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The correlation between the morphology of mixed polymer brushes and fluctuations of the grafting points is
investigated by single-chain-in-mean-field simulations and experiments. The local topography of two types of mixed
polystyrene-polymethylmethacrylate (PS-PMMA) brushes that differ in their modes of attachment has been studied
during repeated microphase separation into laterally structured and homogeneous morphologies upon changing solvents.
In the first type of brush (conventional), each of the surface-attached initiator groups starts the growth of either a PS
or a PMMA chain in a random fashion. In the second case (Y-shaped mixed brushes), two chains of different types
are attached to the same anchor group on the substrate. Whereas in the first case statistical fluctuations of the chemical
composition occur on a local scale, such composition fluctuations are strongly suppressed in the latter case. The
microphase-separated morphology is similar in both cases, but Y-shaped brushes exhibit a significantly weaker domain
memory than do conventional PS-PMMA mixed brushes. The results of the experiment are compared with simulations,
and a simple phenomenological argument and qualitative agreement are found. The observations demonstrate that
small fluctuations in the grafting points are amplified by the microphase separation and nucleate the location of the
domains in the mixed brush.

Introduction

Mixed polymer brushes consisting of two homopolymers being
covalently attached with one end to a solid substrate have attracted
abiding interest1-20 because of their ability to switch properties

such as the surface energy (hydrophilicity/hydrophobicity) and/
or surface topography in response to changes of their environ-
ment. Because of the immobility of the grafting points, mac-
roscopic demixing is impossible. Instead, domains on a nanometer
scale form (termed microphase separation). Different environ-
mental conditions (e.g., solvents) give rise to distinct morphol-
ogies. Theoretical techniques1,4,14-16 and computer simula-
tions18-20 have been used to study how the microphase-sep-
arated morphology depends on the incompatibility of the com-
ponents,1,15solvent selectivity,4,14composition,15and chain length
asymmetry.16 Whereas scaling considerations1,14 and self-
consistent field calculations15 predict spatially periodic mor-
phologies, simulations18-20 and experiments4,21,22observe only
structures with poor long-range order. This observation has been
traced back to the pronounced amplifications of fluctuations in
the local grafting density by microphase separation. Very small
fluctuations in the position of the grafting points dictate the
location of domains and destroy long-range order, and there are
no sharp transitions between different morphologies in a
thermodynamic sense.20

Correlations between fluctuations in the grafting-point positions
and morphology are difficult to observe directly in experiments.
Recent experimental studies, however, introduced a new char-
acteristic called domain memory that quantifies to what extent
domains form at the same position and with the same size/shape22

when the morphology of the brush is cyclically changed (e.g.,
through periodic exposure of the brush to two solvents of different
quality).21 It was shown that fluctuations in the grafting points
act as nucleation centers for the formation of domains.21,22

Moreover, the dependence of the memory measure (mm) on the
chemical structure of the brush (e.g., molecular weight, block
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length, ratio between the (sub-)chain) has been explored.22 The
domain memory is of interest for both the fundamental
understanding of structure formation in polymer brushes and for
applications in nanoscience. As recently demonstrated by some
of the authors,23-25 mixed polymer brushes can induce motion
of nano-objects adsorbed on their top, that is, motion driven by
changes in the spatially varying force between brush and particle
upon topography switching. If the patterns completely recover
their initial conformation after topography switching (complete
domain memory), then the brushes are not capable of relocating
adsorbed objects. If the domain size and shape are only weakly
correlated between subsequent cycles of topography switching,
then the brush will induce the motion of adsorbed nano-objects
provided some criteria are met, such as compatible surface
energies of the object and brush.23,24

Conventionally, mixed brushes are fabricated by first growing
one type of polymer via a surface-initiated reaction. The reaction
is stopped before all initiator is consumed, and the remaining
initiator, which is randomly distributed over the surface, is utilized
for the growth of the second type of polymer. Fluctuations in the
local density of grafting points of one component can be caused
by local variations of the initiator density (density fluctuations)
and by local variations of the chemical nature of the attached
chains (composition fluctuations). The latter type of fluctuation
can be eliminated by using so-called Y initiators that simulta-
neously anchor both types of polymer chains.

