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ABSTRACT: The inner structure of a polystyrene-poly(methyl methacrylate) (PS/PMMA) brush synthesized
via two-step surface-initiated radical polymerization was studied by a combination of step-by-step oxygen plasma
etching and atomic force microscopy (AFM, “nanotomography” approach). The brush adopts ripple and dimple
morphologies upon exposure to toluene and acetone, respectively. The same locations on the brush samples,
adopting these two morphologies, were scanned with AFM before and after each etching step. We found that the
ripple morphology consists of depressed PS-rich and elevated PMMA-rich elongated domains. In the dimple
morphology, the core of the cluster is rich in PS, while the very top layer and the valleys between clusters are
rich in PMMA. These experimental observations agree with self-consistent field theoretical predictions of the
phase-segregated morphologies in nonselective and selective solvents. The 3D structures of the mixed brushes in
dry and swollen states were reconstructed using nanotomography data.

Introduction

The goal of this work was to study a 3D arrangement of
segregated polymers in a binary (mixed) polymer brush
quenched by rapid evaporation of solvent. Binary polymer
brushes are flexible responsive thin films capable of switching
their morphologies in response to various external stimuli via
different phase segregation mechanisms. Here, the term “brush”
denotes a layer of polymer chains tethered to a solid substrate;
the high grafting density obliges the polymers to stretch away
from the grafting surface.1 In the case of binary brushes, two
different, unlike polymers are randomly grafted to the substrate.2-6

These two polymers are segregated and form microphases which
scale with the mean chain end-to-end distances.7 Changes in
the surrounding environment such as the thermodynamic quality
of solvent3,6,8,9or humidity,10 pH,11 or temperature12,13 lead to
switching between various phase-segregated morphologies and
affects the chemical composition of the top layer of the polymer
brush. This unique behavior of polymer brushes has recently
attracted great interest for various applications such as microf-
ludic devices,14,15responsive colloids,16,17“smart” coatings,18,19

responsive fabrics,20 protein adsorption,21 and supports for
directed assembly of nanoparticles.22

Theoretical studies and simulations of binary polymer brushes
have demonstrated the formation of a laterally segregated
morphology in melt23 and good solvent.24,25 The first studies
based on the self-consistent field (SCF) theory were made by
Marko and Witten26 and then by Zhulina and Balazs.27 Employ-
ing the strong stretching approximation (when fluctuations
around the chain conformation with the minimal free energy
can be neglected), Marko and Witten predicted that an increase
in incompatibility of the constituents (A and B) in a binary

polymer brush in melt conditions causes a second-order phase
transition from a disordered to a laterally segregated phase
composed of A- and B-rich alternating cylindrical domains.
Further increase of the incompatibility parameter should lead
to the first-order transition to layered phases. Zhulina and Balazs
distinguished regimes of low and high grafting density. They
built a phase diagram for symmetrical conditions as a function
of the grafting density and the incompatibility parameter with
scaling arguments. For the brush regime, they found a homo-
geneous phase at low incompatibility, a periodical laterally
segregated phase at higher incompatibility, and a segregated
phase with diminished periodicity at very high incompatibility.

Müller extended the SCF theory for binary polymer brushes.28,29

He expanded the binary brush composition into a set of
orthonormal spatially periodic functions.30 The free energy of
the two-dimensional periodic structures was calculated within
the mean field approximation and minimized with respect to
their length scale. Mu¨ller predicted a second-order phase
transition from the disordered to the laterally segregated state
upon increase of the incompatibility of polymers in a sym-
metrical binary brush. The stability of a ripple phase which
consists of alternating cylindrical domains of each polymer
aligned parallel to the grafting surface was predicted for the
symmetrical conditions in a nonselective solvent. The first-order
phase transition from the ripple phase to asymmetric dimple-A
and dimple-B phases was attained with changes of the condi-
tions: selective solvent, a further increase of incompatibility
of the two polymers, or a change of the brush composition to
asymmetric. The dimple phases consist of round clusters of one
polymer arranged in a hexagonal lattice and surrounded by the
matrix of the second polymer. In selective solvents, the insoluble
polymer forms clusters while the soluble polymer dominates
in the surrounding matrix. On the basis of the assumption that
the brush polymers are monodisperse and have equal degrees
of polymerization the lateral periods of the ripple and dimple
phases were estimated to be 1.85〈rθ

2〉1/2 and 2.2〈rθ
2〉1/2, respec-
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tively, where〈rθ
2〉1/2 is the mean square end-to-end distance for

the unperturbed polymer chains.

