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Local Composition of Nanophase-Separated Mixed Polymer Brushes

Svetlana Santer,*" Alexey Kopyshev, Hyun-Kwan Yang, and Jugen Ruhe

Department of Microsystems Engineering (IMTEK), Lémsity of Freiburg, Georges-Koehler-Allee 103,
D-79110 Freiburg, Germany

Receied January 13, 2006; Resed Manuscript Receed February 28, 2006

ABSTRACT: Polystyrenepoly(methyl methacrylate) (PSPMMA) mixed brushes synthesized by surface-
initiated polymerization show nanophase separation into defined pattern depending on the molecular parameters
of the brushes. Two sets of mixed brushes are studied: (i) with fixed grafting density and molecular weight of
the PS chains, but differing in the molecular weight of PMMA polymer, and (i) with varying grafting density of

the PMMA chains while that of the PS chains and the molecular weight of PS and PMMA chains are kept
constant. The local distribution of PS and PMMA chains within the monolayer and the size, shape, and position
of the domains constituting the nanopattern are found to vary with the nature of the solvent to which the brushes
are exposed. The brushes are treated cyclically first with either a good solvent for both blocks, leading to strong
swelling and structure erasure, and then with a selective solvent, which induces the nanophase separation. It was
found that in the case of the brush exposed to toluene solvent (good solvent for both polymers) the brush surface
exhibiting a small variation in topography has a heterogeneous surface composition, with the nanoscopic areas
having only PS or PMMA chains at the surface. When the brush is treated with acetone solvent, which is better
for the PMMA chains, the surface consists only of PMMA chains, and the topography assumes a more pronounced
relief. We introduce the concept of the local domain memory effect of the brushes, i.e., whether the brush locally
forms always the same pattern or if the local assembly of the domains emerges in different places every time the
transition to the structured state occurs.

Introduction and mixed brushe¥.22 The brushes consist of two polymeric
components, A and B, which are incompatible with each other
and show microphase separation into patterns of defined size
and shapé:2629-32 As the domains in such systems are typically
only on the scale of a few nanometers and do not change even
upon prolonged annealing, one might call such systems “nano-
phase separated”. The size and shape of the domains depend
not only on molecular parameters of the brushes, such as grafting
density, molecular weight of the chains, and the mass ratio of
A to B polymer, but also on the selectivity of the solvent to
which the brush was exposed. In the case of mixed brushes it
was shown theoreticalt§293234 and experimentally that in

The interest in polymer brushes has progressively grown from
the development of theoretical concépfsto the realization of
experimental systems and the emergence of novel applicatins.
Especially the latter has evolved strongly along with the
development of a polymerization procedure where the polymer
molecules are grown directly on a surface in 3t variety
of growth strategies allows adjustment of molecular parameters
and composition of the brushes in a controlled way. Of special
interest are systems in which two different types of polymer
molecules are attached to one surface. ATRP is typically used
for the synthesis of diblock copolymer brushes with a variation )
of brush composition along the chailfs16 while free radical a nonselective solvent the A and B polymers segregate laterally

polymerization is frequently applied for the synthesis of mixed N0 so-called “ripple structure”, while upon exposure to a
brushes in which two types of (homo-)polymer chains are ;elecpve solvent, a transition to a layered (“dimple”) structurg,
attached at random positions on the surfdcé? Both systems in Wh_lgh the unfa_vor_ed _c_omponent forms clusters, occurs. This
lead to microphase-separated structures if two incompatibletrans't'on results in significant changes of the brush topography.
polymers are used. For the characterization of both diblock We have shown that the same area on the brush can be turned
copolymer and mixed brushes, the main effort so far mostly into different topographical states, namely nanostructured and
has been put on identifying the different topographies and flat,2-28through subsequent exposure of the sample to different
subsequently measuring the contact angles of water on thesolvents. One of the solvents is selective for a certain chain
surface of the brushé4:26 These investigations have been and the other is a nonselective, i.e., good solvent for both A
fostered by certain key applications, such as designing surfacesand B components. Changes of the topography are accompanied
with switchable wettability and adhesion properties. It was by the redistribution of the chains A and B on the topmost
observed that contact with different solvents can influence the surface of the brush. On a macroscopic scale this results in a
surface topography significantly. Exposure to selective and change of the hydrophobicity/hydrophilicity of the samples,
nonselective solvents allows to switch the topography of the which causes a change of the wetting behavior of the surfaces.
samples on a nanoscale, rendering polymer brushes interestingxperimentally this behavior has been reported for a variety of
for nanotechnology. tri- and diblock copolyme?§:35-38 and mixed brushe¥. 24 On

