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ABSTRACT: The complexation of different single polyelectrolyte

(PE) micelles formed by linear diblock copolymers with oppositely

charged brushes with varying grafting densities and charge con-

tent was studied by means of molecular dynamics simulations

using the primitive model. We found that all micelles perform a

directed motion along the vertical z axis on the grafted surface

where they trapped while on the other axes themotion is restricted

in a circle in which the diameter decreases with the increase of the

hydrophilic length of the linear diblock copolymer. The motion of

micelles is characterized as super diffusion inside brusheswith low

densities and low charge content. At high grafting densities and

charge content the diffusion becomes Fickian or slightly sub-

diffusive. The number of the absorbed brush chains on the micelle

corona increases almost monotonically with the increase of brush

grafting density or with the decrease of charge content. The dis-

tance from the surface in which the micelle is trapped can be con-

trolled by the charge density along the grafted PE chain. © 2019

Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2019, 57,

621–631

KEYWORDS: brushes;micelles;molecular dynamics; polyelectrolytes

INTRODUCTION The understanding of the complexation of
micelles or proteins with oppositely charged polyelectrolyte (PE)
brushes is of fundamental importance in various scientific fields
especially in the design of efficient artificial enzymes for environ-
mental, industrial, medical, and biosensing applications.1–3 The rea-
son is that the immobilization through complexation of micelles
(artificial enzymes) or proteins (natural enzymes) into spherical or
planar brushes enhances the stability in various environments3 and
induces enzyme selectivity because substrates with different sizes
have different diffusion characteristics into immobilization media
and consequently different performances in catalytic reactions.4

Experimental studies on the immobilization of bovine serumalbu-
min protein in a spherical poly(acrylic acid) brush reveal an inter-
esting directed sliding motion of protein along the tethered
chains.5 This result has been concluded from the fact that the total
amount of adsorbed protein determined from the analysis of the
small-angle X-ray scattering data increases with the time as t0.25

and not as t0.5 as expected for a purely diffusive transport. The
electrostatic interaction increases when the proteins are moving
from outside into the brush layer along the radial direction and
the proteins are driven into the brush by the inhomogeneous elec-
tric field.

Despite the extensive study3,5–9 of the immobilization through
complexation of proteins in spherical and planar PE brushes little
is known about the complexation and the kinetics of micelles into
opposite charged PE brushes. In previous paper,10 using molecu-
lar dynamics simulations, we predicted the structural and electri-
cal characteristics of PE micelles formed by diblock copolymers
with one charged block A and one solvophobic block B. In particu-
lar, A5B30, A10B30, and A20B30 having 5, 10, 20 charged, and
30 solvophobic units were studied using the Primitive model
(spherical charged particles and implicit solvent). The mean
aggregation number, the shape, the electrical potential as a func-
tion of the distance of the micelle’s center of mass (CM), and the
zeta potential were calculated at different Bjerrum lengths. The
results were in full agreement with experimental and other theo-
retical findings.11,12 In another researchwork, we studied the con-
formational properties of brushes formed by PE polymers
tethered on a planar surface.13 Using molecular dynamics simula-
tions, the diagram of states characterized by a different degree of
condensed counterions inside the brush volume, the chain
stretching, and grafting density was constructed for salt free solu-
tions. The simulation results for the height H of the brush for the
osmotic and the charged regimes were found in good agreement
with existing analytical results.14

Additional Supporting Information may be found in the online version of this article.
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The objective of the current work is the study of the complexation
and the kinetics of a single PE micelle of the Types A5B30, A10B30,
and A20B30 with a brush formed by opposite charged tethered lin-
ear chains. We employed molecular dynamics simulation using
the Primitive model with Langevin thermostat in order to eluci-
date the effects of the grafted chains charged units ratio α, the
brush grafting density and the micelle size and charge on their
complexation. The properties of interest are the radius of gyration
of the micelle the mean number of complexed brush units and
chains on the micelle surface and the mean square displacement
(MSD) of single micelle CM. The simulations are conducted at
Bjerrum length lB = 1σ corresponding to water solvent for our
model.

MODEL

Modeling of the Brush
We employed a coarse-grained model in order to study linear PE
polymers. A group of atomsweremodeled as a unitwith a diameter
σ. A fraction α of units of the PE linear chain, assigned randomly, is
charged with elementary quenched charge +1e. For chain charge
neutralization, counterions with a diameter σ carrying elementary
opposite charge−1e are also added to the PE linear system.

The substrate surface for our PE linear polymer brushes is taken
to be a piece of the xy planewith linear dimensions L × L and peri-
odic boundary conditions applied in x and y directions. We con-
sider 64 replicated linear chains root tethered on the plane and the
respective counterions. The grafting separation distance between
PE chains is set equal to δ in both x and y directions shown in
Figure 1. The surface area per linear chain s is calculated as s = δ2

and, therefore, the grafting density is specified by d = 1/s = 1/δ2.