In this work, we investigate how the domain memory measure
depends on composition fluctuations of the grafting points by
comparing two types of PS-PMMA mixed brushes that are
synthesized (i) from a conventional initiator and (ii) from a Y
initiator. Our experimental results are compared to single-chain-
in-mean-field (SCMF) simulations,26-28 and a simple argument
for the dependence of the domain memory measure on the grafting
density (and concomitant statistical composition fluctuations) is
presented. Implications for the transport of nano-objects on such
surfaces are discussed.

Experimental Section

Materials and Methods. Y-shaped polystyrene-poly(methyl
methacrylate) (PS-PMMA) mixed brushes were prepared from an
asymmetric difunctional initiator-terminated self-assembled mono-
layer (Y-SAM) by combining two different living radical polym-
erization techniquessatom-transfer radical polymerization (ATRP)
and nitroxide-mediated radical polymerization (NMRP).29-33 The
detailed procedure can be found in a previous publication.29 The
Y-SAM was designed to ensure that the two initiators are well mixed
on the molecular scale and thus result in good mixing of the two
different homopolymers (Scheme 1). PMMA was grown first from
the Y-initiator by ATRP at 75°C, followed by the NMRP of styrene
at 115°C. Corresponding free initiators were added to the reaction
mixtures to control the polymerization. We confirmed that the
molecular weights and molecular weight distributions of grafted
polymers were essentially identical to those of free polymers.32

Although we do not know exactly how many PMMA chains are

covalently bound to PS chains through the Y junction, the GPC
analysis of the polymer that was cleaved from the mixed brush-
grafted silica nanoparticles indicates that a significant portion of the
mixture was the degrafted diblock copolymer grown from the
Y-initiator molecule.32

Three samples of Y-shaped mixed brushes are used in this study,
and the molecular parameters are summarized in Table 1. The
thickness of the PMMA brush after ATRP was∼19 nm for all three
samples, and the total dry thicknesses of brushes I, II, and III are
31, 33, and 34 nm, respectively. Calculations show that the PMMA
grafting density is 0.59 chains/nm2 in brushes I and II and 0.56
chains/nm2 for brush III. The total grafting density is∼1.01 chains/
nm2 for the three samples. This implies that some initiators in the
Y-SAM were not activated during the synthesis of polymer brushes.

The conventional polystyrene-poly(methyl methacrylate) (PS-
PMMA) mixed brushes were synthesized using surface-initiated
radical polymerization as described elsewhere.34-37 PS chains were
first grown from the azo initiator attached to a silicon wafer, followed
by growing the PMMA chains (Scheme 2).21

Three PS-PMMA mixed brushes with a fixed grafting density
of σ ) 0.06 chains/nm2 and a molecular weight of the PS chains
of Mn

PS) 3× 105 g/mol were studied, differing in molecular weight
of the PMMA chains, which ranges from 3× 105 to 1× 106 g/mol
(Table 2). The total dry thickness of the brush varies accordingly
from 25 nm to 34 nm.21,22

Instrumentation. An atomic force microscope (AFM) (Multi-
Mode, Veeco Metrology Group) was used to characterize the
morphology of the layers. Tapping mode images were acquired
using silicon cantilevers (Olympus) with a resonance frequency of
∼300 kHz, a spring constant of∼50 N/m, and a tip radius of∼10
nm. For pumping the solvents, we designed a system with a
mechanical pump that connects two reservoirssone filled with
acetone the other with toluenesand has an inlet for dry, clean air.
With an appropriate switch, it was possible to control the flow of
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Scheme 1. Synthesis of Y-shaped PS-PMMA Mixed
Brushes from Y-SAM

Table 1. Molecular Parameters of Y-Shaped PS-PMMA Mixed
Brushes

Mn
PMMA

g/mola
σPMMA

chains/nm2
hPMMA

nmb
Mn

PS

g/mola
σtotal

chains/nm2
htotal

nmb

Y-I 2.3 × 104 0.59 19 1.8× 104 1.01 31
Y-II 2.3 × 104 0.59 19 2.1× 104 1.01 33
Y-III 2.5 × 104 0.56 19.5 2.1× 104 1.00 34

a The number-average molecular weights of free PS and PMMA were
measured by GPC in THF versus PS and PMMA standards with a narrow
polydispersity.b The thicknesses of PMMA brushes and PS-PMMA
mixed brushes were measured by ellipsometry using a refractive index
of 1.49.
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solvents or vapor through the AFM cell. After solvent exposure, the
samples were typically dried in air for 2 min. The AFM images were
recorded in air at a relative humidity of 40-45% and at room
temperature (25°C). During solvent pumping, image acquisition
was stopped without withdrawing the tip, allowing us to obtain an
image of the same area on the brush while switching the solvent and
thus the topography.

