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ABSTRACT: Themicrophase separation of binary polymer brushes at different temperatures is studied via
Langevin molecular dynamics simulations. The order-disorder transition (ODT) from a homogeneous state
to microphase-separated structures is investigated by analyzing various system properties such as the
composition (density) distribution, lateral displacement of chain conformation, vertical center of mass,
structure factor, and pair-correlation function. In an attempt to regularize the stripe pattern of microphase
domains, the impact of solvent flow on the domain pattern is investigated.

I. Introduction

Polymer brushes consist of linear macromolecules that are
attached with one end onto a substrate. Their potential applica-
tions are widely spread over various fields, including superhy-
drophobic coatings,1 antifriction coatings,2 or adhesion,3 to cite
just a few of them. Recent experiments4-6 have investigated the
switchable properties of binary brushes which compose of
hydrophilic and hydrophobic homopolymer components. The
microphase segregation of mixed binary polymer brushes is also
observed in the laboratory.7,8

Using both a Flory-type mean-field approach and scaling
arguments, the phase diagram of a grafted (laterally mobile)
binarymonolayer has been investigated byHalperin.9 The system
was found to behave like a two-dimensional regular solutionwith
an interaction parameter depending on the grafting density. Later
on, a theoretical analysis of microphase separation in binary
micelles, composed of two chemically distinct polymeric surfac-
tants, was studied.10 In that work, both intramicellar and inter-
micellar processes were analyzed in detail. Furthermore, mixed
binary polymer brushes have also been approached theoretically
by Marko and Witten, who investigated the phase diagrams of
these systems via self-consistent-field theory (SCF) in the strong
stretching limit.11,12 Their approach was later generalized to
brushes of arbitrary grafting density byM€uller, who has observed
diverse morphological configurations of microphase separa-
tions.13 In addition, it is also known that the designing patterned
surfaces by grafting Y-shaped copolymers were discussed by
using scaling arguments.14 Theirworkwasmainly onhow solvent
quality, grafting density, and chain length affect the structure of
the grafted layer.

A first theoretical analysis of the ODT from a homogeneous
melt to microphase-separated phase was done by Leibler15 with
the method of random phase approximation; he employed a
Landau-type mean-field theory (MFT) to locate the ODT
and evaluated the structure factor and the phase diagram. This
MFT was extended to include the impact of fluctuations by
Fredrickson andHelfand.Amodified phase diagramand additional

chain-length-dependent modifications of the MFT have been
achieved through first-order Hartree corrections.

Because of the neglect of thermal fluctuations, the SCF
approach often predicts highly regular patterns for the micro-
phase separation of mixed brushes. Taking the fluctuations into
account via computer simulations, Soga et al. were among the
first to simulate and investigate properties of the microphase
separation of binary brushes at different solvent qualities.16

Subsequently, Monte Carlo simulations were employed by
Wenning et al. to investigate the brush structure as a function
of the grafting pattern.17 Including different solvent qualities,
the influence of the particular grafting morphology on the
microphase domain structure was simulated and analyzed by
Santer et al.,18 and the switching of mixed brushes with hydro-
philic/hydrophobic upon change of solvent quality has recently
been analyzed by the authors.19

The primary scope of the present work was to study the ODT
of the binary brush using a couple of different analysis tools and
to investigate how the microphase domain patterns could be
engineered with the help of a shear flow. A polymer brush with a
regular stripe pattern would serve as an interesting substrate to
investigate the adsorption behavior of polymers on a surface with
nanoscale regular potential. There exist recent theoretical studies
of such systems which are worth being investigated experimen-
tally.20 In section II the polymer model parameters and the
procedure of simulations are explained. Section III discusses
the structural properties and ODT temperature of the brush
system at grafting density σ= 0.12 and chain lengthN= 64. In
section IV the impact of shear is analyzed for σ= 0.12 and T=
0.5. A summary of our work is presented and discussed in the last
section (section V).

