPB conformation was studied experimentally, theoreti-
cally, and with molecular dynamics simulations.**** Upon
addition of multivalent counterions a collapse of SPB occurs.
The collapse is caused by the replacement of monovalent
counterions by multivalent ones, which reduce the number of
counterions inside the brush. In combination with a strong
condensation of the multivalent counterions on SPB chains, the
osmotic pressure inside the brush is significantly reduced.** A
further point of interest is the interaction of SPBs with more
complex ionic particles, such as proteins.'3**?* The question
arises on the adsorption of such particles and possible denaturing
phenomena of adsorbed species and the conformational proper-
ties of the SPB.

Previous investigations on the phase behavior of SPB were
mainly focused on that of SPB in simple salt solutions (i.e.,
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monovalent and multivalent salt) solution.**** There is no
simulation study regarding the structural behavior of SPB in
the presence of linear polyelectrolytes of opposite charge,
representing more complex “counterions”. In such a system at
least two effects of the mentioned ones can be studied: a collapse
transition of the SPB and denaturing phenomena of adsorbed
linear polyelectrolytes, i.e., the mutual impact of the SPB and
the linear polyelectrolytes with respect to their corresponding
configurational properties. Furthermore, we observe a reswelling
of the brush upon increase of linear polyelectrolyte concentration
and local charge inversion. All these effects may have an impact
on the macroscopic phase behavior of SPB/polyelectrolyte
solutions.

In this work we use Brownian dynamics simulation to
investigate the behavior of a solution containing SPB and
oppositely charged linear polyelectrolytes (LPs) on the basis
of a coarse-grained implicit-solvent model. After a short
description of the simulation model we focus on the collapse
transition and the reswelling of the SPB by increasing the
amount of oppositely charged LPs in solution. The collapse
transition can be well described by a mean field theory that is
briefly outlined. We then investigate the dependence of SPB
conformation on the length of oppositely charged LPs and on
the grafting density of the SPB. We study denaturing effects of
LPs by SPB as well, which is also a problem of theoretical and
practical importance.*> We finally discuss the results with their
implications on possible applications and give a brief outlook
for future studies in this field.

2. Methodology

2.1. Model. We used a coarse-grained model to investigate
the solution containing SPB and oppositely charged LPs. The
polyelectrolyte chains are modeled as bead—spring chain
consisting of Lennard-Jones (LJ) particles, as used in the
polyelectrolyte models of Kremer and co-workers.**™** The SPB
is comprised of a number of such linear polyelectrolytes end-
grafted on the neutral core, and there are also a number of small
ions neutralizing the solution represented by unconnected
particles. The core of SPB is fixed at the center of the simulation
box, and the arms in SPB are randomly end-grafted on the
neutral core.** In contrast to a recent simulation study of rodlike
PEs grafted on a plane,*® we consider high grafting densities
of flexible chains ensuring an osmotic brush behavior in the
absence of LPs. In the calculations, we use Narm, farm» and garm
denoting the length, the number of polyelectrolytes grafted on
the core, and the charge of each segment in SPB arms,
respectively. R, is the radius of the SPB core. The total bare
charge of a single SPB is Ospp = Nam/armgam. Similarly, the
length and number of the oppositely charged LPs are M and fi p
with the charge of each LP segment being ¢ p. The bare charge
of a single LP is Qrp = Mgrp. The number of small ions and
the charge of each small ion in the system are N; and g,
respectively. Since the small ions are added into the solution in
order to neutralize the solution, their number is given by N; =
I(Qsps + Orpfir)/qil. All SPB and LP chain segments as well
as the small ions possess the same size a.

Solvent effects are taken implicitly into account. We use
Brownian dynamics simulation, in which the systems are
coupled with a Langevin thermostat, and the solvent (i.e., water)
enters this model through its dielectric permittivity and Brownian
motion. We consider the SPB and LP chains being solvophilic,
expressed by the segments interaction, as written below. While
the SPB core is fixed in the center of the simulation box, the
Langevin equation for the motion of each particle i holds:
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where m; = m is the particle mass which is the same for all the
SPB and LP chain segments and for the small ions. U denotes
the sum of all interaction potentials (see below). ¥ and W()
are the friction coefficient and the stochastic force of the solvent,
respectively. They are linked through the dissipation—fluctuation
theorem [W(7) Wi(r')O= 6mykpT0;0(t — t'), with kgT being
the thermal energy.