The experimental study of the polystyrene/poly(2-vinylpyri-
dine) (PS/P2VP) mixed brushes with X-ray photoelectron
spectroscopy (XPS) and water contact angle measurements
demonstrated that the surface of the brush becomes enriched
with a polymer preferred by a selective solvent to which the
brush is exposed (solvophilic polymer); the brush surface
becomes rich in PS after exposure to toluene and rich in P2VP
after exposure to acidic water.2,31 Thus, it was shown experi-
mentally that a binary polymer brush exposed to a certain solvent
(which is a solvent for both the polymers in the brush) and then
rapidly dried (quenched) adopted (reproducibly and reversibly)
the morphology which is relevant to this solvent (the morphol-
ogy was not effected by all previous treatments but the last one).8

A good qualitative agreement between the theory and
experiments was found for binary brushes poly(styrene-co-
2,3,4,5,6-pentafluorostyrene)/poly(methyl methacrylate) (PSF/
PMMA) studied with atomic force microscopy (AFM) and
X-ray photoemission electron microscopy (XPEEM).28 It was
shown that the PSF/PMMA brushes adopt a ripple morphology
upon exposure to the good nonselective solvent toluene and a
dimple morphology upon exposure to acetone which is selective
for PMMA. The authors demonstrated with XPEEM (which
directly senses the local composition of the top layer of the
polymer thin film) that the ripple-like morphology is formed
from two kinds of alternating cylindrical domains enriched in
PSF or PMMA. The XPEEM analysis of the dimple morphology
showed that its top layer is dominated by PMMA and is uniform
in composition. The authors concluded that (1) the structures
of the experimentally observed ripple and dimple morphologies
are similar to the structures of the theoretically predicted
symmetric ripple and asymmetric dimple PSF (i.e., with PSF
clusters) phases, respectively, and (2) the experimental ripple
and dimple morphologies are stable in the solvent conditions
predicted by Mu¨ller for the ripple and dimple PSF phases,
respectively.

Zhao and co-workers9 studied binary poly(methyl methacry-
late)/polystyrene (PMMA/PS) brushes. They found dimple
morphologies after treatment with glacial acetic acid. The XPS
analysis showed an increased PMMA fraction in the top layer.

The experimental studies of the phase segregation discussed
above were limited to the investigations of the top layers of the
binary polymer brushes. However, they provided no sufficient
evidence as to whether the experimental morphologies are
relevant to the theoretically predicted 3D composition of the
brush.

A report of Lemieux et al.32 is the only exception where the
mixed brushes were probed beneath the top layer using the
nanoindentation method. They studied poly(styrene-co-2,3,4,5,6-
pentafluorostyrene)/poly(methyl acrylate) (PSF/PMA) brushes
using the AFM force volume mode. The contrast in mechanical
properties of the polymers under ambient conditions (glassy state
of PSF and rubbery state of PMA) was explored in this study.
The complete change of the mechanical response in the binary
brush after exposure to different selective solvents was observed
in this work. The brush top layer was dominated by the glassy
PSF after exposure to toluene and by the rubbery PMA after
exposure to acetone. The morphologies of both the states were
in good agreement with theoretical predictions; the selective
solvent greatly enhanced the vertical (layering) segregation of
a particular phase, while the other component collapsed into
the clusters beneath.

The present work is the next step in the study of composi-
tional profiles of mixed polymer brushes. Here, we report on
the 3D binary polymer brush structure formed in different
surrounding environments, quenched in a dry state by rapid
evaporation of solvent, and investigated using the “nanotomog-
raphy” approach33 (step-by-step plasma etching the thin film
followed by analysis of the etched surface with AFM and XPS).

Employment of nanotomography allows for a direct observa-
tion of the inner phase-segregated structures of binary polymer
brushes. This method combines stepwise plasma etching with
AFM studies of the polymeric films at a constant location of
the scanned area before and after each etching step. Magerle33

developed this technique using an example of a thin film of
poly(styrene-b-butadiene-b-styrene), which provided a signifi-
cant mechanical contrast between the glassy polystyrene and
the rubbery polybutadiene domains. The domains were distin-
guished by phase shifts in the tapping mode. The AFM phase
imaging can be used with difficulty for contrasting two glassy
polymeric materials in phase-segregated films. In this case, it
is still possible to distinguish between the domains of the
different materials by considering changes in topography versus
etching time. For example, the rate of etching of PMMA by
oxygen plasma is more than two times faster than that of PS.
Thus in the case of films composed of these two polymers, the
PMMA-rich domains will be etched faster and transform into
cavities while the PS-rich domains will be etched slower and
form elevations.

Recently, we presented the results of plasma etching of PSF/
PMMA brushes.34 It was shown that the presence of fluorinated
monomer units resulted in a complex phase behavior of the
system. In this paper, we report on the 3D morphology for PS/
PMMA mixed brush, which behaves in good agreement with
theoretical predictions.