II. Methodology

A. Model. The polymer chains were modeled as series of
coarse-grained bead-spring monomers without bending
potential or explicit twist; i.e., the bonds were freely rotating
and freely jointed within the limits as confined by excluded
volume interactions with the neighboring monomers. The
finite extensible nonlinear elastic (FENE) potential21 was*Corresponding author. E-mail: guili@thphy.uni-duesseldorf.de.
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used to create the connectivity between the represented sphe-
rical Kuhn monomers by the beads. The pair interaction
betweenmonomerswasa shiftedLennard-Jones (LJ) potential:
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Here ɛ is the bead-bead interaction strength, σb stands for the
bead size, and the parameter rc is the cutoff distance. It is easily
deduced that, when rc goes to infinity, the potential will have a
minimum at rmin = 21/6σb with the depth ULJ(rmin) = -ε.
Herein, once a cutoff rc = 21/6σb is implemented, only the
repulsive contribution remains, and in this way we could
simulate the monomers in an athermal solvent. Furthermore,
a far cutoff retains the attractive part of the LJ potential and
allows to model diverse solvent qualities which are dependent
on both the interaction strength (ɛ) and the temperature (T) of
the system. In this way, ɛ andT can take over some parts of the
solvent selectivity within this implicit solvent model. Unless
athermal solvent has to be simulated, it is common practice to
select rc = 2.5σb in order to keep the number of pair interac-
tions on a tolerable level. The influence of the temperature on
the quality of the solvent will be described in the results section.

In the model, the binary brush contained two kinds of
homopolymer chains and end-grafted to form a 24� 24 grid
on a flat surface which defined an x-y plane. The z direction
is vertical to this planar surface and points to the space in
which the chains existed. Periodic boundary conditions were
applied in the x-y direction, whereas the grafting surface
was located at z = 0 which was featuring a short-range
repulsive 9-3 type LJ wall potential
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Here with cutoff at its minimum and a subsequent shift up,
the potential had only repulsive contributions remaining to
prevent the monomers from passing through the grafting
substrate. The two polymer species consisted of monomers
which henceforth shall be denoted as A type and B type,
respectively. In this work we have used Cartesian grafting
patterns (grids), both a checkerboard (i.e., each grafted A
monomer has got four next neighbors of B type) and an
alternation of rows of A andB (i.e., each graftedAmonomer
has got two next neighbors of either type). The two grafted
species of the binary brushes in this work took this alter-
native way to fit on the checkerboard except for the brushes
in section IV, where the randomly grafting way was simu-
lated as well to compare with the results whichwere obtained
in the alternative method. In that part, the grafting mono-
mers were still taken the Cartesian pattern, but the two
species had the same probability to be chosen as spatial
neighbors. In all the models, both polymer species were of
identical volume fractions and identical number of repeat
units (chain length) N = 64. In this work, the A-B interac-
tion did not contain any attractive contribution and the wall
potential did not distinguish between both species. For
interaction among the same species i.e., A-A or B-B,
attractive interactions are considered.

To simulate the binary brushes, the open source LAMMPS
molecular dynamics package22 was employed. The LJ poten-
tial in eq 1 defines theLJ set of units, featuring a beaddiameter
σb = 1 (one length unit), a potential depth ɛ = 0.25 (one
energyunit), and amassm=1(onemass unit).Note thatwith
the choice ɛ=0.25 it might be adequate to define an effective

temperature T*= T/ɛ= 4T, where T is the system tempera-
ture in units of the Boltzmann constant. In order to remain
consistent with previous publications,19 however, we do con-
sequently refer toT instead of the effectiveT* throughout this
paper. With this choice of units, the Θ temperature of the
system is located around TΘ ≈ 0.75.19

The grafting density σ of the binary polymer brush is
defined as the (average) number of grafted monomers per
unit area. If themonomer size were set as σb=1, the grafting
density of σ = 1 would create a closely packed polymer
crystal.23 The FENE attractive bond potential allowed a
maximum bond length of R0 = 1.5σb, and the spring
constant was chosen to beK=60ε/σb

2 in order to withstand
the strong fluctuations of monomers at high temperatures.
(For uncharged chains, the parameter set leds to an average
bond length of lav ≈ 0.97σb.)

