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Microtribological and Nanomechanical Properties of Switchable
Y-Shaped Amphiphilic Polymer Brushes**
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By Melburne C. LeMieux, Yen-Hsi Lin, Pham Duc Cuong, Hyo-Sok Ahn,* Eugene R. Zubarev, and
Viadimir V. Tsukruk*

We have characterized the morphology and nanomechanical properties of surface-grafted nanoscale layers consisting of
Y-shaped binary molecules with one polystyrene (PS) arm and one poly(acrylic acid) (PAA) arm. We examined these amphi-
philic brushes in fluids (in-situ visualization), and measured their microtribological characteristics as a function of chemical
composition. Atomic force microscopy (AFM)-based nanomechanical testing has shown that nanoscale reorganization greatly
influences the adhesion and elastic properties of the nanoscale brush layer. In water, a bimodal distribution of the elastic modu-
lus, arising from the mixed chemical composition of the topmost layer, is observed. In contrast, the top layer is completely
dominated by PS in toluene. As a result of this reorganization, the Y-shaped-brush layer exhibits a dramatic variation in the
friction and wear properties after exposure to different solvents. Unexpectedly, the tribological properties are enhanced for the
hydrophilic and polar, PAA-dominated, surface, which shows a lower friction coefficient and higher wear stability, despite high-
er adhesion and heterogeneous surface composition. We suggest that this unusual behavior is caused by the combination of the
presence of a thicker water layer on the PAA-enriched surface that acts as a boundary lubricant and the glassy state of the
PAA chains.

The interplay of interchain interactions and the penalty of en-
tropic elasticity leads to lateral phase separation and a charac-
Numerous examples of polymer brushes reported in the  teristic “rippled” morphology, as was initially predicted by theo-
literature clearly demonstrate the potential of brushes for TY[IO‘] "and later confirmed eXPerimentall}’-[Sc’lzl The presence of
creating a new generation of materials, the properties of which @ solvent that is selective for a particular part of the brush was

1. Introduction

could be tuned in a reversible manner upon changes in the
local environment.! External stimuli, such as subtle changes
in chemical species,”’ pH,®! temperature,® pressure,” and
light,'® on interaction with a polymer brush have been shown
to dramatically change its surface morphology, composition,
and properties. Brushes based on block copolymers covalently
attached to solid substrates,m as well as mixed brushes,[g] are
particularly intriguing examples in that respect, because a large
variety of surface morphologies is possible. Surface composi-
tion, and hence properties such as surface energy, adhesion,
friction, and wettability, have the possibility of being “tuned”
to the required state.””!
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observed to cause significant conformational rearrangements
and the solvent-brush interactions promoted “perpendicular”
microphase separation;m] in this case, the top layer composed
of soluble chains covered collapsed insoluble blocks. Thus, the
morphology of a given brush, owing to the high grafting density
and uniformity in thickness and morphology, may undergo re-
markable changes upon the smallest fluctuations in solvent con-
ditions. In fact, recent studies by Moller and co-workers have
shown that even the presence of solvent vapor can change the
shape of brush-like macromolecules from an extended worm-
like conformation to a compact globule, and vice versa.l'¥

The morphology of block-copolymer brushes also depends
on the particular point at which the macromolecule is tethered
to the substrate. Several researchers predicted the formation of
many unusual morphologies and nanopatterns if a block co-
polymer were to be attached to a solid surface through its junc-
tion point, the point that connects two incompatible
blocks.'>1¢ Such Y-shaped macromolecules were later synthe-
sized"! and successfully grafted to silicon substrates, as
described elsewhere."®”! We observed a unique “crater-like”
morphology that could be switched reversibly to “pinned mi-
cellar” structures after amphiphilic polystyrene—poly(acrylic
acid) (PS-PAA) brushes were treated with particular sol-
vents.['&1 However, the fundamental question remained: do
the same morphologies exist in the presence of different selec-
tive solvents? In our preliminary report, we described the
conditions for atomic force microscopy (AFM) imaging of a
PS40-PAA;3p Y-shaped brush in fluids, but how the observed
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morphological changes affect engineering properties, such as
mechanical and tribological properties, was not revealed.?")
These covalently bound nanoscale layers show a dramatic
switching of morphology and surface roughness by sensing the
local environment. Because of this, they have great potential as
prospective materials in microfluidic devices that require
“smart” surfaces, as well as for controlling the adsorption of
proteins or inorganic nanoparticles, especially as a result of our
design approach of switching between a sticky hydrophilic sur-
face and a repellent hydrophobic surface layer. In general, this
report addresses a largely unexplored field, that of characteriz-
ing the properties of switchable polymer layers directly in a
fluid. Such knowledge is imperative because the applications
listed above, and most of the foreseen applications of polymer
nanolayers, especially in biotechnological and microfluidic
fields, involve implementing them in fluid environments.