Electrostatic interaction between two charged particles qi and
qj is determined by the Coulomb potential15

U rij
� �

= kBTlB
qiqj
rij

ð1Þ

where rij is the center-to-center distance between charged
species. The Bjerrum length is defined as lB = e2/(4πε0εrkBT),
where ε0 and εr are the permittivity of the vacuum and the
relative permittivity of the solvent, respectively.
In addition to the electrostatic interaction, bead–bead interac-
tions were considered, in order to mimic the macroscopic sol-
vent conditions. These interactions are calculated by means of
a truncated Lennard–Jones potential:15,16

ULJ rij
� �

=
4ε σ

rij

� �12
− σ

rij

� �6
− σ

rcij

� �12
+ σ

rcij

� �6
� �

,rij ≤ rcij

0,rij > rcij

8<
: ð2Þ

where ε is the well-depth, and rcij is the cutoff radius. The sur-
face is considered as a reflecting wall. Different units of a lin-
ear chain were connected with finitely extensible nonlinear
elastic (FENE) bonds. The FENE potential is expressed as15,16

UBond rij
� �

=
−0:5kR2

0 ln 1− rij
R0

� �2
� �

,rij ≤R0

∞ , rij >R0

8<
: ð3Þ

where rij is the distance between units i and j, k = 25ε/σ2, and
R0 is the maximum extension of the bond (R0 = 1.5σ). These
parameters13,16 prevent chain crossing by ensuring an aver-
age bond length of 0.97σ.

The solvent molecules are implicitly considered. The model
allows the statistical treatment of the solvent, incorporating
its influence on the polymer by a combination of random
forces and frictional terms. The friction coefficient and the
random force couple the simulated system to a heat bath and
therefore the simulation has canonical ensemble Please
expand NVT and LAMMPS. (NVT) constraints. The equation of
motion of each unit i of mass m in the simulation box follows
the Langevin equation10

mi €ri tð Þ = −=
X
j

ULJ rij
� �

+UBond rij
� �

+UCoulomb rij
� �� 	

−miξ _ri tð Þ + F i tð Þ

ð4Þ

where mi, ri, and ξ are the mass, the position vector, and the
friction coefficient of the i unit, respectively. The friction coef-

ficient is equal to ξ = 0.5τ−1, with τ = σ
ffiffiffiffiffiffiffiffiffi
m=ε

p
. The random

force vector Fi is assumed to be Gaussian, with a zero mean,
and satisfies the equation

F i tð Þ �F j t
0ð Þ� �

= 6kBTmξδijδ t−t0ð Þ, ð5Þ

where kB is the Boltzmann constant and T is the temperature.
Grafted PE linear polymers are simulated with a length of
160 units and a charge fraction α of charged units varying
from 0.05 (α0.05) to 0.75 (α0.75). The Bjerrum length lB,
which determines the strength of electrostatic interactions,
was set to 1σ which corresponds to water solvent for our
model. We have omitted the spaces and the “=” character, in
the notation. Thus, α0.2d0.031 is the brush containing PE lin-
ear chains with a fraction of charged units α = 0.2, and grafted
density d = 0.031σ−2.

Molecular dynamics simulations with Langevin thermostat
were performed using the open-source massive parallel simu-
lator LAMMPS.17 Long-range electrostatic interaction was
taken with cutoff rcij = 5σ using a particle–particle particle–
mesh (PPPM) method13,18 for the slab geometry implemented
in LAMMPS with a charge interpolation scheme. Αn estimated
accuracy of 10−4 was used for calculations of the electrostatic
interactions between all charges in the system. The method
allows a PPPM solver to be used for systems that are periodic
in x,y but nonperiodic in z. This is done by treating the system
as periodic in z, by inserting empty volume between
atom slabs and removing dipole interslab interactions, so
that slab–slab interactions are effectively turned off. The
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distance between two-dimensional periodic images along the
z direction was set as L = 3Lz.

The reduced temperature T* of the simulation was set T* =
kBT/ε = 1.1 and this choice is explained in detail in the next
section. The interactions between polymer units, counterions,

FIGURE 1 Simulation snapshots: (a,d) Initial placement of A10B30 micelle on the brush. (b,e) The A10B30 micelle inside the brush.

(c) The A10B30 micelle trapped on the surface. (f–h) The A20B30 micelle in the intake, diffusive, and trapped regimes. For clarity, only

some of the complexed brush chains are shown. Counterions are omitted in the snapshots. The brush is the α0.2d0.003. [Color figure

can be viewed at wileyonlinelibrary.com]

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2019, 57, 621–631 623

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER

http://wileyonlinelibrary.com
http://WWW.POLYMERPHYSICS.ORG


and the respective interactions of counterions with polymer
units were considered always repulsive with cutoff radii
rcij = 21/6σ and are independent from the temperature of the
system. For the sake of simplicity, the beads and the counter-
ions were considered to have the same mass (m = 1) and
diameter (σ = 1). In all simulations we set ε = 1.

