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ABSTRACT

Direct, in-fluid observation of the surface morphology and nanomechanical properties of the mixed brushes composed of Y-shaped binary
molecules PS −PAA revealed nanoscale network-like surface topography formed by coexisting stretched soluble PAA arms and collapsed
insoluble PS chains in water. Placement of Y-shaped brushes in different fluids resulted in dramatic reorganization ranging from soft repellent
layer covered by swollen PS arms in toluene to an adhesive, mixed layer composed of coexisting swollen PAA and collapsed PS arms in
water. These binary layers with the overall nanoscale thickness can serve as adaptive nanocoatings with stimuli-responsive properties.

Nanoscale switchable surfaces bring a new dimension in
adaptive, stimuli responsive devices and sensors. Responsive
organic and polymer layers hold great promise in designing
of microelectromechanical and micro-nanofluidic systems
with adaptive elastic, adhesive, and adsorbing surface
properties.1-5 The macroscopic response of such “smart”
surfaces controls the physical properties important in colloid
stabilization, chemical gating, bioadsorption, and for tuning
nanotribological behavior.6-10 Surface composition and,
hence, the surface energy, friction, elasticity, and wettability
can be tailored in a completely reversible manner. Indeed,
switching of surface properties has been recently observed
for mixed, binary brushes grafted to a solid substrate.11-18

However, the theoretical predictions that such brushes should
form a variety of nanoscale patterns and surface micellar
structures controlled by chemical attachment, grafting den-
sity, and composition has not been confirmed experimen-
tally.19,20

Recently, we have introduced a novel type of Y-shaped
amphiphilic brushes combining two dissimilar, hydrophobic
and hydrophilic polymer chains (polystyrene (PS) and poly-
(acrylic acid) (PAA)) attached to a single focal point grafted
to a silicon surface (Figure 1).21 Our initial results pointed
to intriguing surface properties and unusual surface nano-
structures with outstanding switching ability under alternating
treatments with different solvents.22,23 However, all studies
reported for these Y-shaped brushes as well as traditional
mixed brushes24 and other types of Y-shaped brushes25 have
been conducted for post-treated, dry surface layers in the
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Figure 1. Chemical structure and molecular graphics representation
of Y-shaped block copolymers with short (Y1) and long (Y2)
aromatic functional stems. Molecules contain 40 and 30 monomeric
units in PS and PAA arms, respectively.
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air under an assumption of the identity of their “frozen-in”
state to that occurring at a solid-fluid interface. To date,
the actual surface morphology and properties of these
responsive surfaces under fluids remain unknown.

Here, we report on the firstdirect obserVation of the
nanoscale interfacial structures under different fluids (at solid-
fluid interfaces) of Y-shaped brushes (see chemical formulas
in Figure 1). We used solvents of different quality and
evaluated brush nanoscale properties with surface force
spectroscopy (elastic response and adhesive properties). The
synthesis of the Y-shaped molecules presented in Figure 1
and the fabrication of chemically grafted layers followed by
hydrolysis are described in detail elsewhere.21,22Atomic force
microscopy (AFM) studies in the tapping mode were
performed on a Multimode Nanoscope IIIa microscope
equipped with a fluid cell according to the procedure adapted
in our lab.26 Probing of nanomechanical surface properties
was conducted directly in fluids by surface force spectros-
copy using cantilevers with known spring constants and
tip radii.27 Force volume mode within 300 nm× 300 nm
surface areas was applied to collect 16× 16 and 32× 32
arrays of force-distance curves. The force-distance data
processing and calculation of the elastic modulus and surface
histograms were carried out in accordance with the Hertzian-
based multilayered contact mechanics model. This model
considers influence of the substrate on the elastic response
and allows calculation of true elastic modulus as discussed
elsewhere.26-29

AFM imaging of Y1 and Y2 brush layers in toluene
(selective solvent for PS arms), water (selective solvent for
PAA arms), and mixed solvent of chloroform and methanol

(1:1) (good solvent for both arms) revealed surface morphol-
ogy with grainy nanoscale texture (Figure 2). The average
thickness of the brush layers determined from a scratch test
in fluid was close to 6 nm in different solvents. This value
was much higher than the effective thickness of 1.4 and 1.9
nm measured forY1 andY2 brush layers in a dry state.23