Electrostatic interaction between two charged particles with
charges ¢; and g; is determined by the Coulomb potential
q4;
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where r; is the center-to-center distance between charged
species. The Bjerrum length is defined as Ip = e*/4mepekpT,
where € and €, are the permittivity of a vacuum and the relative
permittivity of the solvent, respectively; e is the elementary
charge.

In addition to the electrostatic interaction, for good solvent
conditions, a truncated-shifted Lennard-Jones (LJ) potential is
used to describe the purely repulsive excluded volume interac-
tion between all particles except the core of SPB.
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Here a and ¢ are the LJ length and energy scales, respectively.
The interaction between those particles, i, and the SPB core is

c, . Jo forr, <R, 4
Uo(r)= Uy(r;—R,) forr,>R, @

The connectivity of beads into a chain (i.e., the beads in SPB
arms and LPs) is maintained by the finite extensible nonlinear
elastic (FENE) potential developed by Kremer and co-work-
ors, 4648

L (R0)21 1 i forr. <R

— = — nll—— orr;=

Uppne(r)={ 2"\ a R} AN 6))
0 for r;>R,

where ko denotes the spring constant and R, the maximal relative
displacement between two neighboring beads. The position of
the innermost segments are fixed. Those monomers experience
an additional FENE type attraction, Ufgng(r;), ensuring the
attachment of the arms onto the core

c ) forr, <R,
UFENE(r i) - UFENE( r— Rc) fOI‘ r; > Rc (6)

2.2. Simulation Details. We performed Brownian dynamics
(BD) simulations by using the open-source software LAM-
MPS.* The simulation box size is set to Lgox = 160a with
periodical boundary conditions in three dimensions. The Cou-
lomb interaction is treated with the particle—particle particle—mesh
(PPPM) method.>® The size of monomers arms is set to a =
0.25 nm.”! In all our simulations, the reduced temperature of
the system is 7% = kgT/e = 1.2, and the Bjerrum length is Iy =
0.71 nm, corresponding to a value of water at room temperature.
Other parameters for our simulations are ko = 7.0¢, Ry = 2a,
qLp = —qgam = 1.0, and y = 1/, where T = a(m/¢)"? is the LJ
time unit. The counterions are monovalent as well, i.e., g =
4+1.0. The number of oppositely charged LPs is governed by
the charge ratio, 5 = |QLpfip/QOspsl, relating the total charge of
LPs and that of the SPB. Counterions always ensure charge
neutrality in the system. The size of the SPB core is set to R,
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Figure 1. Density profile of brush segments with respect to the
separation of the SPB center. Here the length of the brush arm is Namm
= 30; the number of arm is fam = 40. The length of linear
polyelectrolytes is set to M = 30.

= 6a, and the length of the SPB arms is set to Nam = 30.
Although the modeled SPB in our simulations is much smaller
than the real ones in experiments, it captures the essential
str‘lll;:ﬂlral effects of the system as was demonstrated by Mei et
al.™®

All simulations started from randomly generated initial
configurations. The simulations are performed with 400 000
simulation steps with the time step of Ar = 0.0057 for
equilibration and following 500 000 simulation steps for produc-
tion. The corresponding value of 25007 exceeds the relaxation
time of around 207, in agreement with findings in a recent
simulation study of SPBs.**

3. Results and Discussion

3.1. The Brush Collapse. At first, we consider the system
at various amount of LPs. The LP length was fixed at M = 30,
and the number of LPs varies with the charge ratio 5. The
number of SPB chains is set to farm = 40, corresponding to a
grafting density oa> = 0.0884. The density profiles of SPB
segments, p(r), from the SPB center with 3 from O to 5.0 are
shown in Figure 1. Above r ~ 8a, p(r) gradually decreases with
the distance from the SPB center if no oppositely charged LPs
are added, i.e., at § = 0. With increasing amount of LPs, the
second peak moves from r & 8a to r &~ 9a. The peak grows
with the increase of 8 from 0 to 1. Simultaneously, the tail of
the profile becomes shorter; i.e., the existence of oppositely
charged LPs leads to a shrinking of the brush. Above § > 1
the first peak height of p(r) drops again due to a reswelling of
the brush; this will be discussed further below.