Brushes with 64 PE linear chains with varied grafting density
values ranging from d = 0.002σ−2 up to d = 0.031σ−2 were simu-
lated. In the initial configuration, each counterion is located in
close proximity with a charged monomer. The Lz simulation box
dimension along z axis was 200σ for brushes with d = 0.002σ−2

and longer for the other cases, in order to ensure that the total
volume fraction of polymer units and counterions will be con-
stant. The integration time step was Δt = 0.006τ. We performed
1million time steps with all cutoff radii set equal to rcij = 2

1/6σ, in
order to eliminate any bias introduced from the initial conforma-
tion. The system then was allowed to equilibrate for another mil-
lion steps. The production phase of the simulation subsequently
conducted for 3million steps. The properties of interest were cal-
culated from 1000 snapshots of the simulated system.

Modeling of a Single Micelle
The three different single micelles used in this work for the study
of complexationwith the positive charged brusheswere obtained
from our previous simulations10 from a sample of 1000 copoly-
mer chains at the reduced temperature T* = 1.8 and total copoly-
mer and counterions volume fractionΦ = 12%. Namely, micelles
formed by A5B30, A10B30, and A20B30 linear diblock copolymers
having one fully negative charged A block with 5, 10, 20 units,
and one solvophobic with 30 units, respectively, were consid-
ered. The aggregation numbers of micelles were Np = 29, 23, and
25, respectively, identical to the preferential aggregation num-
bers of these systems.

The stability of the micelle strongly depends on the reduced tem-
perature and the volume fraction of the system.16 Since the volume
fraction of the tethered PE polymers and counterions of the brush

is around Φ = 0.4%, it is necessary to reduce the temperature of
the system in order to retain the size and the aggregation number
of the micelle close to this particular volume fraction value. Differ-
ent cutoff distances in the Lennard–Jones potential were used16,19

to describe the interactions between copolymer units. The B–B
interaction had an attractive potential with cutoff radius rcij = 2.5σ,
while the A–A, A–B, A-counterion, B-counterion, and counterion–
counterion interactions were considered repulsive having cutoff
radii rcij = 2

1/6σ. The long-range electrostatic interactions between
the negatively charged Α beads and the respective between A
beads and counterions were handled using the PPPM method.10

The Bjerrum length value was set lB = 1σ corresponding to water
solvent.10 Using these interaction parameter values between all
type units and counterions, the simulation was repeated with time
step Δt = 0.006τ in a cubic box having exactly the same volume
with the free volume of the box thatwe have used in the simulation
of PE brush. It is verified that the reduced temperature T* = 1.1 is
the appropriate temperature of the system. Accordingly, all
micelles retain their aggregation number up to 2.200.000 time
steps. Later on, the A20B30 micelle with the higher solvophilic con-
tent loses one copolymer chain and remains in equilibrium with
the single copolymer chain.With the same criterion20 the tempera-
ture T* = 1.8 was chosen as the appropriate temperature for the
study ofmicelles in solutionswithΦ = 12%.

RESULTS AND DISCUSSION

The Isolated PE Brush
Before focusing on the complexation of micelles A5B30, A10B30,
and A20B30 with the opposite charged PE brushes, it would be
necessary to illustrate the conformation of isolated PE brushes
used in this work first. The results are presented in Table 1. The
distance δ = 1/(d1/2)σ between successive tethered chains of the
brush was varied from 0.3 to 1.2 times the diameter of the A10B30

micelle which has an intermediate size compared to the A5B30

and A20B30 micelles. For spherical objects like present micelles
with shape anisotropy parameter κ2 values varying between 0.02

TABLE 1 The Radii of Gyration<Rgxy
2>, <Rgz

2>, the Span <R>, the Height H, the Percentage of Confined Counterions, and the Zeta

Potential for Brushes at Different Charged Units Ratio α and Grafting Densities d. All Grafted Chains Contain 160 Beads

Brush <Rgxy
2>/σ2 <Rgz

2>/σ2 <R>/σ H/σ Confined Counterions (%) Zeta Potential V

α0.2d0.002 40 � 1 271 � 7 55 � 1 60 � 1 92.7 � 0.3 –

α0.2d0.003 42 � 1 273 � 7 55.5 � 0.8 59.7 � 0.5 93.9 � 0.6 –

α0.2d0.004 39 � 2 274 � 14 55 � 2 60 � 1 95.0 � 0.9 –

α0.2d0.005 38 � 2 281 � 16 56 � 1 60 � 1 95.9 � 0.9 0.179

α0.2d0.008 36 � 2 280 � 13 55 � 1 60 � 1 97.2 � 0.7 0.126

α0.2d0.014 33 � 2 292 � 16 56 � 2 62 � 2 98.2 � 0.5 0.08

α0.2d0.031 31 � 1 330 � 13 59 � 1 65 � 1 99.0 � 0.2 0.042

α0.75d0.002 40 � 1 691 � 19 88 � 3 92 � 2 97.4 � 0.1 0.166

α0.5d0.002 37 � 1 541 � 17 77 � 2 81 � 2 96.7 � 0.1 0.204

α0.05d0.002 56 � 2 92 � 3 34.3 � 0.8 35 � 1 79 � 2 –

α0.2(80_20)d0.005 42 � 2 248 � 11 51 � 2 61 � 2 96.1 � 0.6 0.174

α0.2(20_80)d0.005 52 � 4 260 � 18 53 � 2 52 � 2 96.4 � 0.7 0.145
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and 0.06, the actual micelle diameter is equal to 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5 R2

g

D E
=3

r
,

where R2
g

D E
is the mean square radius of gyration of the

whole micelle.