The equation of motion of every nongrafted monomer in
the implicit solvent (neglecting any hydrodynamic inter-
action) is given by the Langevin equation:

m
d2ri
dt2

þζ
dri
dt

¼ -
DU
Dri

þFi ð3Þ

wherem=1 is themonomermass, ri is the position of the ith
monomer, U is the total conservative potential, and Fi is a
random external force without drift and a second moment
proportional to the temperature and the friction constant ζ.
The parameter settings for the dynamics were identical with
previous simulations.19

B. Simulation Procedure. The initial brush configuration
was set up as an array of stretched chains. Then several 106

MD steps were carried out for relaxation of the brush at
highest temperaturewhichwas chosen to be ofT=5.0 in our
work, followed by a slow gradual decrease of the tempera-
ture down to the lowest value T=0.5. In between, the states
of the brush were stored regularly in order to serve as initial
states for new trajectories, computed at different but con-
stant temperatures.

We used the following parameters for our analysis: At
grafting density σ = 0.12: T ∈ {5.0, 3.2, 2.75, 2.3, 1.4, 0.85,
0.5}, at σ= 0.32: T ∈ {5.0, 4.0, 3.0, 2.0, 1.5, 1.0, 0.5}, and at
σ = 0.6: T ∈ {5.0, 3.34, 2.51, 1.68, 0.85, 0.5}. Qualitative
differences between the domain patterns at different tem-
peratures are displayed in Figure 1. It is obvious that a
transition from disorder to order takes place while decreas-
ing the temperature. Furthermore, it is obvious as well as
that the transition temperature depends on grafting density:
At high grafting densities (lower panels), a certain amount of
order remains visible even at the highest temperatures. In any
case the morphologies at lower temperatures appear to be
better ordered. In the following sections, we analyze this
transition from disorder (homogeneous mixing) to order
(separation into microphase domains) in a systematic man-
ner using various approaches.

III. Results

A. Visualization of the Composition and Density Distribu-
tions. Figure 2 displays the time-averaged density distribu-
tions and the corresponding composition distributions of the
brush (σ=0.12) at four selected temperatures (T ∈ {3.2, 2.3,
0.85, 0.5}). All plots in Figure 2 are monomer densities
averaged over thousands of configurations after the system
was given enough time to equilibrate. The vertical (z-)
direction is pointing from the bottom (substrate) to the top
(brush surface), and the horizontal cross sections in each
subfigures are parallel to the substrate (x-y plane).
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At high temperatures, the densities display a certain degree
of local fluctuations, but extended microphase domains
remain absent. Microphase domains are emerging around
T = 2.3 which are forming an irregular pattern of stripes
extending over spacial dimensions similar to the system size.
Near the phase boundaries, the monomer density is signifi-
cantly reduced. The latter phenomenon becomes even more
pronounced at temperatures below the theta point, which is
located near T = 0.75. The theta temperature is identical for
both monomer species because the (implicit) solvent was non-
selective. At T = 0.5, the brush layer has collapsed, and the
different incompatible microdomains are forming three-dimen-
sional droplike structures as a result of their surface tension.