Recently, we have introduced a new method to move nano- the nanoscale, the topography fluctuations determine a spatial
objects on a polymer surface consisting of diblock copolymer variation of the surface energy on the length scale of the domain

size. This results in dynamically fluctuating force fields acting
B on objects located on the polymer surface. Such fluctuating force
orn Prokhorova. . L

* To whom any correspondence should be addressed. E-mail: ssanter@f'elds can be used as a driving force for the movement of
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Scheme 1. Chemical Structure of PSPMMA Mixed Brush
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Table 1. Molecular Parameters of PS-PMMA Mixed Brushes

M,F;Sa I'PYt) oPS hPsb MEMMA a [total(t) ototal htotal hPMMA b

[g/mol] [umol/n?] [nm=2] [nm] [g/mol] [umol/n?] [nm=2] [nm] [nm]
I 3 x10P 0.071 0.042 20 0.% 10° 0.100 0.060 25 5
I 3 x 1P 0.071 0.042 20 0.5 10° 0.100 0.060 30 10
i 3 x 1P 0.071 0.042 20 X 10° 0.100 0.060 34 14
v 3 x 1P 0.071 0.042 20 Xk 10° 0.093 0.056 30 10
\Y, 3 x10° 0.071 0.042 20 X 10° 0.115 0.069 40 20
\ 3 x 1P 0.071 0.042 20  10° 0.124 0.075 50 30

aThe number-average molecular weights of the free PS and PMMA polymers were measured using an Agilent GPG°P¥&mas calculated as the
difference of the total dry thickness and the thickness of the PS brusfib¥A = htotal — hPS,

In this paper, we investigate P®MMA mixed brushes condensation reaction between the chlorosilane groups and the
that can be divided into two sets: one series consists of silanol groups on the surfaée:#3 This reaction results in a well-
brushes with fixed grafting density and fixed molecular weight defined monolayer, covalently attached to the silicon surface
of the polystyrene chains and varying molecular weight of the _(Scheme 1). The rogghness of the surface co_vered with the initiator
second, the poly(methyl methacrylate) (PMMA) chains; the IS 0.4 nm as determined from atomic force microscopy (AFM) and
second set comprises brushes of varying grafting density of X8 reflectometry (XRR) measurements. This value is the same
PMMA while the molecular weight of the PS and PMMA chains 25 that of the roughness of the blank silicon wafer. The grafting
and the grafting density of the PS chains are kept constant. ForOIenSIty of the initiator molecules is typically around Lol/n?,

. - which corresponds to 1.08 nh?*0-43
these two classes, we investigate the structure of the nanopat- L . L
The surface-initiated radical polymerization of styrene and

rns and how th nd on th Ivent ex re. In i-
terns and how they depend on the solvent exposure aad (methyl methacrylate) was carried out through thermal initiation

tion, we address the question of what the influence of the J ;
nature of the solvent and the drying conditions have on the at 60°C. In the first step the polystyrene (PS) homopolymer was
grown from the initiator surface. For all brushes discussed here,

nanopattern at the single domain level. We observe and track,o polymerization time for the PS chains was 3 h, and the

the shape, size, and location of single domains in the nanopat-qoncentration of the styrene monomer in toluene was 1:1 (v/v).
tern during and after exposure to varying environmental These reaction conditions yield a molecular weight of the PS chains

conditions. of M, = 3 x 10° g/mol and a grafting density df(t) = 0.071

. umol/m?, i.e.,o = 0.042 nm? (Table 1)*42 After polymerization
Materials and Methods of the PS homopolymer, the samples were extracted with cold
Synthesis of PS-PMMA Mixed Brushes. The synthesis of PS toluene in an externally cooled Soxhlet apparatus for at least 10 h.