For the calculation of the cross-correlation function describing
the similarity of two images, image-processing software was
developed on the basis of commercial PV-Wave software.22 The
covariance of the brightness distribution of AFM micrographs taken
at two subsequent switching cycles was calculated as described
elsewhere.22 The measure of correlation between two images is
characterized by the absolute value of covar and is termed the memory
measure (mm). The case ofmm ) 1 corresponds to the absolute
domain memory of the brush domains (i.e., the domains appear at
exactly the same position and with exactly the same shape as in the
previous switching cycle). A lower value ofmmindicates a weaker
memory of the brush domains.

To calculate the covariance of a certain brush, areas of (1.5µm)2

from at least 10 different spots on the brush were examined, and the
covariances were averaged over switching cycles at the same spot
and between different spots on the brush. Thus, the covariance reflects
the characteristics of the whole sample.

Single-Chain-in-Mean-Field (SCMF) Simulations.26-28 We
study microphase separation in mixed polymer brushes within the
framework of a coarse-grained polymer model. This minimal model
is characterized by a small number of coarse-grained parameterss
the end-to-end distance of the ungrafted chains in the molten state,
Re, and the incompatibility between chains of different types,øN.
The chain conformations are described by a discretized Edwards
Hamiltonian

where Re
2 denotes the mean square end-to-end distance of the

polymers in a dense melt. This is the only characteristics of a Gaussian

chain, andRe sets the unit length scale. The chain contour of both
species is discretized intoN ) 32 effective segments and space into
cells of linear extent,∆L ) Re/6. For simplicity, we assume that both
components of the mixed brush have equal size,Re. The relevant
nonbonded interactions consist of the excluded volume of the effective
segments and the repulsion between unlike segment species that
gives rise to microphase separation.

whereF ≡ (nA + nB)N/DL2 denotes the segment number density and

is the microscopic local A density. A similar expression holds for
φB. The excluded volume interactions of the effective segments are
modeled via a Helfand compressibility term that penalizes fluctuations
of the local density from its average.κ describes the inverse thermal
compressibility of the segment fluid. The repulsion between unlike
segments is parametrized by a Flory-Huggins parameter,ø. In our
numerical calculations, we utilize the valuesøN ) 30 andκN ) 50.
This gives rise to well-segregated domains and only small density
fluctuations.

The partition function of the mixed polymer brush is given by

whereD sums over all conformations ofnA molecules of type A and
nB molecules of type B. The grafting points are irreversibly attached
to the substrate atz ) 0 and their lateral position is fixed. The
distribution of grafting points is completely random. The grafting
density is given byσ ≡ (nA + nB)/L2. We model Y-shaped initiators
by choosing the same grafting points for A and B molecules. Both
the grafting surfaces and the liquid-vapor (vacuum) interface of the
brush are modeled by non-penetrable, hard walls atz) 0 andD that
exhibit no preference for species A or B. The lateral system size is
L, and periodic boundary conditions are applied in thex and y
directions. The system parameters are compiled in Table 3.

Microphase separation is studied by SCMF simulations,26-28which
is a particle-based self-consistent field scheme that allows us to
investigate the structure formation in large 3D systems. For each set
of parameters, 32 independent systems with an identical distribution
of grafting points have been simulated. The starting configuration
consists of random, disordered morphology that corresponds toøN
) 0. The independent systems are quenched toøN ) 30. Local
displacements segments are utilized to update the molecular
conformations.

The evolution of the morphology after such a quench is presented
in Figure 1. A microphase-separated structure has formed after 32 000
attempted local random segment displacements per segment (MCS).
After this stage, the morphology evolves very slowly. We analyze
the structure of the different systems after (1-4)× 105 MCS, which
yields a good approximation for the equilibrium properties.