Herein, we explore how the chemical composition of the
Y-shaped molecules chemically grafted to a silicon surface af-
fects the morphology, microroughness, adhesion, and elastic
modulus in the presence of selective solvents. In addition, we
report the unique measurements of the microtribological prop-
erties of the Y-shaped brush layers in which the frictional
forces and wear were found to depend strongly on the mor-
phology and composition of the brush layer, with much better
wear stability unexpectedly found for the more polar layer with
mixed chemical composition. Microtribological properties may
be reversibly tuned by solvent treatment.

2. Results and Discussion

2.1. Surface Morphology of Amphiphilic Y-Brushes in Selective
Solvents

Upon grafting, the Y-shaped molecules formed a clean,
homogeneous surface with a surface microroughness below
0.4 nm in the dry state. This value of surface roughness, mea-
sured over a 1 umx1 um area, was far below the contour
length of both the PAA and PS arms, which ranged from 25 to
40 monomeric units (6-10 nm), respectively, implying that the
grafted layers exhibit molecular smoothness. The dry thickness
of the PS-PAA-grafted layer was 1.4 and 1.9+0.2 nm for Y1
(PS40-PA A3, Fig. 1) and Y2 (PS,s-PAA,s, Fig. 1), respectively
(Table 1), as measured independently via ellipsometry and
AFM scratch tests. The medium grafting density (Table 1), typ-
ical of the “grafting-to” approach, corresponds to a distance of
3.5 nm between the anchor locations of the Y-shape molecules.
This indicates the arms are slightly deformed (constrained), as
is typical for a brush regime.[ﬂ] The effect of PS versus PAA
composition in Y1 and Y2 was observed via contact-angle mea-
surements after treatment with toluene. Brushes based on mol-
ecule Y1 have a contact angle of 73°; the symmetric Y2 brush
has a contact angle of 61° (Table 1). The lower value of Y2 is a
reflection of a lower composition of the hydrophobic PS chains
at the surface compared to Y1 brushes.

www.afm-journal.de

The morphology of the grafted layers was characterized
using in-situ AFM under toluene and water (Fig. 2). The thick-
ness of the brushes in each solvent measured by the AFM
scratch tests in fluid averaged 5.5+0.5 nm for all surfaces, as
demonstrated for the Y1-brush layer with cross-sections ob-
tained directly in each solvent (Figs. 2a,b). This is nearly four
times higher than for the dry-state thickness (Table 1), and
represents a typical brush-like state in which the chains swell
away from the surface owing to entropic effects and the result-
ing osmotic pressure. Owing to the extremely small size of the
structural features in these layers, from the 1 um x1 pm AFM
images alone it remains unclear whether or not the brush is
switching between a topmost layer dominated by PS blocks in
toluene and a PAA-dominated top layer under water. How-
ever, there are rather significant differences in the roughness
of the brushes measured in toluene and in water, which can be
observed in the high-resolution three-dimensional images
presented in Figure 3. Notably, the roughness measured by
AFM is two to three times higher in water than in toluene
(Table 2).

In water, the hydrophobic PS chains of Y1 cannot be cov-
ered completely by PAA, as its volume fraction is nearly half
that of the bulky PS arms (34 vs. 66 %). A similar observa-
tion was made for Y2, although the volume fraction of PAA
chains in this brush is slightly lower (30 %), causing an even
larger disparity in coverage. The layering of PAA over the
PS arms is incomplete in both brushes in water, leading to
higher heterogeneity and surface microroughness. On the
other hand, in toluene, which is a good solvent for PS, the
surface roughness is lower, suggesting that a more homoge-
nous top layer is present. In fact, longer PS arms can shield
the layer of collapsed PAA chains, which have a lower vol-
ume fraction and a greater affinity for the hydrophilic silicon
substrate.