This significant (4-fold) increase in thickness in selective
solvents indicates the swelling of arms and the formation of
truly brush-like structure with stretched chains as predicted
for densely grafted polymer chains in brush regime.22

The surface microroughness reached 0.7 nm in water and
0.44 nm in toluene forY1 brush layer, and 1.6 nm in water
and 0.26 nm in toluene forY2 brush layer as compared to
the initial microroughness for functionalized silicon surface
of <0.2 nm. The surface microroughness in water was
consistently higher than in the dry state (0.7 vs 0.3 nm for
Y1 and 1.6 nm vs 0.3 nm forY2).22 This significant increase
(more than two-fold) reflects a nonuniform molecular
topography of the brush layers placed into a selective solvent.
This phenomenon is caused by a vertical extension of PAA
arms swollen in a good solvent with PS chains remaining in
a collapsed state as demonstrated in Figure 3. On the other
hand, the lower surface microroughness for both brush layers
in toluene can be associated with swollen PS arms fully
“screening” collapsed PAA arms (see arrangements in Figure
3). It is important to emphasize that the volume fraction of
PS arms is nearly two times greater than that of PAA arms
(0.66 vs 0.34). Finally, higher surface microroughness
observed in the mixed solvent reflects concurrent swelling
of both long-chain PS arms and short-chain PAA arms. Close
inspection of high-resolution AFM images obtained forY1

Figure 2. Representative 3D topographical images ofY1 brush layer (500 nm× 500 nm× 10 nm) in different solvents.
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brushes directly in different solvents revealed a random
network of elevated ridges running across the surface (Figure

4a). This network is more ordered forY2 brush layer with
occasionally seen local ordering expanding over a hundred

Figure 4. High-resolution AFM topographical images forY1 (a) andY2 (b) brush layers in water,Y1 brush layer in dry state decorated
with adsorbed gold nanoparticles (d), and corresponding molecular graphics of PS and PAA nanophases distribution within the layer (d).

Figure 3. Molecular graphics showing internal molecular organization of an individual cluster comprising sevenY1 molecules (green and
red chains represent PS and PAA arms, respectively) in different solvents corresponding to the images in Figure 2.
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nanometers across and a cell dimension close to 20 nm
(Figure 4b).

We suggest that this nanoscale topography is formed by
extended PAA arms in water elevated above the nanosized
mounds (∼15 nm) of collapsed PS chains. The PAA phase
forms ridges separating PS mounds as represented schemati-
cally in Figure 4d. In this model, the red chains representing
PAA arms elevated above collapsed PS domains composed
of seven densely packed PS arms.23 This molecular packing
with the average cell size of 10-15 nm is close (but lower)
to that observed experimentally. The PAA composition of
these ridges is additionally confirmed by an independent
study of adsorption of positively charged functionalized gold
nanoparticles with a diameter of 5 nm (Figure 4c). In fact,
we observed a strong preferential adsorption along the ridges
with no nanoparticles adsorbed on flat areas of the brush
layers. Apparently, such selective adsorption reflects neutral
charge of PS-enriched surface areas and negatively charged
PAA-rich ridges.

Weak nanoscale patterning observed directly in selective
solvents has been predicted by the theoretical models for
covalently grafted Y-shaped molecules.19 The lateral dimen-
sion of network cells observed is controlled by the level of
nanophase separation between PAA and PS arms attached

to the same grafting points as depicted in the graphics
representation (Figure 3). Finally, one should note that
although the elements of the nanoscale patterning predicted
by the theory can be observed, their in-fluid characterization
remains very difficult because of a challenge of collecting
high-resolution images of a swollen surface.

Significant changes in the surface properties (e.g., contact
angle) were detected for the Y-shaped brush layers after
treatment with different solvents in the dry state.22,23 The
in-situ surface reorganization under different fluids has never
been explored before not only for Y-shaped brushes but for
any other type of switchable layers as well.30 Thus, we
focused on the nanoscale properties ofY1 brush layer (results
for Y2 layer are similar) by measuring the elastic response
(the elastic modulus) and the adhesion (pull-off forces)
directly in selective solvents, water and toluene (Figure 5).