Scheme 2. Chemical Structure of the Conventional
PS-PMMA Mixed Brush

Table 2. Molecular Parameters of Conventional PS-PMMA
Mixed Brushes

Mn
PS

g/mola
σPS

nm-2
hPS

nmb
Mn

PMMA

g/mola
σtotal

nm-2
htotal

nmb

I 3 × 105 0.042 20 0.3× 106 0.06 25
II 3 × 105 0.042 20 0.5× 106 0.06 30
III 3 × 105 0.042 20 1× 106 0.06 34

a The number-average molecular weights of the free PS and PMMA
polymers were measured using an Agilent GPC setup.b The thickness
of the brushes was measured in the dry state using an ELX-1 ellipsometer
(Riss, Germany) operating with a 632.8 nm He/Ne laser at an incident
angle of 70°. The refractive index of PMMA was assumed to be 1.49.
The refractive index of the mixed layer (PMMA and PS) was calculated
from a linear combination of the two refractive indices.

Table 3. Parameters of SCMF Simulationsa

system
brush height

D/Re

number of chains
nA ) nB

small 1 8192
medium (R/Y) 1 16 384
large 1 32 768
H2 2 16 384

a Incompatibility,øN ) 30; inverse compressibility,κN ) 50; chain
discretization,N ) 32; spatial discretization,∆L ) Re/6; and lateral
system size,L ) 16Re for all systems.

Hnb[φA, φB]

kBT
) F

N∫V
d3r(κN

2
[φA + φB - 1]2 - øN

4
[φA - φB]2)

(2)

φA(r) )
1

F ∑
i)!

nA

∑
s)1

N

δ(r - ri(s)) (3)

Z ∼ ∫ ∏
i)1

nA+nB

D[ri(s)] exp(-
Hb[ri(s)] + Hnb[φA, φB]

kBT ) (4)

Hb[r(s)]

kBT
) ∑

s)1

N - 1 3(N - 1)

2Reo
2

[ri(s) - ri(s + 1)]2 (1)
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The type of grafting, the grafting density, and the brush height
have only a minor influence on the disordered morphology of the
brush. In Figure 2 we present the circularly averaged structure factor,
Stop(q), of composition fluctuations. Only the top quarter of the brush
has been utilized to calculateStop(q). The domain size, determined
from the peak of the 2D structure factor of composition fluctuations,
is λ ≈ 2.2Re. It slightly increases as we reduce the grafting density
and thereby increase the fluctuations of the grafting points. Other
properties, such as the Euler characteristics of the 2D morphology
on the top of the brush, are very similar for the different brushes.

To analyze the structure on the top of the brush, we average
the composition,φ ) FA/(FA + FB), over patches of lateral size
∆L ) Re/6 and consider all segments with (D - Re)/6 e z e D.
For each system,f ) 1, ‚ ‚ ‚, 32 of lateral extentL ) 16Re. This
procedure yields a composition arrayφf(ix, jy) of size 96× 96.
Correlating the normalized local composition,δφf(ix, jx) ) φf(ix, jx)
- (∆L/L)2∑ix,jxφf(ix, jy), of independentsystemswith identical locations
of the grafting points, we mimic the experimental procedure and
obtain

where the average〈....〉 runs over all pairs (f, g) of independent
configurations. In the simulations, we know the exact location of
the grafting points and therefore can correlate morphologies that
form on top ofidenticalpatches. This correlations is given bym*
≡ corr(δx ) 0, δy ) 0). In the experiment it is not possible to find

exactly the same location after different solvent exposures, thus one
maximizes the domain memory measure by allowing for a local
shift (δx, δy) of the two patches that are correlated with each other.
In the analysis of the simulation data, we can also mimic this procedure
and evaluate

Figure 3a investigates the dependence of the domain memory measure
on the area of the subsystem (patch) that is utilized to correlate
independent morphologies. If one correlates morphologies with
identical distribution of grafting points, then the domain memory
measure,m*, will slightly increase for very small patch sizes but
will rapidly approach a limiting value for lateral patch sizes that are
large than 4Re ≈ 2λ. Because our simulation cell exceeds this value
by a factor of 4, we do not expect our results be affected by finite
size effects. When we maximizem(δx, δy) with respect to the relative
shift of the patch location (and therefore the position of the grafting
points), however, we observe a rather pronounced decrease inmm
with the lateral patch size, and only for very large systems do we
recover the value ofm*. This size dependence does not directly
characterize the correlation between the morphology and distribution
of grafting points, but rather it provides information about how large
a patch is required to identify it accurately. The data indicate that
one needs patches of a linear extension of 5λ to identify a location.
In the inset of Figure 3a, we present the average misalignment,δx2

) δx
2 + δy

2, as a function of the area of the patch or the number
of domains, respectively, and find an inverse relationship.