The figures indicate that the ODT extends over a range of
temperatures, an observation similar to previous findings for
the microphase separation of diblock copolymers.24 This
fact might be the result of finite system size combined with a
first-order-like nature of the ODT as known also for sym-
metric diblock copolymers. We note, however, that in con-
trast to microphase separation in block copolymers, the
chains of a brush are fixed and hence no translational
entropy is involved in the transition. For the same reason,
the system has got no chance to form macroscopically
separated phases, and the interaction energy at the phase
boundaries is never becoming negligible and does change
only gradually with the domain size. While the temperature
is decreased, chains of the same species are also bending
aside to form microdomains (Figure 5, inset), and this
process generates a free energy penalty due to reduction of

conformational entropy. Being of entropic nature, this penalty
itself is temperature-dependent, and this might be one reason
for the fact that the microdomains keep on growing upon
further temperature reduction.

B. Structure Factor and Weak Segregation Analysis. The
experimental determination of the geometry and morphol-
ogy of polymer brushes is usually based on scattering and
reflectivity measurements and especially on the static struc-
ture factor S(q), where q denotes the scattering vector.24,25

We calculate the structure factor as follows:

SðqÞ ¼ 1

Nm
Æ
XNm

s, l¼1

σsσl exp½iqðrs -rlÞ�æ ð4Þ

Here the sum runs over allNm monomers with coordinates rs,
which were restricted to the horizontal upper half layer of the
brush.The average is obtained from2000 conformations along
the system trajectory. The contrast factors σs (or σl) are taking
spin-type values(1, depending on themonomer species. Since
the phase separation occurs in lateral direction, we compute
the structure factor for the xy-plane. The periodic boundary
condition of the simulation box in both lateral directions is
limiting the choices for the scattering vector to

qxy ¼
2π

L
ðnx, nyÞ, 0enieL ð5Þ

with L being the box size. To increase the statistics of our
results,we calculate the isotropic average: The structure factor

Figure 1. Snapshots (top view) of microphase-separated polymer brushes. Here the upper two pictures show binary brushes at grafting density
σ = 0.12, at temperature T = 5.9 (left), and T = 0.5 (right). The lower panels are for σ = 0.6, T = 5.0 (left) and T = 0.5 (right).
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is calculated for all possible q vectors and then averaged over
those of equal length.

Our results are presented in Figure 3. Generally, when the
temperatures are above 2.75, the structure factors are almost
flat, which implies that the monomers are forming a dis-
ordered and nearly homogeneous phase. Peaks are emerging
around T = 2.75 and becoming increasingly pronounced
with decreasing temperatures, indicating the creation of the
microphase domain structure.

In order to estimate theODT,we employ a formal analogy
with microphase separation in symmetric block copolymers.
Using the Leibler theory close to theODT,Hoffmann et al.24

have used the following relation:

1

SðqÞmax

∼ 1

Tsp
-

1

T
ð6Þ

where Tsp is the spinodal temperature at which S(q)max

diverges.25 In the mean-field theory, this spinodal tempera-
ture coincides with the ODT, i.e., Tsp = TODT. The fluctua-
tions above the ODT prevent the divergence of S(q)max and a
nonlinear relation between S(q)max

-1 and T-1 is induced,
which is discussed in eq 8 of ref 24 and in the original
reference.26 The inset of Figure 3 displays the inverse max-
imum of the structure factor (S(q)max

-1) as a function of the
inverse temperature (T-1). At high temperature, S(q)max

-1

depends linearly on T-1, and it can be extrapolated to the
intersection with the abscissa to estimate the location of the
ODT. Using eq 6 in the form S(q)max

-1 = a0 þ a1 � T-1

which is fitted to the high temperature data, we obtain the
parameters a0 = 0.04 and a1 = -0.09. Therefore, we have
TODT

-1 = -a0/a1, so that TODT ≈ 2.3. The fact that this
construction delivers a well-defined value for TODT does not
imply that the transition actually does take place at exactly
that point or any other well-defined temperature. Instead,
the transition is smooth, and TODT ≈ 2.3 is merely the result
of a formal procedure, though consistent with the previously
made qualitative observations.