PMMA mixed brushes was carried out as described elsewfere. This allows to remove all not covalently attached polymers chains
Here we report without details the main steps of the synthesis. Theformed in solutiorf” 43 The dry thickness of the brush was 20
dimethylchlorosilylpropyl 4-isobutyronitrile-4-cyanopentanoate 1 nm as determined from ellipsometry, XRR, and AFM measure-
(AMCS) initiator was prepared as described in ref 40. The azo ments. After polymerization, the silicon wafer containing the PS
initiator was immobilized on the surface of a silicon crystal in the brush was cut into several pieces, which were used for growing a
presence of triethylamine (TEA) in dry toluene solution under a second homopolymer. Thus, a series of mixed brushes were
nitrogen atmosphere. An excess of initiator was used to perform a synthesized having identical molecular characteristics (mole%JB\r/
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Figure 1. Simplified scheme of the PSPMMA mixed brushes having the same molecular weight and grafting density of the PS chains (gray) and
similar total grafting density and different molecular weight of PMMA chains (black).

weight and grafting density) of the PS chains and different between the total number of PS segments to total number of
characteristics of the second homopolymer (PMMA). PMMA segments varied accordingly (Table 1). When the
The growth of the second polymer was initiated from the initiator, grafting density of the two chains is similarcan be calculated
which was not activated during the first reaction (Scheme 1). By as the ratio of the PMMA and PS molecular weights:=
varying the( polﬁlmerization tim;a )at conztaﬁt h/rI}MA/tOh;eg?f con- MEMMA/MES_ In the samples studied here it varies frgm= 1
centration (in this paper 1:1 v/v), mixed brushes with different _ . . .
grafting density of PMMA were synthesized (Table 1). When the _to ¢._ 3.3. A schematic representation of the brushes is shown
polymerization time of PMMA is increased from & 2 h and then in F|gure 1 ) L ) .
to 2.5 h, the overall grafting density of the brushes (Table 1) It is known that binary brushes consisting of incompatible

increases froni'(t) = 0.093umol/n? (¢ = 0.056 nn1?) to I'(t) = polymers show microphase separation on a hanometer length
0.115umol/n? (o = 0.069 nn1?), andl'(t) = 0.124umol/m? (o = scale into different patterns, depending on molecular parameters
0.075 nn1?), respectively* When the polymerization time of the  and on external conditions such as the type of solvent to which
PMMA homopolymer is kept constanE'(t) = 0.1 umol/n? (o = the brush is exposéd-24 To understand how different solvents

0.06 nn1?)), the molecular mass of the PMMA homopolymer is  influence the morphology of a certain brysie first used
changed by varying the MMA/toluene concentration (Table 1, {5)yene and acetone as typical examples. Acetone is a better

géﬁgffs 'v’vé'r’e"QSZQﬁgungfahdeSvivsnhOftcTueenS: Ct‘;”?efn‘z,'zre“ iﬁ;gg‘ﬁnd solvent for PMMA than for PS, while toluene is a good one for
PMMA chains. both polymers but slightly favors PS over PMMA.The