Experimental Section

Materials. Polished Si wafers (100) with natural SiO2 layer (∼2
nm) were purchased from Silchem Handelsgeselschaft mbH
(Freiberg, Germany). They were washed three times with dichlo-
romethane in an ultrasonic bath for 5 min and afterward in a mixture
of water, ammonia solution (25%), and hydrogen peroxide (30%)
with a volume ratio 10:1:1 at 60°C for 1 h. The substrates were
rinsed five to six times with pure water and dried with nitrogen
flux. 4,4′-Azobis(4-cyanopentanoic acid) (Fluka) was used as
received without additional purification. Styrene (Aldrich) and
methyl methacrylate (MMA) (Aldrich) were purified on an
aluminum oxide type 507C, neutral, 100-125 mesh (Fluka)
chromatographic column. Toluene and tetrahydrofuran (THF)
(analytical grade, Merck) were distilled by boiling over sodium
for 1 h. Dichloromethane at 99.5% purity (Acros) was dried over
molecular sieves overnight before use. Water was cleaned with
Milli-Q ultrapure purification system,Ω > 18.2 MΩ cm. Acetone
(analytical grade, Merck), ammonia solution (25%, for analysis,
Merck), and hydrogen peroxide (30%, stabilized, Merck) were used
as received. (3-Glycidoxypropyl)trimethoxysilane (GPS, ABCR
GmbH), ethylendiamine (ACROS Organics), and phosphorus
pentachloride (Aldrich) were used as received. Triethylamine
(Riedel-deHae¨n) was dried overnight over calcium hydride. Oxygen
for plasma treatment with a purity of 99.95% and argon at 99.998%
were purchased from Messer Griesheim, Germany.

We explored the “grafting from” method to synthesize polymer
brushes using radical polymerization initiated from a solid substrate.
Modification of substrates with an azo initiator and the subsequent
surface-initiated polymerizations were carried out according to a
general procedure reported earlier.35 Polymerization of styrene was
carried out in toluene, while MMA was polymerized in THF. The
synthesis of mixed brushes was performed in two polymerization
steps. Since the polymerization of the second monomer may be
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affected by the brush formed by the first monomer, we prepared
two series of samples with different orders of grafting: PS in the
first step and PMMA in the second step (PS/PMMA), and vice
versa (PMMA/PS).

Monomer solutions were purified by four freeze-pump-thaw
cycles (vacuum 1.2× 10-5 mbar). The purified solution was
condensed into a glass reactor for polymerization. The Si wafer in
a specially designed holder was placed into the reactor in a glovebox
under Ar atmosphere (concentration of water vapors and oxygen
was measured to be<1 ppm).

Characterization of the Brush Layers. Amounts of the
chemisorbed azo initiator and the grafted polymers were measured
with an null-ellipsometer (Multiscope, Optrel, Germany). The
wavelength of the laser was 632.8 nm. The film thickness was
measured at incident angle of 70°. The details of the hardware were
published elsewhere.36 For the data interpretation, we used a
multilayer model of the grafted films according to the protocol
described in literature.2 For calculations, we used the following
values of the refractive indices (n): 1.429 for the GPS monolayer
and 1.55 as an effective value for the layer of GPS plus the attached
azo initiator. For the homopolymer PS and PMMA brushes, we
used valuesn ) 1.59 andn ) 1.49, respectively. Since the films
of binary polymer brushes were thicker than 30 nm, the refractive
indices for these polymer films were obtained directly from fitting
the ellipsometric data.

The molecular weights of the grafted polymers were assumed
to be the same as those for the polymers extracted from the bulk
solutions.2 The kinetic scheme for the grafting polymerization
suggests that molecular weights of grafted chains and chains in
the bulk are very close in values,37,38 but in some experiments an
increased molecular weight and larger polydispersity index (Mw/
Mn) of the grafted polymer as compared to those of the bulk polymer
were reported due to the Trommsdorff effect.38,39 The molecular
weights of the bulk PS and PMMA were determined with size
exclusion chromatography using a modular built KNAUER-HPLC
system (KNAUER, Germany) equipped with a refractive index
detection module and two columns (PL MIXED-C, Polymer
Laboratories, U.K.). PS and PMMA standards were used for
calibration and THF as the effluent.

The switching behavior of the brushes in response to treatment
with different organic solvents was controlled with water contact
angle measurements by using equipment from Kru¨ss GmbH,
Germany. The contact angle was measured after exposure of the
brushes to the solvents for 5 min followed by rapid drying with a
nitrogen gun.