The dependence of the memory measure on the lateral patch size
in the experiment is shown in Figure 3b. The size of the micrographs
at whichmmlevels off in the experiment, however, is significantly
larger than in the simulations. For a conventional brush (back squares),
patches of about 10λ are required to observe a size-independent
value whereas in the case of Y-shaped brushes asymptotic behavior
is attained only for micrographs of linear dimension 50λ. This
surprisingly large value as well as the larger asymptotic value of the
memory measure may indicate weak but long-range density
fluctuations in the grafting points. In this article, onlymmvalues
from an area larger than 1.5µm are discussed.

Results and Discussions

One experimentally accessible way of controlling fluctuations
of the grafting density consists of varying the invariant grafting
density,σRe

2, by either increasing the molecular weight of the
polymers,Re

2 ∼ Mw, or increasing the area density,σ, of grafting
sites. Because the characteristic size,λ, of the domains is
proportional toRe, the average number of molecules in one domain
scales likeσRe

2. If the grafting occurs randomly, then the fluc-
tuation of the number of chains in a patch of sizeλ ∼ Re

2 will

be proportional to∆φg ∼ 1/xσRe
2. Thus, the fluctuations of the

composition of the grafting points inside a domain of typical size

Figure 1. Evolution of the microphase-separated morphology after a quench from the disordered phase toøN) 30. The configuration consists
of a randomly mixed polymer brush withnA ) nB ) 16 384 (i.e.,σRe

2 ) 128). The A component is removed, and the B component is blue
shaded. The AB interface between domains is depicted in green. Configurations after 4000, 8000, 16 000, 32 000, 64 000, 128 000, 256 000,
and 512 000 MCS are presented. The lateral system size isL ) 16Re, and the brush height isD ) 1Re.

Figure 2. Structure factor of composition fluctuations of the final
morphology calculated from the top 25% of the brush for the different
grafting schemes.

corr(δx, δy) ≡ 〈 ∑
ix,jy

δφf(ix, jy) δφg(ix+δx
, j

y+δy
)

x∑
ix,jy

δφf
2(ix, jy) ∑

ix,jy

δφg
2(ix+δx

, jy+δy
)〉 (5)

mm≡ maxδx,δy
corr(δx, δy) (6)
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are given byxσRe
2. If the amplitude,∆φg ∼ 1/xσRe

2, of this
fluctuation of the grafting points is sufficiently large, then it will
template a domain of the corresponding species in the brush.
Because the memory measure quantifies the density of corre-
sponding domains in systems with identical grafting points, we

expect it to be proportional to∆φg, thusmm∼ 1/xσRe
2.

The dependence of the memory measure extracted from SCMF
simulations is shown in Figure 4. Indeed, we find that

mm∼ 1/xσRe
2. Note that the thickness of the brush,D, does not

significantly influence the domain memory, as can be observed
by comparing brushes with heightD ) Re and 2Re but with an
identical number of grafted chains. The graph also displays the
result for the Y-shaped brush. Because there is one A and one
B chain attached to every grafting point, there are no composition
fluctuations (only density fluctuations), and the concomitant
domain memory measure is very small.

In the experiment, we investigate the structure formation in
two types of polystyrene-poly(methyl methacrylate) (PS-
PMMA) mixed brushes: (1) those synthesized from an azo
initiator by surface-initiated radical polymerization (Scheme 2,
Figure 5a) and (2) those grown from a Y-shaped initiator using
combination of ATRP and NMRP (Scheme 1, Figure 5b). In
addition, the chain length of one species is varied (Figure 5).

Depending on the solvent to which the brush is exposed, the
topography of both types of brushes can adopt a flat, laterally
homogeneous state or a laterally microphase-separated morphol-

ogy.21,22In theexperiment,wecyclicallyexpose themixedbrushes
to acetone and toluene solvents and thereby switch from a laterally
structured state to flat morphology back and forth. It was shown
that exposing the brushes to the corresponding solvents only for
10 s was sufficient to switch their topography between the
structured and the flat state.21,22Increasing the exposure time up
to 10 min did not alter the shape of the pattern formed or the
value of the memory measure.21,22 In the present experiments,
the exposure time was kept as short as possible.