For brushes with charged units ratio α = 0.2 it is observed that
the increase of the grafting density from d = 0.002σ−2 to
0.014σ−2 has no effect on the brush height H which remains con-
stant having a value around 60σ. Only at the highest density
d = 0.031σ−2 H increases up to 65σ. The independence of brush
height from the brush grafting density is a basic characteristic of
the osmotic regime.14 Indeed, the percentage of the total number
of counterions that are confined inside the brush volume from the
surface and up to the external Helmholtz plane10,21 (Stern layer)
vary from 93 to 99% revealing that the aforementioned brushes
are in the osmotic regime.13 The values of the span of the tethered
chains <R> and those of the brush height H differ less than 10%
indicating that the tethered chains are almost perpendicular to
the grafting surface. This can be revealed from the comparison of

the tethered PE chain radius of gyration components. Rg2z
� �

and

Rg2xy

D E
describing the size of the chain projections to the xy

plane and the z axis, respectively. The Rg2z
� �

values are one

order higher than the respective Rg2xy

D E
values.

The zeta potential of the PE brushes was calculated by solving
numerically the Poisson equation22 with the appropriate bound-
ary conditions and asymptotics.23 The method was described in
detail in a previous paper10 and is efficient for brushes with high
charge densities. Thus, the electric characteristics of low grafting
density brushes having small charged units ratio values α are not
reported in Table 1. It is observed that the percentage of confined
counterions inside the Stern layer decreases as the grafting den-
sity decreases. This leads to the increase of the net charge of the
brush and consequently to the increase of zeta potential.

The next category of brushes studied are those with a constant
grafting density d = 0.002σ−2 and varying fraction of charged
units α = 0.05, 0.2, 0.5, and 0.75. From Table 1 is observed that
the brushes with α = 0.2, 0.5, and 0.75 are in the osmotic regime
since the percentages of confined counterions in the Stern layer
varies from 93 to 98%. In the last brush with α = 0.05, the per-
centage of confined counterions is 79% and the brush belongs to

the charged regime. The variation of the percentage of confined
counterions reflects to the zeta potential values which decrease
with the increase of charged units ratio α. The height of brushes
H increases significantly with the increase of α taking the values
of 35σ and 92σ for α = 0.05 and 0.75, respectively.

In all the aforementioned brushes, the charged units were
randomly distributed along the tethered chain. In order to
study the effects of significant charge asymmetry distribution
of the grafted chains on the complexation with opposite
charged micelles two extra brushes the α0.2(80_20)d0.005
and α0.2(20_80)d0.005 were considered. In the first one, the
80% of the total charged units were randomly distributed
along the first half length of the tethered chain (starting from
the tethered unit) while the rest 20% of the total charge is
randomly distributed on the second half of the tethered chain.
In the second brush, the distribution of charges is the reverse.
The results are listed in Table 1. We found that the height, the
number of confined counterions, and the zeta potential of
the α0.2(80_20)d0.005 brush are almost the same with the
respective values of the α0.2d0.005 brush. In contrast, the
height and the zeta potential of α0.2(20_80)d0.005 brush are
smaller despite the fact that the values of the span of the teth-
ered chains and percentage of the confined counterions in the
Stern layer are the same with the other two brushes α0.2
(80_20)d0.005 and α0.2d0.005.

The Isolated PE Micelle
The conformational characteristics of the single A5B30, A10B30,
and A20B30 micelles used in this study are listed in Table 2 for
the two different reduced temperatures T* = 1.8 and 1.1. The

shape anisotropy κ2 is defined10 as κ2 = 1−3 I2h i= I21
� �

, where

I1 and I2 are the first and the second invariants of the radius
of gyration tensor. The value of κ2 = 0 corresponds to perfect
sphere while κ2 = 1 to perfect rod.