In order to elucidate the physical explanation for the SPB
shrinking, we plot the radial distribution functions (RDFs)
between the segments of the SPB arms and the LP segments,
i.e. garm-Lp(r), and the small SPB counterions, i.e. gam-c(r), in
Figure 2 at § = 0.5, which means that the amount of LP
segments equals that of the small counterions in the system.
As shown in Figure 2, the correlation of the brush chains and
the LP monomers is apparently stronger than that of the brush
chains and the counterions. The strong correlation between SPB
arms and LPs also affects the mobility of the LPs. In the inset
of Figure 2 the mean-square displacement (MSD) of the LP
monomers and the counterions is plotted. It proves that the
mobility of the LP monomers is much smaller than that of the
counterions. Compared to them, the LPs seem to be “frozen”
inside the SPB. This is in line with the behavior of tri- or higher-
valent counterions. We assume that in the range of 0 < 8 < 1
the system behaves very analogous to the SPB in a mixture of
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Figure 2. RDFs between arm segments and segments of linear
polyelectrolytes (solid line). Shown is also the RDF between SPB
monomers and counterions (dashed line). The charge ratio is f = 0.5.
Inset: MSD [Ar2[bf counterions (dashed line) and LP monomers (solid
line) as a function of reduced time at charge ratio § = 0.5.

mono- and multivalent counterions.**** In what follows we
present the main features of the mean-field model describing
the collapse of the SPB.

Assuming that the SPB is completely neutralized by its
counterions, we can neglect the osmotic pressure contributions
from counterions outside of the brush. This is justified as long
as the SPB is highly charged. Experimental studies has proven
that more than 95% of the counterions are located inside the
highly charged brush.> We use the concept based on the
arguments of Alexander and de Gennes and extended on brush
systems by Pincus and Borisov et al.'®**° The chain forces
consist of an elastic part and an excluded volume Flory-type
contribution:

3kB Tf ArmL
Fch == 2 + Z/OkBT(fArmNArm)z
N, Am%

9R.+ L)
87((R,+ L) — R
(7

with the excluded volume parameter vy ~ a’ and L being the
brush thickness. In equilibrium this force is balanced by the
osmotic pressure forces from the confined noncondensed
counterions. As discussed above, the LPs can be considered as
osmotically inactive due to their strong binding on the SPB
chains, as was discussed in detail in ref 44. The osmotic pressure
force accounts therefore for the counterion contribution only

F, = kyTEc, 4m(R, + L)’ 8)

with ¢4 being the number density of SPB counterions inside
the brush. However, a part of them is also osmotically inactive;
i.e., they are strongly condensed. In order to account for this
fraction, we introduce the parameter &, defined in the range 0
< & < 1. Minimizing eqs 7 and 8 yields the brush thickness L.
The parameter & is found for the case 8 = 0, i.e., without added
LP. In simulations we compute L = [[(R.. — R.)*(J"2, where
R is the center-to-end distance of the terminal monomers
located at rf, which is given by Ree? = (1/fam)Y i=am(r! — R.)?;
R. is the position vector of the SPB core. A reasonable match
of the simulation results at § = 0, and the one computed with
the mean-field theory is achieved by using & = 0.6 as used in
previous studies.**** This amount includes also counterions that
are localized around the chains but are free to move along the
chains. Only a small fraction is strictly condensed at certain
SPB beads and are osmotically deactivated. We used the value
& = 0.6 for all other ratios f3.
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Figure 3. Relative thickness of SPB and the relative radius of gyration
of SPB arms (inset) as functions of charge ratio  between LPs and
SPB. The symbols are results obtained from Brownian dynamics
simulation, and the dashed line represents results from mean field
calculations. The solid line in the inset serves as a guide for the eye.