AFM Imaging. Imaging of the surface morphology was carried
out under ambient conditions in the tapping mode at a set-point
ratio 90% with a Dimension 3000 AFM microscope (Digital
Instruments (DI), Inc.) equipped with an optical camera, which
enabled targeting of a specified location on the sample. Phase
images were obtained in the repulsive tapping mode using
cantilevers with a resonant frequency of 67-87 kHz and a spring
constant 1.3-3.6 N/m from Nanosensors. Cantilevers with ul-
trasharp tips (a radius of curvature<10 nm, a resonant frequency
of 170( 20 kHz, and an average spring constant of 25-60 N/m)
from MikroMash (Estonia) were used for topography imaging of
the plasma etched samples. For analysis of the AFM data, we used
the WSxM freeware downloadable from http://www.nanotec.es. The
lighter color in the topographic and phase images denotes taller
structures and a positive phase shift in the DI convention.40

The samples were scratched with a steel needle to label the
selected locations on the brush surface. Since steel is harder than
the polymer but softer than silicon, the polymer brush layer was
removed from the scratched area while the Si substrate was not
damaged. We carried out 20× 20 µm2 scans near the scratched
edges to note the shape and the position of the defects in the brush
layers. Afterward, we obtained 5× 5 µm2 and 2× 2 µm2 scans of
the selected regions. The shape of the scratched edge and various
defects in the brush layer were used to identify the same location
on the sample after plasma etching. The topographic profiles of

the scratches were used for determination of the thickness of the
brush layer (after each etching step).

Plasma Etching. The plasma treatment was performed in a
computer controlled customized MicroSys apparatus by Roth &
Rau, Germany. The cylindrical vacuum chamber, made of stainless
steel, had a diameter of 350 mm and a height of 350 mm. The
base pressure obtained with a turbomolecular pump was<10-7

mbar. On the top of the chamber, a 2.46 GHz ECR plasma source
RR160 by Roth & Rau with a diameter of 160 mm and a maximum
power of 800 W was mounted. The process gas was introduced
into the active volume of the plasma source via a gas flow control
system. When the plasma source was on, the pressure was measured
by a capacitive vacuum gauge. The samples were introduced by a
load-lock system and placed on a grounded aluminum holder near
the center of the chamber. The distance between the sample and
the active volume of the plasma source was about 200 mm. For
the plasma treatment, the following parameters were applied: O2

gas flow 25 sccm/min, pressure 9× 10-3 mbar, and effective
microwave power 190 W. Exposure times were specified separately
for each experiment. Rates of etching for PS and PMMA spin-
coated films under these conditions measured with ellipsometry
were 9 and 22 nm/min, respectively.

The Si wafer with the binary brush was cut into 8× 30 mm2

pieces. Each piece was divided into several regions using labels
made with a steel needle. A scratch was made with a steel needle
in the middle of each region. The samples were exposed to toluene
or acetone for a given period of time, allowed to dry with a nitrogen
gun, and microscopic areas around the scratches were studied with
AFM as described above. The sample was exposed to oxygen
plasma for a certain period of time. Afterward, each marked
microscopic area around the scratch was studied with AFM. The
last two steps were repeated several times.

X-ray Photoelectron Spectroscopy (XPS).XPS was used to
monitor the chemical composition of the outermost (8-10 nm thick)
layers of polymer brush. The samples were analyzed with a Kratos
AXIS 165 XPS spectrometer with an Al KR X-ray monochromatic
source (1486.6 eV). The pressure inside the analysis chamber was
5 × 10-7 Pa. The measurements were performed at a normal
emission angle (90°) at pass energy of 40 eV with an energy
resolution of 2 eV. Survey scans were taken in the range of 0-1200
eV. The results were analyzed with XPS commercial software.

Results

Synthesis and Characterization. We synthesized PS/PMMA
and PMMA/PS layers with the grafting characteristics shown
in Table 1. Distances between the grafting points (evaluated
from the molecular mass of the polymer in the bulk solution
and the thickness of the dry grafted layer) were much smaller
than the root-mean-square (rms) end-to-end distances of PS and
PMMA chains under theta conditions (〈rθ

2〉1/2) and smaller than
diameters of single chain globules of the polymers in the dry
state (〈rS

2〉1/2) for all samples. Thus, the grafting density was
sufficiently high for establishment of the “true” brush regime
in solvents of different thermodynamic quality. The reduced
tethered density (the number of chains that occupy an area that
a free nonoverlapping polymer chain would normally fill at the
same experimental conditions),Σ, for dry brushes isΣ > 10 (Σ
) σπ(〈s2〉1/2)2, whereσ is the grafting density and〈s2〉1/2 is the
rms radius of gyration of the tethered chain at specific
experimental conditions of solvent and temperature. In this work,
we evaluated〈s2〉1/2 values according to the known procedure41

for theta conditions using the experimentalMw values for the
homopolymers.

The synthesized binary brushes adopted the ripple morphol-
ogy upon exposure to toluene and the cluster-like (dimple)
morphology upon exposure to acetone. The characteristic
examples are shown in Figure 1. They are similar to the reported
morphologies of the PSF/PMMA brushes.7,34 The phase image
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of the ripple morphology of the brushes reported here (Figure
1b) shows that the lighter and darker regions are associated with
the elevations and the depressions, respectively, in the corre-
sponding topographic image (Figure 1a). The dimple morphol-
ogy (Figure 1e, Table 2) is significantly rougher than the ripple
morphology. Although the composition of the top layer should
be uniform over the film surface, some contrast on the phase
image is attributed to the topographic effect (Figure 1d).