It can be observed that at T* = 1.1, the percentage of the con-
fined counterions inside the Stern layer of the micelle is enor-
mously reduced compared to T* = 1.8 and all micelles are in
the charged regime. This results in the increase of micelle
corona size since the repulsive Coulomb interactions increase
the expansion the solvophilic A blocks. The size of the micelle
core depends on the length and the charge of the A blocks. In
the A5B30 and A10B30 micelles, the <Rg2>core values become

TABLE 2 The Aggregation Number Np, the Radii of Gyration <Rg2>micelle, <Rg
2>core, the Shape Anisotropy Parameter κ2, and the

Percentage of Confined Counterions Inside the Stern Layer of the Micelles at Different Reduced Temperatures T*. All Solvophilic

Units Are Charged (α = 1)

Micelle Np <Rg2>micelle/σ
2 <Rg2>core/σ

2 κ2micelle κ2core Confined Counterions (%) Temperature T*

A5B30 29 43.8 36.2 0.07 0.09 70 1.8

A10B30 23 52.5 28.4 0.06 0.09 70 1.8

A20B30 25 80.9 29.2 0.01 0.05 92 1.8

A5B30 29 35.2 � 0.2 26.7 � 0.2 0.024 � 0.003 0.031 � 0.005 42 1.1

A10B30 23 51 � 1 25.3 � 0.8 0.03 � 0.01 0.06 � 0.02 50 1.1

A20B30 25 123 � 4 31 � 2 0.02 � 0.01 0.09 � 0.05 49 1.1
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smaller than the respective values at T* = 1.8 while in A20B30,

the protection of the solvophobic units is more robust than at
T* = 1.1 and the <Rg2>core values increase. Overall, the A10B30

micelle retains its size in both temperatures while the size of
the A5B30 and A20B30 micelles at T* = 1.1 becomes smaller
and higher compared to the respective sizes at T* = 1.8. All
micelles at T* = 1.1 are spherical with shape anisotropy
parameter κ2 values around 0.02.

Complexation of Micelle with Opposite Charged Brush
The last configuration of the production run of PE brushes was
considered as the initial conformation in the simulation ofmicelle
complexation. The PE micelle was obtained from our previous
simulations10 at the reduced temperature T* = 1.8 and placed
close to the brush height in a way to avoid any overlapping with
the brush units and counterions [Fig. 1(a,d)]. The micelle confor-
mation at T* = 1.8 was chosen because the majority of counter-
ions are confined inside the micelle radius and this facilitates the
micelle placement above the brush. The simulation of the posi-
tively charged brush with negatively charged micelle was per-
formed at T* = 1.1 using the values of interaction parameters,
Bjerrum length, time step as described in the model section. The
long-range electrostatic interactions were handled using the
PPPM method for the slab geometry. Each simulation was con-
ducted at least for 3.000.000 and up to 10.000.000 time steps for
brushes with high grafting density d and high charged units ratio
α. The properties of interest were calculated as averages from
3000 snapshots. The variation of the radii of gyration of A5B30,
A10B30, and A20B30 micelles with the time during the complexa-
tion with the α0.2d0.014 brush is presented in Figure 2. After a
small elapsed time, even before the complexation with the brush
in many cases, the radius of gyration of the micelle attains the
respective equilibrium values of the isolated micelle for the tem-
perature T* = 1.1. When the micelle gradually enters inside the
brush, the number of the complexed units of themicelle increases
reaching a limiting value when the micelle lies deep inside the
brush. The correlations between complexed units induce attrac-
tions24 resulting in the worsening of the solvent quality. Conse-
quently, the shrinking of micelle radius of gyration up to its
equilibriumvalue is reached. Similar variation of the radii of gyra-
tion of micelles is observed in the complexation with brushes of
different grafting densities. The equilibriumvalues of themicelles
radii of gyration are listed in Table 3. It is observed that in com-
plexation with brushes having charged units ratio α = 0.2, the
values of the radii of gyration <Rg2>micelle and <Rg2>core remain
constant independent of the brush grafting density. The afore-
mentioned values compared to the respective values of the iso-
lated micelles at the same temperature T* = 1.1 are smaller
about 6, 15, and 25% for the A5B30, A10B30, and A20B30 micelles,
respectively. The number of the absorbed brush chains on the
micelle corona (Table 3) increases almostmonotonically with the
increase of brush grafting density because the number of brush
chains in the vicinity of micelle increases. However, the total
number of complexed units of micelle with the opposite charged
brush units remain constant with the increase of grafting density.
We verified that the ratio between the number of complexed
units of two different micelle types A5B30, A10B30, or A20B30 at
any brush density is equal to the ratio of the total charges of the

isolated micelles. As the total charge, we consider the charge of
the fully ionizedmicelle (145 charges for the A5B30).

The motion of the A5B30, A10B30, and A20B30 micelles CM along
the three coordinate directions as a function of time is illustrated
in Figure 3 for brushes with α = 0.2 and different grafting densi-
ties. A first striking observation on these plots is that all micelles
follow a directed motion along the vertical z axis on the grafted
surface while on the other axes the motion is restricted. Similar
directed motion was detected experimentally in proteins adsorp-
tion into spherical PE brushes.5 The decay of z component of
micelles CM with the time and the associated motion may charac-
terized by three distinct regimes. The intake regime which is rela-
tively fast, the diffusive regime, where the micelle is completely
encapsulated and diffuses inside the brush [Fig. 1(b)] and
the trapped regime, where the micelle CM moves very slowly
approaching the grafting surface and is trapped on it [Fig. 1(c,e,h)].
Additional simulations were performed in order to clarify the
mechanism of the micelle complexation with the opposite charged
brush using the following system: a single fully extended grafted
chain with α = 0.2. The A5B30 micelle was attached to the free end
unit of the grafted chain.