A comparison between theory and simulation results regarding
the brush thickness L is presented in Figure 3 for f < 1. Here,
the relative thickness L/L., with L. = Nama being the contour
length of the SPB chains, is plotted as a function of the charge
ratio . Both results agree very well up to = 1, the point of
complete neutralization of the SPB by LPs. The collapse of SPB
in solution along with the increasing amount of oppositely
charged LPs is due to a reduced number of confined small
counterions by LPs in conjunction with a strong condensation
of LPs on SPB chains. Both effects reduce the osmotic pressure
and cause the collapse of SPB. The agreement is remarkable in
view of no further adjustment of the theoretical model. We
treated the LPs like multivalent counterions and used exactly
the same parameter setting, as in refs 42 and 44 for the case of
multivalent counterions. It proves again the entropic nature of
the collapse. Correlation or fluctuation effects in electrostatic
contributions are of minor relevance in this range, although one
could expect that those effects or other more complicated
bridging effects were important for adsorbed LPs.

3.2. The Brush Reswelling Process. The mean field theory
describes very well the collapse of the brush for § < 1. It fails,
however, to account for a reswelling of the brush on further
addition of LPs at 5 > 1. The relative brush thickness gradually
increases again. Similarly, the relative radius of gyration of the
individual SPB chains, [R,2[V?/L., decreases and reaches a
minimum at 8 = 1.0 and grows above this ratio. The reswelling
behavior is expressed by a drop of the second peak height in
p(r) (see Figure 1). Above § > 1 the solution contains excess
LPs due to strong correlation between LPs and SPB. Although
the brush is completely neutralized by adsorbed LPs at 8 = 1,
local correlation effects attract more LPs. For neutralization
purposes, LP counterions are adsorbed as well. The excluded
volume effects of the adsorbed chains and ions cause a
reswelling of the brush.

We quantify the amount of adsorbed LPs with the local charge
ratio between adsorbed LPs and the SPB as y = |faqsQrLp/Ospsl,
where fags is the number of adsorbed LPs. They are considered
as being adsorbed, if the distance between their center of masses
and the SPB center is less than R, + L. In Figure 4, the local
charge ratio y is plotted as a function of the overall charge ratio
B. Below 8 < 1, all LPs in solution are adsorbed onto SPB,
expressed in a strict linear behavior of (/). On further addition
of LPs (8 > 1) a crossover is observed. Since the charge of
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Figure 4. Charge ratio between adsorbed LPs and SPB, y, as a function
of the overall charge ratio 3. Neutralization of the brush is achieved at
x = 1 (dotted line).
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Figure 5. (a) Density profiles of small counterions as functions of the
distance to the center of SPB at § > 1. (b) Relative net charge of the
SPB-LP complex as a function of . The line is a guide for the eye.

adsorbed LPs exceeds the bare charge of the brush, i.e., ¥y > 1,
counterions are adsorbed as well, expressed in growing peaks
in their density profiles on addition of LPs 3 (see Figure 5a).

The SPB—LP complex possess a net charge QOne. For its
calculation we accounted for all charges which are located inside
the brush radius, r < R. + L. We plot the relative net charge of
the SPB—LP complex with respect to the bare charge Qspg in
Figure 5b as a function of 3. A small net charge is observed
over the whole range of 5. However, it is evident that a clear
charge inversion takes place with a crossover at the expected
value B = 1. Above § > 3.0, the net charge of the SPB—LP
complex is maintained due to a saturation of adsorbed LPs. The
excluded volume effect of adsorbed chains and LP counterions,
in turn, increases the brush thickness, compared to the collapsed
state (see Figure 3). But the brush still remains small compared
to the LP free case (8 = 0). In experimental studies of SPBs in
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Figure 6. Simulation snapshots at different 3: (a) § = 0, (b) § = 0.5,
(c) p = 1.0, and (d) = 4.0. The white sphere is the core of SPB; the
yellow spheres represent SPB monomers, the green spheres are LP
monomers, and the purple spheres are small counterions.
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Figure 7. Relative radius of gyration (open symbols) and end-to-end
distance (filled symbols) of free (circles) and adsorbed (squares) LPs
as functions of charge ratio 8. Lines are guides for the eye.

multivalent solution, the reswelling was not observed, and at
high ionic strength SPBs coagulate.** Note that the ionic strength
was kept constant in these works, while here the ionic strength
is changed with varying f3.