Instrumentation. An atomic force microscope (AFM) (Multi- topography of the brushes was examined by tapping mode AFM
Mode, Veeco Metrology Group) was used to characterize the Me@Surements after exposure to each solvent.
morphology of the layers. Tapping mode images were acquired .After installing the sgmples into the AFM, they were treated
using silicon cantilevers (Olympus) with a resonance frequency of With acetone by pumping the solvent through the cell for 10 s,
~300 kHz, a spring constant 50 N/m, and a tip radius of  followed by drying in an air flow for 2 min. The topography
~10 nm. For filling the measurement cell with solvents or vapors in all three cases is not smooth but has a roughness of 8.5
we built a system with a mechanical pump that connects reser-nm (Figure 2a-c). The formed patterns are homogeneous in
voirs filled with either dichloromethane, acetone, acetic acid, and sjze with heights of 20, 25, and 27 nm for the brushes 1, Il
toluene solvents and their vapors. With a corresponding switch gnq |1, respectively. The average distance between the pat-
it was possible to control the flow of the different vapors into tern is around 120 nm. The shape of the brush pattern can be

the measurement cell within several seconds and switch be'bestdescribed as a “dimole-like” structure. The advancing con-
tween different vapors and air. After the sample was exposed to P " o ng
tact angle of water of all three brushes is #31°, which

the chosen vapor or solvent, air was pumped through the cell ;
for 2 min in order to dry the sample. AFM images were recorded COrresponds to the advancing contact angle of water on a flat

in air at a relative humidity of 4045% and at room tempera- PMMA surface.

ture (~25 °C). Commercial software (Nanoscope llla, DI) was Without changing the scanning position on the brush, toluene

used for the image analysis on several areas qin®? and (2 was pumped through the liquid cell for 10 s, and the samples

umy in size and averaged over 20 micrographs. The roughness ofwere dried in air for 2 min. The topography of the brushes

the surfaces in terms of the root-mean-square deviation from recorded at the very same place is shown in Figuref2@he

tr}e zmeanz plane (rms) was calculated taking into account an area, qjse identification of a specific location is accomplished by

of 2 u m).' . . . choosing suitable reference points; these are small defects found
The thickness of the mixed brushes was characterized using 4near the edge in the lower right part of the micrographs. After

commercial DRE-XO2 C eliipsometer operating with a 638.2 nm treatment with toluene (better solvent for the PS polymer), the

He/Ne laser at an incident angle of°70rhe refractive index of
PMMA was taken as = 1.49, while the refractive index of the ~ toPography of the brushes became smoother, and the rms

mixed layer (PMMA and PS) was varied according to the roughness dropped to 1.5 nm for all three brushes. The height
composition. Results were obtained from three different spots on Of the pattern formed is 4 1 nm for brushes | and Il and &
each wafer with three measurements per spot. The characterizatio2 nm for brush Il (Table 2).
of the brushes was also carried out using a 1.6 kW X-ray  The phase AFM micrographs of the same areas are shown in
reflectometer from Bruker AXS (Cud 4 = 0.154 nm) (Siemens/  Figure 2g-i. The images were recorded in the moderate tapping
Bruker D5000). mode, in which the phase contrast between different areas on
the micrographs is caused by differences in material stiffffess.
For the measurement setup used here, a higher stiffness causes
Series I: Variation of the Molecular Weight of the PMMA a larger phase shift (at moderate tapping madg  0.7)),
Chains at Constant Grafting Density. For the first series of  which is represented by a brighter color in the micrographs. As
mixed brushes studied here the grafting density of the the Young modulus of PMMA is higher than that of PS, brighter
chains wasI'(t) = 0.1 umol/n? (¢ = 0.06 nn7?); i.e., the locations can be attributed to higher PMMA contents. The phase
distanced between two neighboring chains was around 4.08 images of the three samples reveal a pronounced binary
nm d = 1/v/0). As during the growth of the PMMA chains  distribution with phase contrast of 3or all brushes. There is
different monomer concentration were employed, the molec- a direct connection between the topography (Figuref2dnd
ular weight of the surface-attached chains and the ratio phase pattern (Figure 2g): the “folds” visible in Figure 2a-f