Figures 6 and 7 show the AFM micrographs of the I-Y-shaped
and II-Y-shaped PS-PMMA mixed brushes after the first and
second cycles of topography switching. In both cases, a weak
domain memory effect can be observed even visually by
comparing characteristic features such as a region resembling
the letter A or a “heart” in the micrographs of Figures 6 and 7.

The characteristic size of the pattern is much smaller than in
the case of a conventional PS-PMMA mixed brush. In the latter
case, the distance between two neighboring domains is 120 nm
for brush I with Mn

PMMA ) 3 × 105 g/mol, whereas in the case
of Y-shaped PS-PMMA mixed brush II with Mn

PMMA ) 2.3×
104 g/mol the pattern size is 27 nm. Much of this difference is
due to the different molecular weights. Using the relationship
Re

PMMA ) (0.576Mw
0.98)1/2 Å38 or a statistical segment length of

0.7 nm,39 one obtains end-to-end distances ofRe ≈ 38 and 11
nm and domains of 3.15Re and 2.45Re for the conventional and
Y-shaped brushes, respectively. The fact that even the rescaled
domain spacing is larger in the experiment than in the simulations
may partially be explained by additional fluctuations in the
grafting points (density fluctuations or imperfections in the Y
brush) that are not modeled in the simulations. These fluctuations
tend to increase the spacing (Figure 2) and also result in a larger
domain memory in the experiment.

As a consequence of the distribution of grafting points, the
brush topography partially restores its local composition and
pattern on the nanometer scale after treatment with appropriate
solvents. Figure 8 shows that the memory measure changes from
0.73 ( 0.04 to 0.65( 0.04 to 0.53( 0.04 for conventional
brushes I, II, and III (Table 2), respectively. In the case of Y-shaped
mixed brushes, where the two chains (PS and PMMA) are grown
from the same grafting point (Y-SAM) (Table 1), the domain
memory measure is significantly reduced. This is in accord with
the reduced composition fluctuations of the grafting points. The

(38) Kirste, R. G.; Kruse, W. A.; Ibel, K.Polymer1975, 16, 120.
(39) Sferrazza, M.; Xiao, C.; Bucknall, D. G.; Jones, R. A. L.J. Phys. Condens.

Matter 2001, 13, 10269.

Figure 3. (a) Dependence of the domain memory measures,m* and mm, on the lateral patch size for a conventional brush (medium,R).
m* hardly exhibits a dependence on the lateral extent.mm, however, decreases with the area of the patches that are correlated, and only for
rather large lateral sizes dom* andmmagree. The inset displays the mean squared average shiftδx2 ) δx

2 + δy
2 as a function of the inverse

area of the patch. (b) Dependence of the domain memory measure,mm, on the size of the micrographs as measured from AFM experiments.
The chain extensions in the experiment areRe ≈ 0.04 and 0.01µm for the conventional and Y-shaped brushes, respectively.

Figure 4. Dependence of the domain memory measure on the
grafting scheme in SCMF simulations.
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memory measure,mm,differs by roughly a factor of 2 when
comparing the Y-shaped brush (II) to the conventional brush (I)
at similarφ (mm) 0.30( 0.04 and 0.73( 0.04, respectively).
The parameterφ is calculated as the ratio of the molecular weight
of the block varied in the experiments to the weight of the other
block, which is held constant. Thus, we haveφ)Mn

PS/Mn
PMMA

in the case of Y-shaped mixed brushes, andφ) Mn
PMMA/Mn

PS

for the conventional mixed brushes. This distinction becomes
necessary because the first block dictates the distribution of
possible nucleation centers and stays constant through the
corresponding series of the brushes, whereas for the vanishing
weight of the second block themm should always attain a
maximum value characteristic of homopolymer brushes. Then,
as expected, the memory measure of the Y-shaped mixed brushes

Figure 5. Schematic representation of two types of PS-PMMA mixed brushes. PMMA and PS chains are shown in black and gray,
respectively. (a) Conventional PS-PMMA mixed brushes with a fixed grafting density and molecular weight of the PS chains and differing
in the length of the PMMA chains, resulting in ratioφ ) Mn

PMMA/Mn
PS of 1, 1.67, and 3.33 for brushes I, II, and III, respectively (Table

2).21,22 (b) Y-shaped PS-PMMA mixed brushes with the same grafting density but differing in the ratioφ ) Mn
PS/Mn

PMMA, with values of
0.78, 0.91, and 0.84 for I-Y, II-Y, and III-Y, respectively (Table 1).