The snapshots of the simulated systems at different [ are
shown in Figure 6, and we can clearly see the collapse transition
of the SPB with (3 increasing from 0 to 1.0, i.e. Figure 4a—c.
From Figure 6d differences in the conformation of free LPs
can be observed, compared to the adsorbed ones shown in Figure
6b,c. In order to quantify this conformational change, we plot
in Figure 7 the relative radius of gyration and the relative end-
to-end distance of adsorbed and free LPs. There are no free
LPs in the solution as long as 8 < 1. Beyond that ratio, there
exist some free LPs in solution. Their relative radius of gyration
and end-to-end distance are around 0.195 and 0.55, respectively,
whereas the values of the adsorbed LPs are around 0.125 and
0.325, respectively. These values hardly change with f.
Therefore, we conclude that adsorbed LPs are significantly
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Figure 8. Density profile of brush segments from the center of the
SPB core at various LP chain lengths. The length of the brush arms is
Nam = 30, and their number is fam = 40. The charge ratio between
the LPs and SPB is fixed at § = 1.

denatured whereas the remaining free LPs are not affected by
the presence of the SPB—LP complex.

3.3. Influence of Linear Polyelectrolyte Length and the
SPB Grafting Density. In the last section we found that the
SPB thickness reaches its minimum at S = 1. In this section,
we investigate the influence of several factors, such as the LP
length and the grafting density on the conformation of SPB.

3.3.1. Linear Polyelectrolyte Chain Length Dependence. We
performed BD simulations at = 1 with the LP length varied
from 1 to 60 monomers. We kept the number of SPB arms at
40 and their degree of polymerization at 30. The density profiles
of SPB monomers as functions of the distance to the center of
SPB core are shown in Figure 8. For single monomers, i.e. M
= 1, the second peak at r = 8a is small. Its height grows and
is shifted to higher distances from the SPB center (to r ~ 9a)
when the LP length is increased. At the same time the tail of
the profile shrinks. For M = 3 the brush is collapsed. However,
the second peak height still evolves due to packing effects of
condensed LPs, depending on their chain length. Above M >
10, the density profiles of SPB arms hardly change. The
mentioned packing effects are reflected in the correlations
between LPs and SPB arms segments (see their RDFs in Figure
9a). The first correlation peak increases with the chain length
M. At M = 1, the height of the contact peak of gamm-.Lp(7) is
around 290. This peak grows significantly with increasing LP
chain length. In addition, a second peak appears for longer
chains (M > 5). The strong SPB—LP correlation, in turn, affects
the mobility of the LPs as well, as expressed by their MSD
(see Figure 9b). The slope of MSD vs time sharply decreases
with the LP length, resulting in a reduced mobility.

The strong condensation of LPs is again the main reason for
the collapse of the brush at this charge ratio (8 = 1). This is in
analogy with the conformation of SPB in solution containing
multivalent salt with increasing valence of the salt ions.**** The
relative thickness of SPB and the relative gyration radius of
SPB arms as functions of the LP length are plotted in Figure
10. In accordance with the above observations of the density
profiles, the SPB collapses with increased LP length. Up to M
< 3 the SPB shrinks dramatically from 0.68 to 0.3 in terms of
its relative thickness L/L.. This is in line with the study of SPBs
in presence of multivalent counterions.** However, the brush
continues its shrinking above M > 3 until it saturates at around
0.23 for M > 5. This further brush thickness reduction has not
been reported for SPBs in the presence of multivalent counter-
ions. There, the saturation is already reached for trivalent
counterions. Obviously, the chainlike characteristic of adsorbed
LPs causes a further slight shrinking.
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solid and dashed lines are theoretical results with M = 30 and M = 2,
respectively. Note that the results for M = 5 are the same. The thin
lines are guides for the eye.
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Figure 9. (a) RDFs between segments of SPB arms and LP chains. (b)
MSD [Ar2Cof LP monomers vs time. The charge ratio is set to § = 1.
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Figure 10. Relative thickness of the SPB (filled symbols) and the
relative radius of gyration of SPB arms (open symbols) as functions
of the length of linear polyelectrolytes at f = 1.