Results and Discussion

Ccbv
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Table 2. Size of the Topography Patterns for PSPMMA Mixed Series II: Variation of the Grafting Density. In the second
Brushes after Solvent Treatment As Measured by AFM set of samples (Table 1), the ratio of PMMA/PS is changed as
film thickness acetone toluene the grafting density of the PMMA is varied, while the molecular
h2nm Hbnm  denm  HPnm  denm weight of the polymers is kept constant (Figure 3). In these
| 25 20+ 2 ~120 4+ 1 ~200 samples the brush topography after acetone treatment shows
I 30 25+3 ~120 4+1 ~200 features similar to the first set (Figure 4e).
:{', gg %i g :gg ii i :388 The roughness (rms) of the surfaces is 8.5 nm, and the phase
Vv 40 30+ 3 ~150 442 ~200 micrographs after treatment with acetone show no contrast, as
VI 50 10+3 ~120 6+ 2 ~200 in the case of the first set of brushes. The height of the pattern
ah s the total dry thickness of the brush (Table 1) is the height of increases from 25 3 nm for brush IV to 3Gt 3 nm for brush
the patterns of PSPMMA mixed brushestd is the average distance  V (Figure 4a,b, respectively). Brush VI, which has the highest
between the centers of two neighboring brush patterns. total dry thickness (50 nm) (Table 2), microphase-separates into

correspond to the bright areas on the phase images. The coverag% semispherical pattern with height 203 nm (Figure 4c). As

of bright areas on the phase images increases from 30% forl the investigations of the first series, we used areas that can
brush | to 37% for brush Il and 45% for brush Ill. Remarkably, be tracked with the help of characteristic defects; e.g., for brush

this coincides with the total amount of PMMA polymer within Y W€ chose a characteristic bright spot in the upper left edge

the brushes (32%, 40%, and 45% for brushes I, Il, and 111, (Figure 4b).

respectively). It should be mentioned that, after treatment with  After treatment with toluene, the topography became smooth,
acetone, no phase contrast was obtained on the same areas (s@dth a roughness of 1.5 nm. The height of the features for
Supporting Information). brushes IV and V is 4t 1 nm, while the depth of the “holes”
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Figure 2. AFM micrographs of the three brushes | (a, d, g), Il (b, e, h), and Il (c, f, i) (Table 1), sharing similar grafting density but differing in

the ratiop = M"MM4/MPS (PS molecular weight is fixed) as 1, 1.7, and 3.3, respectively. (a, b, c) show the topography of the brushes after treatment
with acetone and their cross section taken at an arbitrary line. (d, e, f) After exposure of the samples to toluene, the topography was recorded at

the same areas as in (a, b, c). (g, h, i) show the phase images (vertical s€plef, tB@ areas from (d, e, f). CDV
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Figure 3. Simplified scheme of the PSPMMA mixed brushes (series Il) having the same molecular weight of PS (gray) and PMMA (black)
chains and differing in grafting density of PMMA chains.

-

VI

nm

Figure 4. AFM micrographs of the second set of brushes 1V, V, and VI (Table 1) with constant molecular weight B,RS3 x 1P g/mol)

and PMMA M, = 1 x 1C° g/mol) but increasing PMMA grafting density(@) < o(b) < o(c)). After exposure to acetone (a, b, c), the brush
topography exhibits dimplelike (a, b) or semispherical (c) patterns. (d, e, f) show the same area after treatment with toluene (better solvent for the
PS). Phase micrographs of the areas in (g, h, i) reveal a pronounced contrast between the depressions and the patterns (vertfjal scale: 30

in brush VI is 8+ 2 nm. The average distance between the marked by the black oval) after toluene exposure and appeared
patterns formed (ripples or holes) for all three brushes is the as the areas with the smaller phase shift in the phase micro-
same, i.e..~200 nm (Table 2). The phase micrographs of the graphs (Figure 4i). This behavior is common for all patterns of
brushes after toluene exposure (Figure 4i)gshow a pro- brush VI.