C. Pair-Correlation Function. Complementary to the
structure factor, the pair-correlation function may be ana-
lyzed. While the structure factor is analyzing properties of
the system in k-space and, in particular, displays long-range
periodic structures as strong peaks, the pair correlations are
more explicit about the short-range properties of the system

Figure 3. The lateral, radially averaged structure factor S(q) for a binary brush (N= 64 and σ= 0.12) at different temperatures. The cross symbols
stand for T = 0.5, right triangles for T = 0.85, down triangles for T = 1.4, left triangles for T = 2.3, and up triangles for T = 2.75. At higher
temperatures, the peaks are diminishing. Inset: plot of the inversemaximumpeak intensityS(q)max

-1 as a functionof inverse temperatureT-1.Here, the
solid line shows the fit function S(q)max

-1 = 0.04-0.09 � T-1.

Figure 2. 3-dimensional density distributions (right column) and compo-
sition density distributions (left column) of the binary polymer brush (σ=
0.12) at four selected temperatures, ranging from T= 0.5 to T= 3.2.
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in real space. We define the lateral pair correlation function
as follows:

GðrÞ ¼ Fr
F0

ð7Þ

where Fr is the average density at lateral distance r from a
given monomer and F0 is the average density within the
volume of lateral radius r, both computed in the upper half
layer in the lateral directions for each species, and then we
obtain the G(r) for each type of the chain. Finally, the
average G(r) over both species is taken.

Figure 4 contains the pair-correlation functions obtained
in this way at different temperatures. Generally, there is a
large amplitude at small distance (r) for all temperatures, the
result of a short-range ordering generated by themonomer at
the origin. At low temperatures, further oscillations appear
which extend over larger distances, indicating a long-range
ordering created by the microphase domain structure. These
oscillations remain absent at high temperatures and, for
comparison, in the case of a fully disordered system in which
both species are indistinguishable (stars). These oscillations
are still discernible at T = 1.4 (right triangles), but not
anymore at T = 2.3, indicating that the long-range order
emerges somewhere within this temperature range. At short
distances, the oscillation amplitudes remain to depend on T
even at rather high temperatures, which indicates that on
short length scales a local ordering takes present at higher
temperatures. This is also consistent with Figure 1, in which
small clusters of like species appear to exist even at the
highest simulation temperature. It is clearly observable
how the ODT is taking place on different length scales: first,
i.e. at rather high temperature, a local ordering is taking
place, and then, upon further lowering the temperature, a
long-range order is created.

D. Height and Lateral Deviation. The average lateral
deviation

ÆjRxyjæ ¼ Æ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxN -x1Þ2 þ ðyN - y1Þ2

q
æ ð8Þ

of the end monomer (xN, yN) from the grafting point (x1, y1)
and the thickness of the brush layer are investigated in this

section. |Rxy| is evaluated for each chain and then averaged
over all 24� 24 chains and thousands of configurations. The
results for brushes at various temperatures and at different
grafting densities (σ ∈ {0.12, 0.32, 0.6}) are displayed in
Figure 5. This figure shows that the average lateral devia-
tions for σ = 0.12 (circles) remain almost constant at
temperatures beyond T = 2.3, but they increase once the
temperature is dropping below that value. The increase of
lateral deviations is a consequence of the microphase separa-
tion, during which single chains are forced to bend aside into
phase domains of like species. Consistent with the analysis of
the previous section, the transition temperature appears to
be close to T ≈ 2.3.

At this stage it is instructive to take a look at brushes which
are grafted at high densities. Figure 5 also contains data for
σ=0.32 (squares) and σ=0.6 (diamonds). Here, the lateral
deviations continue to drop up to rather high temperatures
aroundT=5.Aswas visible already inFigure 1,microphase
domains continue to exist even at high temperatures and do
just gradually change their sizes. Here, the ODT appears to
be a very smooth and gradual transition as a function of
temperature. One has to consider the fact that at high
grafting densities the interaction energy per chain is much
higher than it is at low density, and each chain has got plenty
of interactions with unlike chains which are grafted nearby,
at least in the lower region of the brush, near the substrate.
Hence, the surface energy of the phase domains delivers an
important contribution to the total energy of the system.
Moreover, the entropy of the brush is very low at high
grafting densities, and it would require rather high tempera-
tures for the entropic contribution to dominate the free
energy and create a homogeneous mixture. A complete
mixing has therefore not been observed at these densities
and within the range of temperatures considered in this
simulations.