Figure 6. AFM micrographs of brush I-Y (Table 1) recorded after acetone treatment (a) before topography switching to the flat state and
(b) after one cycle of topography switching. The topography is turned to the patterned state shown in the micrographs by treating the brush
with acetone, which is a better solvent for PMMA than for PS. The flat state is produced by exposing the brush to toluene solvent, which
is a good solvent for both polymers. The cross section along the line cut (white dashed line) is shown beneath. In the micrographs, two areas
marked 1 and 2 are selected, and close-ups of these regions are shown on the right-hand side.

Figure 7. AFM micrographs of brush II-Y acquired after the first
cycle (a) and the second cycle (b) of exposure to acetone/toluene/
acetone solvents. The cross section over the “heart” pattern marked
by the dashed black square is shown at the bottom of the micrographs.

Figure 8. Dependence of the memory measure,mm, on the ratio
φ for two types of brushes: black squares and circles indicate
conventional and Y-shaped PS-PMMA mixed brushes, respectively.
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decreases with the appropriately definedφ just as in the case of
conventional mixed brushes (Figure 8) and extrapolates to the
same value forφ ) 0, mm) 0.79, which is similar in order of
magnitude to the value of 0.8 obtained from the Monte Carlo
simulations of one-component homopolymer brushes.20

Figure 9 displays the dependence ofmmovermm∼ 1/xσRe
2

for two types of PS-PMMA mixed brushes. (The III-Y brush
is not included because it was synthesized in a different batch,
giving rise to a slightly different grafting density.) The variation
in chain length asymmetry present in the experiments is not
directly accessible as an input to the simulations, but both
experimental and simulation data (Figures 4 and 9) are in excellent
agreement with respect to the linear dependence of the domain

memory measure on∆φg ∼ 1/xσRe
2. When quantitatively

comparing to the simulation results (Figure 4), we note, however,
that the domain memory effect is larger in the experiment than
in the simulation and also the reduction ofmm in Y-shaped
brushes is smaller.

There are several explanations for this discrepancy: (i) the
segregation in the simulation might be different than in the
experiment. (ii) The Y-shaped mixed brushes used in the present
study are not perfect but contain a small fraction of singly grafted
chains. This explanation is supported by the small but non-
negligible difference between the grafting densities of the two
polymer chains. Moreover, the density distribution in the

experiment may be not perfectly random as assumed in the
simulations. (iii) Although not evident from AFM micrographs
(see discussion above), the time between exchanging the solvents
may not have been sufficiently long to erase deeper-lying phase-
separated structures completely (i.e., the morphology is close to
that of the grafting substrate40). (iv) In the laterally segregated
state, one component may exhibit a small preference for the
substrate or the interface with the vapor. This selectivity is not
considered in the SCMF simulations. Note also that the experiment
monitors the topography whereas the simulations study the
composition at the flat top surface of the brush. In view of these
differences, only qualitative agreement between experiment and
simulation can be expected.

Conclusions
The dependence of the domain memory on the grafting scheme

has been investigated by comparing two types of mixed brushes:
(i) conventional and (ii) Y-shaped. In the case of conventional
mixed brushes, there are significant fluctuations in both the
grafting density and local composition of the attached chains.
Composition fluctuations of the grafted chains result in a strong
domain memory effect (i.e., there is a high probability that a
specific domain re-forms at the same position and with the same
shape after switching the morphology from a laterally structured
to a laterally homogeneous one back and forth). Y-shaped PS-
PMMA mixed brushes, in contrast, exhibit a significantly weaker
domain memory because fluctuations in the composition of the
grafting points are eliminated. This feature is born out both by
the SCMF simulations and experiments and demonstrates the
importance of local fluctuations in the positions of the grafting
points for the nucleation of the domain structure in mixed polymer
brushes. The results also exemplify how to control these quenched
fluctuations during the synthesis of the brush.

The domain memory measure of brushes is an important
characteristic of mixed polymer brushes because it dictates the
ability of mixed brushes to relocate nano-objects upon morphol-
ogy switching. Our results indicate that Y-shaped mixed brushes
are particularly promising candidates for pursuing this type of
application.
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Figure 9. Dependence of the memory measure of conventional
PS-PMMA mixed brushes (black squares) and Y-shaped PS-

PMMA mixed brushes (black circles) on∆φg ∼ 1/xσRe
2.
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