nounced distribution of two different phases. As in the case of The area with the higher phase shift increases with grafting
the first set of brushes, the dark areas correspond to the regionglensity, from 35% for the brush IV to 60% for the brush V and
of lower height on the height images. The bright areas corre- 80% for the brush VI (Table 1). The fraction of the area with
spond to regions with higher phase shift. Remarkably, in the high phase shift coincides with the mass fraction of PMMA in
case of brush VI, there is an inversion of patterns between thethe brushes, which is 31%, 62%, and 75% for brush IV, V, and
two states (after treatment with acetone and toluene). In- VI, respectively. This compares well to series |, where the mass
deed, when just searching for the three “micelles” marked by fraction of PMMA also varies, caused by the increase of the
an oval in Figure 4c, they turned into three “holes” (Figure 4f, molecular weight of the PMMA chains. CDV
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Vapor Experiments. In all experiments described so far
solvent exposure followed by a drying process was employed.
The drying process of surface-attached layers, however, is rather
complicated. To prove that the observed structures are not
caused by artifacts of the drying process, similar experiments
were carried out in vapor. As an example, we discuss the
morphology of one of the brushes (brush IV, Figure 5a,b) in
toluene vapor. The height image reveals a smooth topography
with a roughness of 0.7 nm, while the phase micrograph shows

contrast (bright areas) and low phase contrast (dark “ripples”).
When the sample is exposed to solvent vapor, the phase
transition can be almost followed in real time. In the case of
brush V, the in-situ switching of the brush topography from
the dry state (after toluene treatment) to a swollen one was
carried out by pumping saturated toluene vapor into the cell
during image acquisition. The moment when the solvent vapor
was introduced can be easily identified by a disturbance of the
image recording, marked by an arrow in the figure. The scanning
direction was from top to bottom (Figure 5c,d). After introduc-
tion of the vapor, a short instability of the AFM imaging process
was observed. During this time the cantilever moved by about - " 'y y
120 nnt® in the scanning direction. As the image acquisition 0 nm 2000 '0 nm 200

frequency was 2 Hz, corresponding to a scanning speed alongFigure 5. Height and phase AFM micrographs of the brushes IV (a,

the slow scan direction of 19.5 nm/s, the time required for pyand v (c, d) acquired after toluene vapor exposure. The topography
switching from the dry to the swollen topography can be is smooth, while the phase images reveals a heterogeneous distribution
estimated from the image to be 6 s. of the two components, inducing high phase shift (bright areas) and
. L . . . low phase shift (dark areas). (c, d) During scanning from top to bottom,
The zone of instability in the image acquisition process during toluene vapor is pumped into the liquid cell at the scan position
solvent vapor introduction is due to the sum of two very different indicated by the bold arrow. After a short instability time at which the

effects: on one hand, since the ambient conditions are changedgiStanCd = 12(t)hnm i_?hscgnneqx(e s), the top(égrar;hy of thteherSth .
the dynamic parameters of the tip (oscillation frequency, P&c@me smoother. the imaging was carried out using the moderate
amplitude, quality factor) change as well. This is because manyta'oplng modergp ~ 0.7) with the driving amplitude oo = 70 nm.

processes are taking place at the same time when the vapor i?/vhether the domains emerge at completely random positions
pumped into the area between the scanning AFM tip and the 9 P y P

polymer surface: (i) change of the refractive index of the or whether there is a certain persistence of position and shape

surrounding medium through which the laser beam passes, (ii) of domains during erasure and regeneration.

local changes in total pressure, (iii) condensation of vapor on To illustrate this questlon, we take brush Il as an e>'<ample, a
the AEM cantilever, and (iv) hydrodynamic influences of the selected area of which was scanned after treatment with acetone

vapor flow on the cantilever oscillation. On the other hand, and toluene (Figure 6). To have a good position reference point,

swelling or reorganization of the polymer structure itself starts \rllvri ?/vciiiaetcgt?id ;hsxfeu;;?ﬁe ;P:nihirgcslIy.e;”r‘ilsh:esgrl;se:nt(? tﬁgo
immediately after vapor introduction. This process may induce lower left co?ner of the i?na e (Fi urng) V\?here the film is
height perturbations during the scanning of the AFM cantilever. 9 g !