In the first simulation, the grafted chain was modeled to be
completely stiff while in the other was allowed to be flexible.
In the case of stiff grafted chain, it is found that the micelle
follows one-dimensional random walk motion along the chain
contour while in the other case the flexible chain was wrap-
ped around the micelle continuously forcing the micelle in a
directed rotational motion toward the surface where it is
trapped. The micelle performs a directed motion toward the
surface because for the opposite direction motion there is an
entropic penalty arising from the necessity of unwrapping the
grafted chain from the micelle. In the case of PE brush, many
chains simultaneously are enfolded around the micelle
(Fig. 1). The directed motion of the A5B30, A10B30, and A20B30

micelles CMs is restricted in a tube with small diameter which
decreases as the brush grafting density increases (Fig. 4). For

FIGURE 2 The variation of radii of gyration of A5B30, A10B30,

and A20B30 micelles with the time during the complexation with

the α0.2d0.014 brush. [Color figure can be viewed at

wileyonlinelibrary.com]
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the brush with the highest grafting density d = 0.031σ−2, the
diameter is equal to 10σ, 6σ, and 4σ for the A5B30, A10B30,
and A20B30 micelles, respectively.

The time needed for a micelle to reach the trapping domain
depends on the brush and micelle characteristic. For the same
brush, we found that the A20B30 micelle reaches faster the
trapping domain at grafting surface and the A10B30 and A5B30

micelles follow. The increase of grafting density slows down
the micelle CM motion leading in higher times. This behavior
can be explained as follows: as the micelle charge and size
increases, it is easier for the brush chains to enfold the micelle
and the directed motion along z axis becomes faster. The
increase of the grafting density leads to the increase of
the number of brush chains embracing the micelle. However,
the number of complexed units per grafted chain decreases

TABLE 3 The Size and the Shape Anisotropy of A5B30, A10B30, and A20B30 Micelles Core and the Whole Micelle, the Number of

Absorbed Brush Chains on the Micelle, and the Number of the Complexed Micelle Units Inside Brushes of Different Grafting