Surface force spectroscopy confirmed the repulsive char-
acter ofY1 brush layer in toluene with no adhesive loop
observed for a retracing cycle (Figure 5a). This behavior is
expected for weakly interacting surface such as a hydrophilic
silicon tip and PS-enriched surface.31,32 In stark contrast,
significant adhesive forces were detected for the silicon tip
interacting with the same Y-shaped brush in water. The pull-
off forces reached 500 pN which is a high value expected

Figure 5. Results of nanomechanical probing ofY1 brush layer in different solvents, toluene (a,c) and water (b,d): (a, b) representative
force distance curves and (c,d) histograms of surface distribution of the elastic moduli. Squares are approaching cycles and circles are
retracing cycles.
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for strong interactions between the AFM tip with hydroxyl
groups and a hydrophilic surface layer enriched with PAA
arms.31,32 Changes in adhesive forces measured directly in
fluids are fully reversible and confirm the surface structural
reorganization proposed for these Y-shaped brushes.22

The analysis of force-distance curves in accordance with
a modified Hertzian model for multilayered surfaces27

allowed us to evaluate the surface distribution of the elastic
moduli,E, of brush layers in selective solvents (Figure 5c,d).
Surface histograms measured directly in water with a lateral
resolution below 10 nm showed bimodal distribution of the
elastic response for Y-shaped brushes (Figure 5c). Compliant
surface areas with low elastic modulus (E ) 4.3 MPa) and
stiffer surface areas with higher elastic modulus (E ) 110
MPa) coexisted in water-swollen brush layer. Much lower
elastic resistance is found on the surface areas occupied by
PAA ridges. Both values of the elastic modulus were much
lower than that estimated for the dry brush layer from similar
nanomechanical mapping (430 MPa). The lower value of
the elastic modulus is close to that observed for highly
swollen polymers (e.g., polyelectrolytes in a good solvent).33

However, even in this state, the collapsed but longer PS arms
still occupy up to 35% of total surface in accordance with
cluster models discussed earlier.22 The presence of these
surface areas combined with uncovered collapsed PS sublayer
with higher elastic modulus causes bimodal elastic response.

In contrast, the testing of the elastic response ofY1 brush
layer in toluene which is a good solvent for PS arms showed
a unimodal distribution of the elastic response with the
average value of the elastic modulus centered around 4.6
MPa, a characteristic value for a polymer swollen in a good
solvent (Figure 5d). These data indicate that the surface
fraction of longer PS arms (vol. fraction 0.66) swollen in
toluene is sufficient to completely cover the surface, thus,
preventing the exposure of collapsed PAA arms. In addition,
strong interaction between PAA chains and the hydrophilic
silicon substrate may cause their uniform spreading in the
immediate vicinity of the substrate.

In conclusion, direct, in-fluid observation of the surface
morphology of binary brush layers composed of Y-shaped
amphiphilic molecules revealed their grainy surface topog-
raphy formed by coexisting stretched soluble arms in the
brush regime and collapsed insoluble chains. Nanoscale
patterning with short-range ordering was directly observed
for the Y-shaped brush in water. Surface reorganization of
Y-shaped brushes resulted in dramatic changes from repel-
lent, compliant layer uniformly covered by swollen PS arms
in toluene to an adhesive, mixed layer composed of coexist-
ing swollen PAA and collapsed PS arms. The observed
changes facilitate dramatic switching of macroscopic surface
characteristics “frozen” in the post-treated, dry state leading
to the controllable variation of the contact angle.22 We believe
that these binary surface layers with efficient switchable
properties in different fluids and the overall thickness not
exceeding several nanometers can serve as adaptive coatings
for micro-nanofluidic channels with stimuli-responsive prop-
erties. The thickness of these switchable surface layers firmly
grafted to the silicon surfaces is well below the thickness of

conventional surface coatings (hundreds of nanometers) and
that feature can be critical for controlling fluidic flow within
channels with a diameter below 100 nm. The hydrophobic-
hydrophilic contrast with nanoscale surface modulations may
allow for size- and shape-selective nanoscale adsorption of
various molecular species ranging from inorganic clusters
to biological matter.
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