The dimple morphology is obtained in acetone which is a
selective solvent for PMMA. The O/C atomic concentration
ratios in the top layer of the mixed brushes exposed to acetone
and in the monocomponent PMMA brush are similar (Table
3), suggesting that PMMA dominates the top layer. The ripple
morphology of the PS/PMMA and PMMA/PS brushes exhibits
surface features with two distinct AFM phase shifts (Figure 1b),
indicating lateral phase segregation of the polymers and the

presence of PS- and PMMA-rich surface regions. The XPS
analysis suggests a higher PS fraction in the top layer compared
to that of dimple morphology (Table 3). Note, that the O/C ratio

Figure 1. Representative morphologies for PMMA/PS brushes. The ripple (a,b) and dimple (c,d) morphologies (of the brush B3) adopted after 5
min exposure to toluene and acetone, respectively, and recorded in the AFM repulsive tapping mode (2× 2 µm2: topography (a,c), phase contrast
(b,d)). Cross sections are shown in the panel e. White arrows in panels a and c mark the locations of the cross sections.Z ranges are (a) 13 nm,
(b) 3.2°, (c) 78.4 nm, and (d) 27.2°.

Table 1. Characteristics of the Mixed Polymer Brushes

brush
code

brush polymers
(in the grafting

order)
Mw

(g/mol) Mw/Mn

〈rθ
2〉1/2

(nm)
〈rS

2〉1/2

(nm)

ellipsometric
thickness

(nm)

grafted
amount
(mg/m2)

grafting
density
(1/nm2)

distance
between
grafting

points (nm)

B1 PS 364 000 1.8 40 10.4 29.9 31.4 0.052 4.9
PMMA 787 000 1.6 57 12.8 28.7 34.4 0.026 7.0
PS+ PMMA 58.6 65.8 0.078 4.0

B2 PS 422 500 1.7 44 10.8 13.9 14.6 0.021 7.8
PMMA 1 013 500 1.8 64 13.8 21.3 25.6 0.015 9.2
PS+ PMMA 35.2 40.2 0.036 5.9

B3 PMMA 1 013 500 1.8 64 13.8 24.8 29.8 0.018 8.5
PS 351 600 1.6 40 10.2 12.0 12.6 0.022 7.7
PMMA + PS 36.8 42.4 0.039 5.7

Table 2. Root-Mean-Square Roughness and Dimensions of the Lateral Structures of the Mixed Polymer Brushes after Treatment with Different
Solvents

toluene acetone hexane+ toluene (3:1) PS PMMA

brush
rms
(nm)

dr
FFT

(nm)a
rms
(nm)

dd
FFT

(nm)a
rms
(nm)

dr
FFT

(nm)
dr

SCF

(nm)b
dd

SCF

(nm)b
dr

SCF

(nm)
dd

SCF

(nm)

B1 3.3 154 19.5 154 72 88 103 125
B2 2.6 111 9.8 133 31.7 182 79 97 115 141
B3 3.3 154 17.4 167 4.9 154 72 88 115 141

a dd
FFT anddr

FFT are lateral periods of the dimple and ripple morphologies, respectively, determined via fast Fourier transformation of the AFM topographic
images.b dr

SCF anddd
SCF are lateral periods of the dimple and ripple morphologies, respectively, evaluated by the SCF theory.

Table 3. Surface Composition of the Mixed Polymer Brushes
Exposed to Different Solventsa

atom concentration (%)

sample O C Si O/C ratio

B2 exposed to toluene 23.0 73.8 3.2 0.31
B2 exposed to acetone 25.6 73.1 1.3 0.35
B2 exposed to

hexane+ toluene (1:3)
8.6 90.1 1.4 0.09

B3 exposed to toluene 16.2 82.9 1.0 0.19
B3 exposed to acetone 25.4 74.6 0.34
PMMA film coated

from toluene
25.3 74.1 0.6 0.34

PS coated from toluene 1.6 97.9 0.5 0.016

a XPS results obtained at the takeoff angle 0°.
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appears to be somewhat overestimated for the sample B2 in
toluene because of contamination with SiO2, as can be seen for
the fraction of Si atoms.