Densities d and Charged Units Ratio α

Micelle <Rg2>micelle/σ
2 <Rg2>core/σ

2 κ2micelle κ2core

Number of

Absorbed Chains

Number of

Complexed Units

A5B30

α0.2d0.002 32.8 � 0.6 25.5 � 0.4 0.017 � 0.005 0.022 � 0.005 7.0 25.4

α0.2d0.003 32.8 � 0.6 25.5 � 0.4 0.017 � 0.004 0.022 � 0.005 8.0 25.5

α0.2d0.004 32.6 � 0.5 25.3 � 0.3 0.015 � 0.003 0.019 � 0.004 7.6 25.7

α0.2d0.005 32.6 � 0.3 25.3 � 0.2 0.016 � 0.003 0.020 � 0.004 9.1 25.7

α0.2d0.008 32.6 � 0.4 25.3 � 0.2 0.016 � 0.003 0.020 � 0.004 10.6 25.9

α0.2d0.014 32.5 � 0.3 25.4 � 0.2 0.017 � 0.004 0.022 � 0.004 12.1 27.3

α0.2d0.031 32.2 � 0.2 25.2 � 0.1 0.016 � 0.002 0.020 � 0.002 20.0 39.0

A10B30

α0.2d0.002 43 � 2 22.4 � 0.8 0.018 � 0.009 0.03 � 0.02 10.5 44.3

α0.2d0.003 42 � 2 22.3 � 0.9 0.016 � 0.009 0.03 � 0.01 10.2 45.2

α0.2d0.004 42 � 2 22.3 � 0.7 0.017 � 0.009 0.03 � 0.02 12 44.6

α0.2d0.005 42 � 2 22.3 � 0.9 0.02 � 0.02 0.03 � 0.03 12.2 45.1

α0.2d0.008 42 � 1 22.2 � 0.4 0.016 � 0.004 0.027 � 0.006 13.1 46.2

α0.2d0.014 42.0 � 0.9 22.2 � 0.4 0.017 � 0.005 0.03 � 0.01 16.8 47.1

α0.2d0.031 41.1 � 0.9 21.9 � 0.4 0.015 � 0.006 0.025 � 0.009 26.6 63.9

A20B30

α0.2d0.002 95 � 6 24.9 � 0.9 0.042 � 0.02 0.06 � 0.01 18.6 98.5

α0.2d0.003 93 � 7 25 � 1 0.04 � 0.01 0.05 � 0.03 19.9 100.2

α0.2d0.004 91 � 6 24 � 1 0.023 � 0.008 0.04 � 0.02 21.1 102.1

α0.2d0.005 89 � 4 23.8 � 0.6 0.02 � 0.01 0.04 � 0.01 22.1 104.1

α0.2d0.008 89 � 6 23.8 � 0.9 0.015 � 0.006 0.03 � 0.01 23.8 104.4

α0.2d0.014 87 � 4 23.6 � 0.7 0.014 � 0.007 0.03 � 0.02 29.5 107.4

α0.2d0.031 86 � 4 24 � 1 0.014 � 0.01 0.03 � 0.03 45.2 145.6

A10B30

α0.75 d0.002 36.5 � 0.7 21.6 � 0.3 0.021 � 0.009 0.02 � 0.01 4.7 132.6

α0.5 d0.002 38 � 2 21.8 � 0.7 0.02 � 0.02 0.03 � 0.02 6.1 95.2

α0.05 d0.002 65 � 11 34 � 9 0.1 � 0.1 0.2 � 0.2 11.8 –

A10B30

α0.2(80_20) d0.005 40 � 3 22 � 1 0.02 � 0.01 0.03 � 0.02 12.3 64.6

α0.2(20_80) d0.005 38.5 � 0.4 21.6 � 0.1 0.014 � 0.002 0.020 � 0.003 12.0 66.3
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(Table 3) making the embracing of micelles more difficult
which leads in the slower motion of the micelles CM. Typical
times for A5B30, A10B30, and A20B30 micelles for reaching the
surface are 14,500, 11,200, 6000, and 44,000, 28,000, 20,000
(in tau units) for the brushes α0.2d0.002 and α0.2d0.031,
respectively.

For each of the molecular dynamics runs conducted, the
micelle CM MSD < (rk(t)–rk(0))

2> was tracked along each coor-
dinate direction k (k = x,y,z) as a function of time t. The angu-
lar brackets denote averaging over different time origins
along the recorded trajectory. Plots of MSD of A5B30, A10B30,

FIGURE 3 CM motion of the (a) A5B30, (b) A10B30, and (c) A20B30

micelles along the three coordinate directions as a function

of time. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 The projection of motion of the micelles CM on the xy

plane parallel to the grafting surface as a function of time for

different brushes with α0.2. (a) Α5Β30, (b) Α10Β30, and (c) Α20Β30

micelles. [Color figure can be viewed at wileyonlinelibrary.com]
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and A20B30 micelles for the diffusive regime are shown in
Figure 5 in logarithmic coordinates. It can be observed that in
general, the motion of all micelles inside the brushes with
α = 0.2 is characterized as superdiffusion since the exponent
ω of MSD = 2Dtω is greater than one. Only in the brush
α0.2d0.031 with the highest grafting density the motion of all
micelles becomes Fickian diffusion with ω = 1. For the same
brush, we found that the exponent ω takes higher values in
the case of A5B30 micelle, lower in A10B30, and the lowest
values in the case A20B30 micelles. The variation of exponent
ω with the brush grafting density d is not monotonic as shown
in Figure 5(d). In the case of A5B30 micelles, ω increases as
the brush grafting density increases up to d = 0.004σ−2 and
then decreases while the inverse behavior is observed in
A10B30 micelles.

Thereinafter, results on the complexation of the A10B30 micelle
are presented with α0.2(80_20)d0.005 and α0.2(20_80)d0.005
brushes in which the charged units are not randomly distributed
along the contour length of the grafted chains as in the previously
studied brushes. In the α0.2(80_20)d0.005 brush, the vast major-
ity of the charged units (80% of them) are placed randomly along
the half chain length started from the grafted point while in the
rest charged units (20% of the total charge) brush are placed
along the second half length of the grafted chain. The α0.2(20_80)
d0.005 brush has the inverse distribution of charged units. We
found that the charge asymmetry distribution along the PE chain
leads in some interesting results regarding the complexationwith

opposite charged micelle. As observed from Figure 6(a), the
A10B30 micelle is trapped inside the α0.2(20_80)d0.005 brush
(having high charge density close to the brush height) not onto
the grafted surface as usual but in certain distance from surface.
While the outer part of grafted chains, rich in charges enfolds the
micelle moving it deep inside the brush the motion is terminated
because the charges on the rest part of the grafted chain (close to
the surface) the charges are rare and is difficult for them to enfold
the micelle in order to keep the motion toward the surface. The
micelle immobilization far away from the surface is important for
the efficient operation of artificial enzymes. The A10B30 micelle
when is complexed with the α0.2(80_20)d0.005 brush is trapped
onto the grafted surface where the density of charged units of the
grafted chains is higher [Fig. 6(b)]. In Table 3, we present the
results for the size of A10B30 micelle and other properties. It can
be observed that the number of grafted chains absorbed on the
A10B30 micelle is the same for the three brushes α0.2(20_80)
d0.005, α0.2(80_20)d0.005, and α0.2d0.005. However, the total
number of the micelle complexed units in the case of asymmetric
charged brushes is about 44% higher compared with the respec-
tive number of α0.2d0.005 brush. This is reasonable since the
micelle is enfolded in the case of asymmetric charged brushes by
the part of the grafted chain which is rich in charges when
trapped. The higher number of complexed A10B30 micelle units
results in a small reduction of the micelle radius of gyration com-
pared with the respective value in α0.2d0.005 brush due to the
correlation-induced attractions, which reduce the solvent quality.