In general, both effects may occur over a broad range of time largely removed and only bare silicon is left behind. After

scales, such that a precise analysis cannot easily be made. Thu%saggfrrg tg':2|3§§éogef'rg§;:rgir¥é asofrmgég'sg\r’sggrésf:ﬁ;
we can only conclude that the swelling appears either on the P ’ poly

same or a smaller time scale as the duration of the instability sté:prizrsgfaeie(,lz?lllljrlgslt gmoji E%Tplgﬁzls{a\?ralegmrt\zg that
observed during the AFM experiment. poly y 9 NG 9

] . o ) ) the material adsorbed to the stripe has a higher phase shift
We briefly summarize our findings up to this point. After (Figures 6d,d1,d2). It is well-known that PMMA preferentially
toluene treatment, the AFM micrographs show a phase contrastadsorbs to silicon surface. This agrees well with the finding
indicating a heterogeneous distribution of PS and PMMA chains gescribed above that the bright areas in the phase images consist
at the brush surface. In the phase images, the coverage withpf pMMA chains. After exposure of the same area to acetone,
bright areas increases with increasing amount of the PMMA e chains receded from the stripe (Figures 6a,b,b1,b2). Reex-
present (due to either increased grafting density or increasedpgsure to toluene solvent leads to readsorption of the polymer
molecular weight), suggesting a corresponding increase of g the surface of the stripe (Figure 6d2). Although a width of
PMMA at the topmost layers of the polymer brush. After 400 nm seems a lot for coverage by simply “leaning over” of
treatment with acetone, on the other hand, there is no noticeablepo|ymelr chains, it should be noted that the dry layer thickness
phase contrast, and one expects only PMMA to be present atis around 30 nm. Thus, half of the channel width is only roughly
the brush surface. These assumptions are also supported by times larger than the layer thickness. For comparison the
contact angle measurements. Our results suggest that one mayontour length of a 1x 10° g/mol PMMA chain can be
always identify the bright areas in the phase images with estimated to be roughly 24m.
PMMA. This will be confirmed in the following section. In tracing the local structure over repeated solvent switching
Domain Memory. So far, the experimental results show that cycles, one finds that characteristic patterns persist at the very
we are able tdocally study the brush composition over many same places (Figure 7). In the series of the micrographs in Figure
cycles of topography switching. An interesting question now is 7, a certain area on the brush was selected, and the topogag{}y
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Figure 6. AFM micrographs of the brush Il after acetone exposure (a, b) and toluene treatment (c, d). The brush was scratched that results to the
stripe of bear silicon surface going across the image from the right upper to the left bottom corner. The phase image in (b) has no significant
contrast, while the one in (d) shows two-phase map of the surface. The micrographs b1, b2, d1, and d2 demonstrate details of the selected area
marked by dashed black square. After treatment with acetone (bl), the same area was exposed to toluene (d1), again reexposed to acetone (b2)
followed by treatment with toluene (d2).

Figure 7. Height AFM micrographs of the topography of brush Il recorded after exposure to acetone. The images were acquired after six subsequent
switching of the solvent from acetone to toluene and back to acetone. The size of the micrographs isX@0@&mm. 3-Toluene and 6-toluene
are the same areas after treatment with toluene in the 3rd and 6th cycles, respectively. I, Il, and Il indicate the domains discussed in the text.