It should be noted that the application of water contact angle
measurements for analysis of surface composition is limited and
not conclusive in this case due to the high surface roughness
(rms roughness≈ 20 nm) of dimple structures (Table 4). Water
contact angles measured after treatment of the brushes with
acetone (PMMA on the top of the brush) are higher than those
measured after treatment with toluene (PS on the top). The
results are in conflict with the XPS data. The contact angles
after treatment with acetone are even higher than the contact
angle for a homopolymer PMMA brush. Similar behavior of
rough polymer brushes was reported earlier,35 and high contact
angles were observed even on hydrophilic surfaces due to
surface roughness.42

In order to form a dimple morphology of the mixed brush in
a PS-dominated surface state, we had to select a proper solvent
selective for PS. Although cyclohexane is a selective solvent
for PS, it is a poor solvent for PMMA. The latter may cause a
kinetic barrier to approach the equilibrium morphology. Thus,
we explored a mixture ofn-hexane and toluene (3:1 vol/vol) as
a solvent selective for PS and at the same time as a solvent that
allows for segmental mobility of PMMA chains. Contact angle
measurements provide a good contrast between the two dimple
morphologies obtained from acetone and the hexane-toluene
mixture (Table 4). After treatment of the brushes with a mixture
of n-hexane and toluene (3:1 vol/vol), the XPS analysis showed
a strong enrichment of the top layer of the brush B2 in PS (Table
3) while the water-advancing contact angle (ΘAdv) reached 120°
and 92° for the brushes B2 and B3 (Table 4), respectively. The

ΘAdv value obtained on the brush B2 exceeded the contact angle
value for a smooth PS surface (91°) that is explained by a high
surface roughness (Figure 2e).

AFM studies of the brushes B2 and B3 after treatment with
a mixture of n-hexane and toluene (3:1 vol/vol) revealed
morphologies (Figure 2) very different from the theoretically
predicted dimple structure in a selective solvent. We concluded
that the behavior of the film in the mixture of solvents (four-
component system) differs very much from that observed for
monocomponent solvents (three-component system) mainly due
to the preferential absorption of good solvent in one of the brush
microdomains.

We carried out the fast Fourier transformation (FFT) of the
AFM topographic images to acquire average periods of laterally
segregated structures in the ripple (dr

FFT) and dimple (dd
FFT)

morphologies. The obtained values were compared with the
theoretical lateral periodsdr

SCF ) 1.85〈rθ
2〉1/2 and dd

SCF )
2.2〈rθ

2〉1/2 (Table 2). The experimental lateral periods notably
exceed the theoretical values evaluated using〈rθ

2〉1/2 for PS (dr
FFT

) (1.4-2.1)dr
SCF(PS),dd

FFT ) (1.4-1.9)dd
SCF(PS)) and are close

to the theoretical values evaluated using〈rθ
2〉1/2 for PMMA (dr

FFT

) (1.0-1.5)dr
SCF(PMMA), dd

FFT ) (0.9-1.2)dd
SCF(PMMA)).

From this analysis, we may conclude that the brush constituent
with the higher degree of polymerization determines the average
period of lateral segregation.

We did not observe any effect of the order of grafting on the
morphology of the brushes in toluene and acetone (no difference
between samples B1-B3). However, a difference between B2
and B3 samples was found upon treatment with then-hexane
and toluene mixture. The grafting order might affect fluctuations
in the locations of grafting points and, consequently, results in
a different sensitivity of the brush morphology to solvents as
discussed below. Since the four-component system demonstrated
a complex behavior, we excluded it from further investigation
in this work.

Plasma Etching Experiments.Ripple Structure.For the
etching experiments, we took the brush B1 with the smallest
difference in the molecular weights of the polymers in the brush
(Table 1). We carried out oxygen plasma etching of the brush
sample which was switched to the ripple structure by exposure

Table 4. Water Advancing Contact Angles (ΘAdv) on the
Monocomponent and the Mixed Polymer Brushes after Their

Treatment with Different Solvents

ΘAdv (deg) after exposure to

brush acetone toluene hexane+ toluene (3:1)

PS 92( 1
PMMA 75 ( 2 71( 2
B2 81( 2 69( 1 120( 3
B3 80( 2 79( 3 92( 2

Figure 2. AFM surface morphologies (2× 2 µm2) of the brushes B2 (topography (a) phase contrast (b)) and B3 (topography (c) phase contrast
(d)) after their treatment in a mixture ofn-hexane and toluene (3:1 vol/vol). Cross sections are shown in the panel e. White arrows in panels a and
c mark the locations of the cross sections.Z ranges are (a) 141 nm, (b) 36°, (c) 40 nm, and (d) 12°.
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of the brush B1 to toluene for 2 h. At zero etching time, the
original morphology is a ripple morphology observed as
alternating elongated (cylindrical) domains of PS and PMMA.
The XPS data showed the presence of both polymers on the
top layer. One polymer, however, formed bigger domains
(elevations). Since the molecular weight of PMMA is higher
(Table 1), we suggest that the bigger domains are formed from
PMMA.