FIGURE 5 Logarithm of MSD in the z axis of (a) A5B30, (b) A10B30, and (c) A20B30 micelles inside various brushes along the z axis as a

function of the logarithm of time. The dotted fitting lines are drawn. (d) The resulting slopes and variations. [Color figure can be

viewed at wileyonlinelibrary.com]
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The last case we studied is the complexation of A10B30 micelle
with brushes having a constant grafting density d = 0.002σ−2

and varying charged units ratios α = 0.75, 0.5, 0.2, and 0.05.
Results regarding the micelle conformation are presented in
Table 3. It can be observed that the increase of the charged units
ratio α lead in the decrease of the number of the brush chains
absorbed on the micelle. However, the total number of the com-
plexed units and consequently the number of complexed units
per chain significantly increases with the increase of α. This
reflects to the decrease of the micelle radii of gyration as α
increases from α = 0.2 to 0.75 due to the correlation between
complexed units which induces attraction worsening the solvent
quality. In the case of the α0.05d0.002 brush with α = 0.05, how-
ever, the micelle radii of gyration and the shape anisotropy
parameter κ2 values aremuch greater compared to the respective
values of the isolatedmicelle at the same temperature. The height
of the α0.05d0.002 brush is small and is just twice the length of
the isolated micelle diameter (Tables 1 and 2) and thus the
12 grafted chains complexed with the micelle have their grafting
points far apart from the micelle CM. The attractions between the
different chains and the micelle lead to the swelling of the micelle
and then to the fission of the micelle. Two smaller micelles are

formed with aggregation numbers Np = 10 and 13, respectively.
The motion of the micelle CM inside the different brushes is illus-
trated in Figure S1, Supporting Information. It can be seen that
the time needed for the micelle to reach the trapped domain on
the grafted surface increases with the increase of brush charged
units ratio α. From the plot of MSD with the time t (Fig. S2,
Supporting Information), it is clear than the motion of the A10B30

micelle becomes subdiffusive as the brush charged units ratio α
increases. The reason is twofold. When α increases the brush
chain becomes stiffer and is difficult to enfold the micelle. On the
other hand, as a increases, there are many charged units in a
small part of the chain contour that are complexed with the
micelle so it becomes difficult for the other charged units in the
rest of the grafted chain to find and approach uncomplexed units
on themicelle.

CONCLUSIONS

The complexation of a single PE micelle with oppositely charged
brushes was studied by means of molecular dynamics simula-
tions with Langevin thermostat using the primitive model at
Bjerrum length lB = 1σ corresponding to water solvent for our
model. In particular, micelles formed by fully charged A5B30,
A10B30, and A20B30 linear diblock copolymers with aggregation
numbers Np = 29, 23, and 25, respectively, were complexed with
brushes consisting of 160 units with ratio of charged units
α = 0.2 and varying and grafting densities d = 0.002, 0.003,
0.004, 0.005, 0.008, 0.014, and 0.031σ−2. We found that all
micelles perform a directed motion along the vertical z axis on
the grafted surface where they are trapped while on the other
axes the motion is restricted in a circle in which the diameter
decreases with the increase of the hydrophilic length of the linear
diblock copolymer. The motion of all micelles inside the brushes
in the diffusive regime is characterized as super diffusion. Only in
the brush with the highest grafting density, the motion of all
micelles becomes directed Fickian diffusion. For the same brush,
we found that the time exponent values of the MSD decreases as
the length of the solvophilic block of the diblock copolymer
increases. The number of the absorbed brush chains on the
micelle corona increases almost monotonically with the increase
of brush grafting density. However, the total number of com-
plexed units of micelle with the opposite charged brush units
remain constant with the increase of grafting density. We verified
that the ratio between the number of complexed units of two dif-
ferent micelle types A5B30, A10B30, or A20B30 at any brush density
is equal to the ratio of the total charges of the isolatedmicelles.

In addition, the complexation of A10B30 micelle with brushes hav-
ing different ratios of charged units α = 0.05, 0.5, and 0.75 was
considered. It is found that the motion of the micelle becomes
slightly subdiffusive as the brush ratio of charged units α
increases. For the low charged brush with α = 0.05, the micelle
breaks up during the complexation and two smaller micelles are
formed. The distance from the surface in which the micelle is
trapped can be controlled from the asymmetry of charge density
along the grafted PE chain.

FIGURE 6 CM motion of the A10B30 micelle along the three

coordinate directions as a function of time for (a) α0.2(20_80)

d0.005 and (b) α0.2(80_20)d0.005 brushes. [Color figure can be

viewed at wileyonlinelibrary.com]
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