Molecular modeling of the Y-shaped PS-PAA brushes ex-
plains the observed switching of the morphology (Fig. 3). We
modeled seven Y-shaped molecules on a hexagonal lattice
spaced 3.5 nm apart, which represents an experimentally de-
termined distance between the anchor points. Using a force-
field minimization and taking the factors described above into
account, the model revealed a more vertical layering of PS
over PAA in toluene (Fig. 3), producing a continuous PS sur-
face. On the other hand, owing to the lower extent of PS col-
lapse in water, the PAA arms cannot form a complete homo-
geneous layer over PS, thereby forming the -crater-like
structure similar to that observed in the dry state." However,
this morphology is more amplified in the presence of a selec-
tive solvent, as in water the hydrophilic PAA chains stretch
out in a direction perpendicular to the surface. This crater-like
morphology is responsible for the three-fold increase in the
surface microroughness as the brush is transferred from a
toluene to an aqueous environment. These data demonstrate
the high switchability of this important parameter, and the
stimuli-responsive nature of the Y-shaped amphiphilic brushes
(Table 2).

Adv. Funct. Mater. 2005, 15, 1529-1540
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tion (functional aromatic group). Y1

HO™ O consists of 40 PS and 30 PAA mono-
meric units; Y2 is symmetrical with
25 units of each.
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Table 1. Parameters of the Y-shaped PS-PAA grafted layers in air.

Brush As-synthesized thickness [nm] Microroughness [nm] Contact angle [] Grafted amount [mg m™| Grafting density [chains nm™]

After water After toluene

Y1 1.4+0.20 0.37+0.1 54+2 73%2 1.42 0.11
Y2 1.9+0.22 0.27+0.1 50+2 61+2 1.95 0.20

Table 2. Physical properties of the Y-shaped layers in different solvents. (u: Friction coefficient.)

Brush/Environment Microroughness [nm] Average stable u [a] Normalized pull-off force [pN nm™] Elastic modulus [MPa]

Y1 in toluene 0.44+0.2 0.35 <05 4.6

Y1 in water 0.73£0.3 0.21 20 Crater rim: 4.3
Crater pit: 110

Y2 in toluene 0.27£0.1 0.55 <05 22

Y2 in water 0.90+0.1 0.35 39 Crater rim: 2.2

Crater pit: 125

[a] Tested in the dry state, after exposure to the respective solvent listed.

Adv. Funct. Mater. 2005, 15, 1529-1540 www.afm-journal.de © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1531
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2.2. Nanoscale Mechanical Properties

The observed conformational rearrangements should affect
the mechanical properties of the brushes, and their measure-
ment in the presence of a solvent gives a unique opportunity to
assess these characteristics as a function of solvent-solute inter-
actions (where the solvent is water or toluene) and chemical
composition of the brush (Y1 vs. Y2). No detectable adhesive
forces were observed for either brush in toluene (Fig. 4). This,
along with the repulsive nature of the FDCs, is typical for a sur-
face of hydrophobic PS chains, which dominate the topmost
surface layer. In contrast, for Y1 in water, there was a notice-
able pull-off force from the retraction curve of the FDC
(Fig. 4). Typical values of this adhesion force ranged from 200
to 400 pN. This relatively high level of adhesion is expected
because the hydrophilic PAA arms are extending from the
surface in water, and can directly interact with the hydrophilic

www.afm-journal.de

Figure 2. 1 umx1 um AFM topography im-
ages in fluids for Y1 in a) toluene and
b) water. Under the images are the hole pro-
duced within the layer (left) and the corre-
sponding cross-sections used for depth mea-
surements (right). Y2 in c) toluene and
d) water. For all images, the Z-scale is 5 nm.