We observed aninVersion of topographyupon etching; the
initially elevated features transformed to valleys as shown with
two representative images obtained from two different spots on
the brush sample (Figure 3). The dashed line shows the original
profile of the brush (zero etching time). The solid line
demonstrates the profile after 60 s etching time. Both lines match
the samex coordinate because they were obtained from exactly
the same area on the sample, as described in the experimental
part. Note that the zero-height coordinate does not indicate a
location of the grafting surface but shows a maximum separation
between peaks of the elevations and bottoms of the valleys
accessible by the AFM tip. Based on the rates of etching
(PMMA was etched faster than PS), we concluded that the
initially elevated features are rich in PMMA while the initial
valleys are rich in PS.

The AFM topography profiles of the scratches in the brush
layer are shown in Figure 4. The profile lines in this plot do
not match the same position (x coordinate) on the sample after
step-by-step etching. These plots are used to estimate an average
change of the film thickness (zcoordinate) upon etching versus
the baseline indicating the location of the grafting surface
(approached by the AFM tip in the scratched area). The
thickness of the features of the ripple morphology was reduced
from 60 to 30 nm after etching for 120 s (Figure 4a). Further
etching led to elimination of PMMA and opening of the
substrate (not shown).

We reconstructed the etching process based on the rate of
the film etching as shown in Scheme 1 a,b. Laterally segregated
phases are shown with a dark and light contrast. PMMA
domains are gray, and PS domains are black. PMMA domains
form elevations, and PS domains form valleys. This topographi-
cal contrast is due to the different molecular weights of the
polymers. The top image (Scheme 1a) represents the original
morphology of the dry sample obtained upon exposure to a less
selective solvent (toluene) and dried afterward (zero etching
time). The bottom image (Scheme 1b) shows the structure for

Figure 3. AFM images (tapping mode) of the brush B1 etched by
oxygen plasma after 2 h exposure to toluene. The topography images
(1.00× 0.73µm2) were recorded from two locations: location 1 before
etching (a) and after etching for 60 s (b), and location 2 before etching
(d) and after etching for 120 s (e). The corresponding cross sections
(e) and (f) illustrate the topography inversion. White arrows in panels
a and c mark the locations of the cross sections.

Figure 4. AFM cross sections of the ripple (a) and dimple (b)
morphologies of the brush B1 upon etching (recordings near the
scratched area are in the left corner of the profiles).

Scheme 1. Etching of the Ripple (a,b) and Dimple (c,d)
Morphologies of the PS/PMMA Brushesa

a PS and PMMA are schematically shown in black and gray colors,
respectively. Original structures (zero etching time) are shown in the
panels (a) and (c). See explanation in the text.
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the same plasma etched sample. The etching rate for PMMA is
higher than that for PS. Thus PMMA domains were etched
faster, and we obtained an inversion of the topographical
contrast. PMMA domains formed valleys and PS domains
formed elevations in the etched sample.

Dimple Structure.The dimple structure obtained upon
exposure of the brush B1 to acetone for 2 h (the original
morphology for four different locations on the sample at zero
etching time is shown in panels a, d, g, and j of Figure 5 was
etched by oxygen plasma in three steps (Figure 5b,e,h,k). We
observed an increase in the height of the bumps (elevations).
The cross sections taken from four different locations in the
sample (Figure 5c,f,i,l) show that no topography inversion was
observed upon etching (in these images, the dashed lines show
the original profiles at zero etching time and the solid lines show
the profiles of the etched films). These data suggest a high
concentration of PS in the elevated bumps and of PMMA in

the valleys (since the etching of PS is slower than the etching
of PMMA); this is in good agreement with the theoretical model.
The change of the average layer thickness upon etching is
demonstrated in Figure. 4b.

It is noteworthy that the shape of the clusters tends to change
from spherical to elliptic with increasing etching time (Figured
5h,k). We assumed that a probable reason for that was the
insufficient exposure to acetone, which led to incomplete
formation of the phase-segregated morphology. In order to verify
this, we repeated the etching experiment with another sample
of the brush B1 exposed to acetone for 10 days. Again, an
increase of cluster height and zero topography inversion were
found upon etching (Figure 6). However, the cluster shape in
the bottom of the brush layer was indeed nonspherical (Figure
6f,i). The explanation of this behavior can be obtained from a
recent theoretical analysis43 and an experimental report (so-
called memory of the lateral segregation),44 which give evidence

Figure 5. Oxygen plasma etching of the brush B1 after 2 h exposure to acetone. AFM topography images (1.00× 0.73 µm2) were recorded in
several locations: location 1 before etching (a), after etching for 20 s (b), and the corresponding cross sections (c); location 2 before etching (d),
after etching for 60 s (e), and the corresponding cross sections (f); location 3 before etching (g), after etching for 100 s (h), and the corresponding
cross sections (i); location 4 before etching (j), after etching for 120 s (k), and the corresponding cross sections (l). White arrows mark the locations
of the cross sections.
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for a strong effect of the random character of the grafting process
on the morphology of mixed brushes. It was shown that small
fluctuations in the grafting points are amplified by the mi-
crophase separation and nucleate the location of the domains
in the mixed brush. We suggest that small fluctuations of the
grafting points affect the cluster shape more strongly near the
grafting surface and that can be a reason for the shape of the
elongated domains closer to the grafting surface.