The inset additionally displays the layer thicknessH of the
brush as a function of temperature. Here, ÆHæ was evaluated
as the vertical center-of-mass coordinate of the polymer
layer. This quantity coincides with both polymer species
because the solvent is nonselective. At low grafting densities
(circles) the ODT appears to have just a marginal influence
on brush height: Between T= 1.5 and T= 2.3 the height is

Figure 4. Plot of the pair-correlation function, defined in eq 7, at different temperatures averaged over typeAandB species. For the computation, only
the monomers inside the upper half part of the brush are taken into account. For comparison, the stars correspond to a fully disordered system
containing two species with identical pair interaction.
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increasing by a little amount. A sharp increase, however,
occurs at 0.5<T<1when the system is passing through its
theta point.

At high grafting densities, the brush is hardly collapsing
during the theta transition because of the strong (higher
order) excluded volume effects. It is interesting to note that at
very high density, σ = 0.6, the brush height is decreasing
once the system is in good solvent and the temperature is
further increased. As a result of thermal fluctuations, the
strongly stretched chains retreat a little bit to increase their
conformational entropy, thereby creating a negative thermal
expansion coefficient.27

E. The Vassiliev-Matsen Order Parameter. The ODT is a
gradual process so that it is no trivial task to identify
significant differences between the disordered state and the
ordered state close to the transition. The structure function
as considered in section IIIB may serve as an order para-
meter. In particular, the occurrence of higher order Bragg
reflexes can be taken as a signature of the (long-range)
ordered state.24 However, disorder in the lamellar morphol-
ogy can obscure this effect and can lead to an underestima-
tion of the transition temperature. In reference,28 Vassiliev
and Matsen suggested an alternative order parameter ψ
motivated by their investigation of the ODT in block copo-
lymers. The system is partitioned into a lattice of Ntot sites,
the size of which being of the order of the monomer size, and
the occupancy of each lattice site is analyzed. Then, the
quantity

ψ ¼ 1

Ntot
2

XNtot

i 6¼j

Vij
2 ð9Þ

in which Vij is the correlation function

Vij ¼ Æσiσjæ- Æσiæ2 ð10Þ
and i, j ∈ {1, 2, ...,Ntot},Ntot being the total number of lattice
sites. The quantity Æσiæ= φc(NA-NB)/Ntot, in which φc is the
total monomer occupancy and NA (NB) the number of A
species (B species), equals zero in our system because of the
symmetry NA = NB. Theoretically, the order parameter
should assume a small positive value in the disordered phase,

which approaches zero for infinite system size, and a reason-
ably large value, independent of system size, in the ordered
phase. The values of this order parameter computed for the
entire brushes atdifferent temperaturesareplotted inFigure6.
As expected, this order parameter is larger at low tempera-
tures, then, with increasing temperature, dropping sharply to
a low value where it stays almost constant. According to this
order parameter, the ODT appears to take place at lower
temperatures when compared with the results in previous
sections. While the analysis of the structure factor and the
lateral deviations suggested a value TODT ≈ 2.3, the order
parameter of this section appears to suggest TODT < 1.5
instead.