silicon oxide AFM tip. For Y2, the level of adhesion in water
was even higher, with values ranging from 500 to 700 pN, which
indicates strong tip-surface interactions with more PAA chains
participating (Fig. 4).7%! Overall adhesives forces (normalized
to the AFM-tip radius) in water were twice as large for the Y2-
brush layer than the Y1 layer (Table 2). This stronger adhesion
with the Y2-brush layer in water confirms the higher effective
concentration of the PAA chains on the surface of the Y2-
brush layer (and interacting with the AFM tip) as can be ex-
pected from the volume composition of the molecules
(PAAy;=34 %, PAAy>;=41 %). In addition, greater probing
instabilities were introduced into the topography and AFM im-
ages when scanning the asymmetric brushes (Y1) as compared
to Y-brushes with symmetric arms (Y2). These instabilities
were caused by the tip interacting with two very different arms
(like PS and PAA) simultaneously in Y1.'! This is a remark-
able observation considering the fact that the phase separation

Adv. Funct. Mater. 2005, 15, 1529-1540
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in these brushes can only occur on the nanoscale, as it is limited
by the length of the incompatible arms (= 10 nm). The sensitiv-
ity of the adhesive properties implies that small changes in
chemical composition of the grafted Y-shaped molecules con-
trol the morphology in the presence of a solvent.

The nanomechanical compression properties of the brush
layers in a fluid can be evaluated from load—penetration data
reflecting the elastic indentation of the layers under normal
load (Fig. 5). Loading curves were calculated from the FDCs
using the modified, layered Hertzian model.*?* Penetration
through the layer requires very little force below 2 nN, be-
cause the PS arms are swollen in toluene. The curves for both
Y1 and Y2 in toluene deviate from conventional Hertzian be-
havior by leveling off beyond some compression owing to the
presence of the stiff silicon substrate. The apparent maximum
layer indentation reaches 8 nm for Y2, and is slightly higher
for Y1 because of the longer PS and PAA arms in Y1. The
lines in Figure 5 are the best fit from a multilayered model
based on Hertzian loading, which allows the elastic modulus
and layer thickness to be evaluated.” An actual layer thick-
ness derived from this analysis was close to 6 nm, which
agrees well with the independent AFM scratch test in the
selective solvents. The elastic modulus was less than 25 MPa

Adv. Funct. Mater. 2005, 15, 1529-1540
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Figure 3. High-resolution (300 nm x300 nm) tap-
ping-mode, three-dimensional AFM topography
images of Y2 in a) toluene and b) water. The cor-
responding molecular models are also shown.

for both brush layers, indicating the surface presence of swol-
len PS arms (Table 2).

The load—penetration curves are differently shaped in water,
with the apparent indentation depth not exceeding 3 nm
(Fig. 5). This change can be related to shorter PAA arms, re-
sulting in a smaller thickness of a PAA layer over the collapsed
PS phase (Fig. 3). The collapsed PS layer is impenetrable in
this conformation relative to the soft AFM tip used in fluidic
force measurements.

The concurrent surface mapping of topography and the elas-
tic modulus represents a powerful tool for identifying the
domain structure of brushes, and to obtain quantitative results
describing their stiffness with nanoscale resolution using AFM
measurements in a fluid. The topography and elastic-modulus
distribution maps in Figure 6 result from taking 1024 FDCs
over a 300 nm x300 nm area directly, in water, with a resolu-
tion below 10 nm. Analyzing the FDCs for Y1 and Y2 brushes
in water with a Hertzian model, to extract the exact modulus,
resulted in bimodal histograms of surface distributions for both
layers (Figs. 6b,d). Both bimodal distributions obtained in fluid
(water) had one peak at around 5 MPa, coming from the swol-
len PAA, and another peak at around 110 MPa, which is the
apparent elastic modulus of the collapsed PS domains. Exact

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Representative force—dis-
tance curves (FDCs) (deflection
scale converted to real force) for the
Y-brushes; Y1 in toluene (a) and
water (b) and Y2 in toluene (c) and
water (d). The circles represent the
approaching curve and the triangles
are the retrace curve for the FDCs.