We now vary the charge ratio 3. For the previous case, M =
30, we observed a continuous reswelling of SPB for 5 > 1 (see
Figure 3). The relative SPB thickness and radius of gyration of
SPB arms for LPs with length M = 2, 5, and 30 are shown in
Figure 11. Again the SPB collapse is completed at § = 1,
reaching a minimum. However, the minimum values are
different, as discussed above. The result for M = 2 is in line
with previous simulations of SPBs in the presence of divalent
ions.** The dashed line shown in Figure 11 is the mean field
result for M = 2, assuming that, in addition to the monovalent
counterions, around 1/3 of LPs contribute to the osmotic pressure
as well. This value is the same as used for divalent counterions;
see ref 44 for further details. The solid line is the mean field
result for M = 5 and M = 30; i.e., no LPs contribute to the
osmotic pressure inside the brush. The mean field theory predicts
the collapse very well. Again, the drop in the osmotic pressure
is the driving force for the collapse. The reswelling effect,
however, cannot been captured within the theoretical approach.
In conclusion, it is shown that the increase of the LP length
dramatically strengthens the correlation between SPB and LPs,
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Figure 12. Density profiles of brush segments from the center of the
SPB core at various grafting densities and at § = 1.

causing an amplified collapse and pronounced reswelling of the
SPB.

3.3.2. Influence of the SPB Grafting Density. We now
investigate the influence of grafting density on the conformation
of SPB at § = 1. We performed BD simulations with grafting
density of SPB at 0 = 0.0221a72, 0.0442a72, 0.0844a~2, and
0.1326a2, corresponding to chain numbers fam = 10, 20, 40,
and 60 at constant degree of polymerization Nam = 30.

The density profiles of the SPB monomers as functions of
the distance to the center of SPB are shown in Figure 12. There
are two peaks of p(r), one contact peak at r & 7a and one at r
~ 9a at small grafting densities, e.g., at 0 = 0.0221a"2. With
denser grafting, the heights of both peaks increase. This increase
becomes more gradual at higher grafting densities. At the same
time, a shoulder peak located at r = 1la appears as well,
particularly pronounced for ¢ = 0.1326a 2. The peaks are
caused by packing arrangements of the SPB monomers around
the core, in particular at higher grafting densities. The density
profiles of LP monomers, ppp(7), possess a similar behavior (see
Figure 13). There is only one peak located at r = 8.0a for o =
0.0224a~2. Tts position hardly changes with increasing grafting
density. However, the peak height and the establishment of a
second peak at around r = 10a occur, in particular for o =
0.0442a72. A strong binding of LPs on SPB chains causes
packing arrangements of LP segments. This arrangements follow
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Figure 13. Density profiles of LP monomers from the center of the
SPB core at various grafting densities and at § = 1.
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Figure 14. Relative thickness of SPB as a function of grafting density

atf=1.

a layer-by-layer process, starting with the packing close to the
colloidal core surface, and continue with a subsequent filling
of the second layer until the brush is neutralized. This multilayer
adsorption is similar to the adsorption of polyelectrolytes on
oppositely charged macroions.>

The influence of grafting density on the SPB thickness is
shown in Figure 14. The thickness increases monotonically with
the grafting density of SPB. The slope is superlinear due to
establishments of subsequent layers of SPB and LP monomers.
The multilayer structure is mostly pronounced for o =
0.1326a"2; see the corresponding density profiles in Figures 12
and 13.

Finally, we calculated the mean electrostatic potential (MEP)
around the SPB, W(r),>® via

2
W(r)= EOLG'/; [o(")garm T+ PLP(”')‘ILP][”' - %] dar'" 9)

The calculated W(r) as a function of the distance to the center
of SPB is plotted in Figure 15. At small grafting density, i.e. o
= 0.0221a™¢, W(r) monotonically increases from —24 to 5.5
mV, followed by a damped oscillation that converges rapidly
to zero. The oscillation stems from the multilayer structures, as
discussed above. When the grafting density is increased from
0 =0.0221a"2 to 0.0884a2, the first (positive) peak depreciates.
The charge inversion at this point becomes weaker. Interestingly,
when the grafting density of SPB reaches 0.1326a72, the positive
peak “bounces” back to 5.5 mV; i.e., charge inversions inside
the SPB are not monotonic functions of the grafting density.
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Figure 15. Mean electrostatic potential around the SPB as a function
of the distance from the SPB center at § = 1. Inset: {-potential as a
function of the grafting density at § = 1.

The stability of electrical layer of the monomers within the SPB
is directly related to the & -potential, which is the mean
electrostatic potential at the shortest separation from the core
surface. The ¢ -potential is plotted as a function of the grafting
density in the inset of Figure 15. Similar to the nonmonotonic
behavior of the first peak in W(r), the { -potential of the
electrical layer increases at first and then drops again with
enhanced grafting density. This is in analogy to the results of
polyelectrolyte complexation on oppositely charged macroions.”