As can be seen from the topographical profiles (Figures 3-6),
the etching rates differ very little for the two different mor-
phologies. Valleys formed after the topography inversion for
the ripple morphology and valleys in the dimple morphology
were etched with the same rate because they consist of the same
polymer, PMMA. Thus, the etched films for both morphologies
demonstrate similar composition profiles closer to the grafting
surface, but they have different profiles at the top of the brush
and have different degrees of roughness.

The reconstructed etching process and the inner structure of
the dimple morphology are shown in Scheme 1c,d. The
morphology of the original film (zero etching time) can be
represented as a combination of the lateral and layered phase
segregation of PS and PMMA (Scheme 1c). Since there is no
substantial difference in the etching rates but at the same time
XPS shows the enriched fraction of PMMA on top of the film,
we may conclude that only a very thin layer of PMMA covers
the bush. This layer is rapidly etched and afterward the
morphology of the brush is represented by alternating lateral
domains of the two different polymers etched with very different
rates (Scheme 1d).

Discussion

The presented combination of AFM, XPS, and plasma etching
was explored for the reconstruction of the 3D morphology of
the etched samples of PS/PMMA mixed brushes dried (quenched)
after treatment with selective and nonselective solvents. The
results revealed both similarities and differences between the
two morphologies formed in selective and nonselective solvents.

The similarity is in the lateral phase segregation of two
polymers. Very small fluctuations in the positions of the grafting
points cause a compositional inhomogeneity of the mixed brush,
dictate the location of domains, and destroy long-range order
in both cases. No sharp transitions between different laterally
segregated morphologies were observed in the experiments.
Close to the grafting surface both morphologies look very similar
in structure: alternating elongated domains of PS and PMMA.
This gives evidence for lateral phase segregation across the
brush. For the ripple morphology, we observed no well ordered
horizontally oriented cylindrical domains but rather elongated
structures, which can be considered as strongly corrupted
cylindrical structures.

The difference between the ripple and dimple morphologies
is in the additional layered segregation in the selective solvent
that results in a much higher roughness of the brush. The higher
roughness of the dry sample is due to the tendency of the
solvophilic polymer to cover the entire brush film. Thus, the
distribution of the solvophilic PMMA between topographical
domains is different in acetone and toluene as shown in Scheme
1a,c.

In the next step, on the basis of the structure of the dry films
and the conclusions extracted from the SCF theory, we
reconstruct the brush structure in equilibrium conditions (being
swollen in solvents). In Scheme 2, we show the reconstructed
swollen structures versus dry structures for both nonselective
(Scheme 2a,b) and selective (Scheme 2c,d) solvents. This
reconstruction was obtained by proportional swelling of both
the polymers in nonselective solvent (Scheme 2a,b) and
preferential swelling of the solvophilic PMMA in the selective
solvent. The top of the layer in the first case appears as a ripple
morphology, while a dimple morphology is expected in the
second case. Below the top layer, both structures have alternating
segregated phases. There is no big difference in the shape of
the domains near the grafting surface. In the vicinity of the
brush-solvent interface, in nonselective solvents, the domains
are bent, strongly deformed cylinders (worm-like structures)

Figure 6. Oxygen plasma etching of the brush B1 after 10 days exposure to acetone. The AFM topography images (1.00× 0.73 µm2) were
recorded at three locations: location 1 before etching (a) and after etching for 20 s (b), location 2 before etching (d) and after etching for 60 s (e),
and location 3 before etching (g) and after etching for 120 s (h). The cross sections are shown in panels c, f, and i. White arrows mark the locations
of the cross sections.
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oriented parallel to the grafting surface while, in selective
solvents, the domains of the solvophobic polymer appear as
round clusters and the swollen solvophilic polymers form
dimple-like structures.

Conclusions

The plasma etching experiments on the PS/PMMA brush
provided information sufficient for the reconstruction of the
inner structures of the mixed polymer brushes in dry and swollen
states. The ripple structure formed in nonselective solvent
consists of alternating PS- and PMMA-rich cylindrical domains.
The dimple morphology obtained in selective solvent consists
of PS-rich clusters surrounded by the PMMA-rich matrix. The
top layer of the dimple morphology is dominated by PMMA.
The structures of the segregated brushes upon exposure to
different solvents are shown in Scheme 2c,d. Very small
fluctuations in the positions of the grafting points cause a
compositional inhomogeneity and destroy long-range order in
both cases. In different solvents, the brushes degenerate into
very similar morphologies near the grafting surface.
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