The explanation for this unexpected result is found when
considering that the quantity Æσiσjæ depends on the fluctuation
behavior of the monomers. If the monomers were moving
freely through the system, then a proper ensemble average of
this quantity would approach zero. On the other hand, frozen
monomer positions would deliver nonzero averages of the
spin-correlations and add up to a final positive valuewhenVij

2

is summed up. The inset of Figure 6 shows the mean fluctua-
tion of the monomer coordinates about their average posi-
tions. These fluctuations do only mildly drop between T = 5
and T = 1.5 and much faster upon further reduction of the
temperature. This is easily explained with the theta transition
of the system, during which the brush is collapsing (Figure 5,
inset). As a consequence of the collapse, themonomer fluctua-
tions are reduced and the Vassiliev-Matsen order parameter
is increasing rapidly. Therefore, this order parameter displays
the theta transition rather than the ODT, which explains the
much lower transition temperature obtainedwith thismethod.

IV. Pattern Engineering through Shear

In Figure 1, the upper right snapshot displays stripelike
“ripples” microdomains, but unlike similar results obtained with
SCF methods,29 the pattern is rather irregular as also known for
thin films of block copolymers30 and of adsorbed monolayers31

and experimental results.7,8 A possible strategy to increase long-
range order is to apply a shear field using a lateral solvent flow
over the layer. Note that such is possible for mixed polymer
brushes but not for diblock copolymer thin films since the latter
would be delaminated by the flow.

Figure 5. Plot of the average lateral deviation of the endmonomer (xN, yN) from the grafting point (x1, y1) against the temperature. Inset: the average
layer thickness (vertical center of mass) plotted against the temperature.
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While implementing the flow in the simulations, we did not try
to simulate a correct hydrodynamics using a correspondingly
dense (explicit) solvent. Instead, in order to reduce the computa-
tional effort and to focus on the main effect, namely the transfer
of momentum from the flow field to the polymer layer, freely
floating particles were added to the system and accelerated
through a uniform external field. While colliding with the mono-
mers, they transferred their momenta to the brush layer. In order
to confine the “flow” particles, an upper wall was implemented at
the vertical coordinate z = 75σb, far above the brush surface to
avoid any spurious boundary effects. The particles were given the
massm=0.2 and size d=0.25 and accelerated by external forces
of themagnitude f= k

√
2 in the diagonal direction, withk∈ {0.1,

0.2, ..., 0.5} (all units are LJ units). The particles were interacting
with the monomers through a LJ potential, which was cut off at
its minimum to leave only the repulsive part. The number of
particles was equal to the number of monomers, but their volume
fraction was a factor of 64 smaller due to their smaller size. In
order to investigate whether the grafting pattern has got any
influence on the pattern of themicrophases, two different grafting
patterns of brusheswere simulated: first, the checkerboardpattern
which was used for the brushes in the previous sections and,

second, a randomly occupied Cartesian grafting pattern. The
chain length was N= 64, and the grafting density was σ= 0.12.

Figure 7 displays snapshots of the system under different
conditions. When compared to Figure 1 (upper-right panel),
which shows the same systemwithout flow, the impact of flow on
the regularization of the domain pattern is clearly visible. A
quantitative analysis of the domain structure is obtained with the
structure factor, eq 4, which was evaluated in the samemanner as
described in section IIIB, with one exception: The structure factor
is evaluated only in the diagonal direction perpendicular to the
stripe pattern (or, equivalently, to the shear flow direction). The
scattering vector is

qx ¼ qy ¼
2πn

L
, 0e neL ð11Þ

The results are shown in Figure 8 (upper panel). The plot shows
that the average size of the stripes is gradually decreasing with
increasing flow intensity f; i.e., a strong flow is inducing a larger
number of stripes. The contrast of the stripe pattern, expressed

Figure 7. Binary brushes under shear flow in the diagonal direction. The force acting on the floating particles was f=0.14 (left) and f=0.71 (right).
Apart from the flow, system parameters were identical to the brush in Figure 1 (upper-right panel).