4. Conclusions

On the basis of a coarse-grained model, we investigated the
conformational behavior of a spherical polyelectrolyte brush
(SPB) in the presence of a mixture of monovalent counterions
and oppositely charged linear polyelectrolytes (LPs). We
specifically studied the influence of LP on the SPB structure
and varied parameters such as grafting density and the length
of LP chains. Vice versa, we also investigated the denaturing
effects of adsorbed LPs in comparison to free LPs. Adsorbed
LP chains are much less extended than the free ones; i.e.,
adsorption is accompanied by denaturation of the LPs.

Our simulation results showed that with increasing amount
of LPs the SPB collapses in a charge ratio range 0 < < 1.
From our structural analysis we found that the SPB counterions
are completely replaced by LP chains. On average, each
adsorbed LP chain of length M replaces M counterions, which
reduces the osmotic pressure inside the brush. A strong binding
of LPs on SPB chains was observed, leading to a reduced
mobility of the adsorbed chains. The LP—SPB correlation
amplifies the drop in the osmotic pressure, which leads to a
full collapse at f = 1, i.e., when the brush is completely
neutralized by LP chains. Moreover, we also employed a mean
field theory to describe the collapse transition of SPB from 3
= 0 to 1. The theoretical model has been shown to be well
suited to describe the collapse of SPBs in presence of a mixture
of mono- and multivalent counterions.**** We applied the same
model with the same parameters also for the present system.
The mean field results could describe the collapse very well. It
strengthens the previous argument that the collapse is mainly
of entropic nature. On further addition of LP chains (8 > 1) a
reswelling was observed, which cannot be captured by the mean
field theory. A charge inversion occurs for # > 1. The relative
net charge is small, but in view of a high bare charge of real
SPBs (around 105—106 charges)®’ the absolute charge number
can be significant and can have important implications for static
and kinetic behavior of SPB—LP solutions. The reswelling of
SPB in multivalent salt solution has not been observed so far.
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We believe that this is caused by strong attractive correlation
effects between SPB and LPs. Excluded volume effects of
adsorbed LPs and their counterions leads to this reswelling.

The collapse and reswelling effect depend on the chain length
of LPs. Short chains (M =< 5) possess different degrees of
collapsed states at f = 1; i.e., up to M = 5 the minimum of the
brush thickness depreciates, and no pronounced reswelling on
further addition of LP occurs. This is not the case of SPBs in
presence of multivalent ions. There the saturation is already
reached for trivalent counterions at around 30% of the contour
length.** For chainlike “counterions”, longer chains (M > 5)
cause a slightly lower saturation level, at around 23% of the
contour length.

The grafting density of SPB chains influences the confor-
mational behavior as well. With increased grafting density the
SPB and LP chains undergo packing process, which forms a
multilayer structure around the SPB core. The thickness of the
collapsed SPB is monotonically augmented by the increased
grafting density as well. We also calculated the mean electro-
static potential of the electrical layer around the core of SPB.
The results demonstrate that local charge inversion occurs due
to the mentioned multilayer structures of the chains inside the
brush. The concomitant {-potential possess a nonmonotonic
behavior with regard to the grafting density.

It would be interesting to observe the impact of the studied
effects on the phase behavior of SPBs, such as the occurrence
of coagulation effects, as they appear for SPBs in even simple
salt solutions.*>** It is assumed that coagulation is mainly driven
due to short-ranged dispersion forces of the core particle. Those
forces are not balanced if the brush is collapsed. However,
further addition of LPs could stabilize a SPB dispersion again
due to reswelling and charge inversion of the SPB—LP complex.
This is similar to salting-in and salting-out effects as observed
experimentally for SPBs in the presence of simple salt ions at
high ionic strengths.** However, in the present case those effects
can occur at minute LP concentrations. And it is not clear yet
whether attractive forces due to bridging effects—caused by
multivalent ions or LPs—could enhance coagulation processes.
For the study of those macroscopic effects simulations of two
or more SPBs would be necessary with a focus on possible
attractive correlation forces between SPBs.
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