was recorded after each of nine cycles of acetdokiene toluene, acetic acid, and dichloromethane. According to the data
treatment (see movie in Supporting Information). Micrographs in ref 44, dichloromethane and toluene are good solvents for
1 and 2 show the same area as in the images 3, 4, 5, and 6, buboth polymers while acetone and acetic acid both favor PMMA.
before scratching. The dashed black line in Figures 7, 1 and 2 We illustrate our findings using brush IV as an example,
indicate the edge where the brush was removed. The markedwhich is characterized by a total dry thickness of 30 nm (Tables
domains (I, I, and Ill) appear after each cycle of topography 1 and 2) and a total grafting density Bft) = 0.093umol/m?
switching at the very same position with a slight variation in (o = 0.056 nn2, d = 4.22 nm). The topography of the brush
overall shape. The variation of domain shape during topography after exposure to each of the solvents was recorded at the same
switching is different for each domain: some of them are location. This area can be identified from the three characteristic
strongly persistent (domains | and Il) and others (domain Ill) features on the brush marked by the arrows in Figurea
possess a weaker memory, but in all cases there appear to b&/hen searching for single patterns, we have selected an area
pronounced “nucleation centers” that pin domain formation marked by a dashed black square, the enlargements of which
during nanophase separation. are placed to the right of each original micrograph (Figure 8).
Influence of Solvents. An important question is whether the  On an area of 600 nra 500 nm, among others, a characteristic
observations of domain memory are solely due to a specific II-shaped pattern can be recognized (for clarity, we marked the
solvent combination (toluene/acetone) or whether other good pattern with a dashed line).
or selective solvents can be used. In addition, it is of interest  After treatment with acetone (Figure 8a), fieshaped pattern
which of the polymer is located where in the brush: the appeared as a depression with a depth of 25 nm and a width of
difference in solvent quality for the two polymers determines 80 nm. Accordingly, in the phase image this feature cannot be
the extent of phase separation, while the better soluble polymerclearly recognized as the phase contrast is only very weak. After
is more likely to be located in the upper layer of the brush. The toluene exposure (slightly better solvent for PS) Ehgattern
brushes were treated with four different solvents: acetone, appeared as a protrusion with a height of 4 nm and a widta[g{/



Macromolecules, Vol. 39, No. 8, 2006 Nanophase-Separated Mixed Polymer Brush8863

Figure 8. AFM height micrographs of the topography of brush IV after exposure to (a) acetone, (b) toluene, (c) acetic acid, and (d) dichloromethane.
All micrographs were acquired from the same area, which can be identified with the help of three characteristic defects on the brush marked by
arrows. The dashed black squares indicate areas magnifications (height and phase AFM images), which are shown on the right side of each original
micrograph. The cross sections along the same place marked by dashed white lines are shown underneath the micrographs.

75 nm. The phase image (underneath the height image, on thechains increases with the total amount of PMMA within a brush.
right from Figure 8a) of the same area shows a two-componentThe formed patterns persist over many cycles of topography
surface with a phase contrast of°3@(fter treatment with acetic ~ switching, independent of brush structure or solvent used. The
acid, which is a good solvent for PMMA, thi& pattern switched structure can be erased and regenerated over many cycles.
again back to a depression state (Figure 8c). The overall However, if this is observed in more detail, slight differences
topography of the brush differs from that after treatment with between individual locations can be found. In an ensemble of
acetone and exhibits a much smoother surface with trenchlikethe domains within the brush topography, there are patterns
valleys inside, with a depth of 10 nm and a width of 50 nm. which appear at the same place with exactly the same shape
The roughness of the brush topography decreases by a factoeach time after topography switching, while a certain part of
of 2 (4 nm). The phase image, as after treatment with acetone,the domains bear slight or strong variations in the position and
does not exhibit any significant variation in contrast, although shape over repeated treatment with different solvents. Such a
here thell pattern can be recognized in a more pronounced process might be called partial domain memory, as some domain
way. positions and shapes are exactly remembered, while this memory
After treating the brush with dichloromethane, which is a is more blurred in other locations.
good solvent for both polymers, the topography switched, as In a forthcoming publication, we discuss how the domain
expected, to a flat state with an rms roughness of only 0.6 nm memory effect can quantitatively be related to the molecular
(Figure 8d). characteristics of the brush.
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