Figure 5. Representative load—pene-
tration curves for the Y-brushes; Y1
in toluene (a) and water (b) and Y2
in toluene (c) and water (d). The
lines in the load—penetration curves
are simulated fits (see text for de-
tails).

Adv. Funct. Mater. 2005, 15, 1529-1540
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Figure 6. Simultaneous topography and force mapping over a 300 nm x300 nm area with 32 x 32 pixel resolution for FDCs. The resulting force-volume
maps for Y1 in water (a) gave a bimodal distribution (b) of the elastic modulus. For topography and modulus maps, the lighter the color, the higher the
heights and the relative value of the modulus, respectively. The circles in the topography map indicate low points (or pits) in the topography (correspond-
ing to collapsed PS); they correlate to the high points in the modulus map, which are indicative of hard, glassy PS chains in a bad solvent (water). The to-
pography and modulus maps for Y2 (c) exhibit the same behavior, also resulting in a bimodal distribution of the elastic modulus (d).

values from the Gaussian fits are given in Table 2, where the
individual moduli of the “crater pit” (PS) and the “rim” (PAA)
are distinguished for the water state. Close investigation of the
topography and modulus maps allows one to correlate the low
points in the topography (PS pits) with the high points in the
elastic modulus (see circles in Figs. 6a,c). Furthermore, the
high points in the topography (PAA) match the low elastic
modulus values in the modulus map very closely. This force
mapping confirms the presence of both arms on the surface in
the water state, which leads to the higher surface roughness
(Table 2).

On the other hand, the surface distribution of the elastic
modulus for Y1 and Y2 in toluene is unimodal (deviations are
within 20 %), with much lower values of the apparent elastic
moduli (Figs. 7a,b). However, the most interesting observation
is the five-fold increase in stiffness between Y1 (4.6 MPa) and
Y2 (22 MPa) brushes (Table 2). This significant rise in stiffness
occurs despite the fact that the volume fraction of PS only de-
creases from 66 to 59 %. The decreased compliance of the Y2-
brush layer can be attributed to its shorter arms and higher
grafting density, resulting in larger space constraints for arms
compressed by the AFM tip. These findings clearly demon-
strate that even subtle variations in the chemical composition

Adv. Funct. Mater. 2005, 15, 1529-1540
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have a profound impact on the mechanical and surface proper-
ties of switchable Y-shaped brushes in fluids. The homoge-
neous character of brush layers swollen in toluene indicates
that the PS chains completely screen the PAA arms and form a
continuous smooth surface layer over PAA, confirming our
previous suggestion that was made on the basis of an initial
roughness analysis and molecular modeling (Fig. 3).

2.3. Microtribological Properties of Brush Layers

The friction coefficient («) of Y1 and Y2 measured against a
sliding glass ball after exposure to either toluene or water was
dramatically affected by the surface composition of the layer
(Fig. 8). For the Y1-brush layer treated with water, the friction
coefficient remained stable throughout the course of the test
(1000 sliding cycles) with an average value of 4 =0.21 (Fig. 8a,
Table 2). In contrast, the friction coefficient of Y1 after toluene
treatment is unstable and nearly twice as high as after water ex-
posure. The same trend was also observed for Y2, in which the
toluene-treated sample was even more unstable and total fail-
ure occurred after 700 cycles (Fig. 8b). The averaged friction
coefficient of Y2 after toluene exposure is u=0.55, whereas

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Surface distribution of the elastic modulus for a) Y1 and b) Y2
in toluene.

after water treatment it is only 0.35 (Fig. 8b, Table 2). Note
that although the absolute values of the friction coefficient for
the brush layers studied here are higher than the usual values
for polymeric and organic layers with optimized morphology
(0.1 and below),?%?”) they are on a par with the friction coeffi-
cients found for many bulk glassy and rubbery polymers.*!
The PS-dominated surface, which is hydrophobic with low
surface energy, would be expected to have a lower friction
coefficient than a surface with =60 % coverage of the high-sur-
face-energy PAA layer.[zg] However, one should consider the
viscoelasticity of short PS chains and their glass-transition tem-
perature (7). It is well known that the 7, of high-molecular-
weight PS is around 100°C, but it starts to decrease rapidly
when the molecular weight becomes lower than 20 kDa
(1 Da=1 gmol™). According to Fox and Flory,*! the T, of PS
with number-average molecular weight (M,) of 4100 gmol™
(Y1) is approximately 50 °C, and it drops to nearly 40 °C when
M, =2600 gmol™ (Y2). In addition, the presence of the col-
lapsed PAA chains beneath the PS chains can create conditions
for increasing the contact area, thus facilitating higher friction
forces. On the other hand, even a small amount of toluene
trapped in these brushes may further decrease the 7, of the PS
arms (samples dried at room temperature without annealing
can contain residual solvent). However, considering that the
friction coefficient is also significantly higher than that mea-