Figure 6. Order parameter as defined in eq 9, plotted against the temperature of the system (grafting density: σ= 0.12). Inset: average mean-square
fluctuation of the monomers.
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through the peak height of the structure factor, is also generally
increasing with the flow. This is the case for both grafting
patterns, although large fluctuations of the results are visible as
well: At the highest flow intensity, f = 0.71, the checkerboard
system (solid triangles) delivered a significantly stronger signal
than the random system (blank triangles). At the moderate flow
intensity, f = 0.41, the result was the opposite (solid and blank
diamonds). Here it has to be acknowledged that the scattering
factor is quite sensitive to randomdistortions of the stripe pattern
and that the system size is fairly small so that a proper averaging
over a sufficient number of stripes is difficult.

The lower part of the same figure displays the brush thickness
(vertical position of the center of mass) ÆHæ as a function of the
shear force f imposed on the particles. Generally, the height, in
both grafting patterns, is decreasing with increasing force, which
is understandable since the chains have to bend away from their
grafting points when they experience the shear, and the finite
stretching condition implies the reduction of their height. The

randomly grafted brush height is systematically lower by a small
amount of the order of 1%,whichmight be the result of a slightly
different average chain interaction when compared with the
checkerboard pattern. One may also notice that the brush height
for f=0.14 is a little bit larger than the heightwithout shear. This
is a spurious effect, generated by the presence of the floating
particles, which are adsorbed into the brush body and, through
their excluded volume contribution, increase the density of the
system by a small amount and hence the average chain stretch.

V. Conclusion

In this work, the ODT of a symmetric binary brush was
investigated in detail. Several different approaches to analyze
the transition behavior of this system have been compared. The
structure factor (section IIIB), the pair-correlation function
(section IIIC), and an analysis of the conformational deviations
of the chains in section IIID consistently indicate a smooth

Figure 8. Upper panel: the structure factor, eq 4, at σ = 0.12 and T= 0.5 for different strengths of the shear flow. The forces f refer to the floating
particles (see text). Solid symbols: checkerboard grafting pattern; blank symbols: random grafting pattern. Lower panel: the average height (vertical
center of mass) of the brush as a function of the shear flow strength for two different grafting patterns.
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transition which takes place near a temperature of T ≈ 2.3. An
application of the Vassiliev-Matsen order parameter in section
IIIE delivered a different result, which could be identified as the
theta transition of the system, during which the brush is partially
collapsing.

In the high temperature limit, the two species were homo-
geneously distributed in the brush; upon lowering the tempera-
ture, a microphase separation was taking place. Such a behavior
had been predicted in the theoretical studies of the (laterally
mobile) case ofmicelles withmixed corona.10 Themain difference
of the micelle system to the polymer brushes investigated in the
current paper is the lack of mobility of the grafting points on the
substrate in the latter system. Hence, while the micelles were
allowed to develop complete phase separations and, through
intermicellar exchange, even modify their polymer compositions,
our polymer brushes did only exhibit microdomains with a
globally invariant (symmetric) composition.

Contrary to results of SCF calculations on similar systems,14,29

the microphase separation generates an irregular stripe pattern
rather than highly regular domains. This is in agreement with
experimental observations7 and a result of thermal fluctuations
which were neglected in the SCF approach. At low temperature
(T = 0.5), the “stripes” aligning in the diagonal direction were
found more stable than what was discussed in ref 29, the
separation either only in the x direction or in both x and y
directions forming a larger “checkerboard” pattern. Since the
grafted approach has the same weight for two species in x and y
directions, the “stripes” prefer to lying diagonally. Although the
pattern in Figure 15 of ref 29 aligns in x and y equivalently
(“checkerboard”), it will increase more phase boundary line
tension than the diagonal “stripes” in our work. Furthermore,
in section IV we demonstrate how an external flow imposed on
the solvent could support a regularization of the domain pattern.
Those regular stripes are of significant interest because they allow
the generation of periodic surface potentials on nanoscales, and
the switching ofmixedbrusheswithhydrophilic andhydrophobic
polymers upon change of solvent quality has recently been
analyzed by the authors.19
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