www.afm-journal.de
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Figure 8. Microtribological data showing the friction coefficient (1) versus
the number of sliding cycles: a) Y1 in toluene and water; b) Y2 in toluene
and water. Tests were conducted at 30 % relative humidity, with a normal
load of 200 uN.

sured for PS homobrushes with similar chain lengths and mea-
sured under identical conditions (0.3—0.4),[8d] we can exclude
solvent effects on Y-brush behavior and suggest a significant
contribution from the junction point and PAA presence in low-
ering the T,. Therefore, we suggest that the PS chains in the
Y1, and especially the Y2, brushes may be above their T, and
possess an appreciable amount of segmental mobility and vis-
coelastic properties in the contact area under significant shear
stress. As a result, a notable dissipation of energy would occur
in these layers, which would explain the high friction coeffi-
cients observed. This hypothesis would be consistent with the
experimental data that sliding over the Y2 brush with shorter
PS chains (lower T,) generates greater frictional forces than in
the Y1 sample (Table 2).

The difference in friction and adhesive properties also trans-
lates to a significant difference in the wear stability of brush
layers with different compositions. This difference manifests
itself as a different chemical composition and surface morphol-
ogy of the initial and worn surface areas. Figure 9 presents
Auger electron spectroscopy (AES) depth profiles of the chem-
ical composition in the Y1- and Y2-brush layers before and
after the wear tests (after exposure to water). Apparently, mol-
ecules with shorter arms (Y2) experienced a very large loss of
polymeric material, which was indicated by a decrease in the
carbon content and an increase in the silicon signal, indicating

Adv. Funct. Mater. 2005, 15, 1529-1540
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Figure 9. AES concentration profiles comparing the wear of Y1 and Y2
after water exposure: a) the original surface and b) the worn area.

the removal of the organic material and exposure of the under-
lying silicon oxide layer and silicon particles in the worn area
(Figs. 9a,b). This is a result of the lower molecular weight and
depressed T, of the top layer, which still has a large PS volume
fraction. The abrasion resistance of the Y2 brush was also sig-
nificantly lower.

The lower friction coefficient of PA A-enriched surfaces is a
surprising result considering that these surfaces show much
higher adhesion against hydrophilic glass and tip surfaces with
silicon dioxide composition. Classical theories of sliding con-
tact mechanics and experimental results have led researchers
to believe that generally stiff hydrophobic surfaces should ex-
hibit the best tribological properties.”*!] However, very recent
work shows that at the micro- and nanoscale, these theories
break down because micro- and nanoscale contacts are domi-
nated by capillary forces.*? Water molecules adsorb on any
surface exposed to air, becoming confined in these contacts.
This thin layer (several monolayers, depending on the humid-
ity) is known to reduce friction, because it acts as a lubrication
layer and can prevent direct solid contact with the surface. Ahn
and co-workers showed that the friction coefficient of a hydro-
philic surface decreased with increasing humidity and even ex-
hibited better tribological properties than more hydrophobic
surfaces.’2l We suggest that for both the Y1- and Y2-brush
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layers studied here, the low friction response after water expo-
sure is caused by the presence of a thicker water film covering
the glassy PAA, which is the topmost layer. With a PAA-domi-
nated surface possessing high water affinity, a more complete
water layer forms. On the other hand, unlike PS chains (for
which T, scales with M), for PAA chains with the low molecu-
lar weight studied here, the Ty still remains very high, close to
97°C.3 Therefore, after treatment with water, a glassy PAA
phase predominantly occupies the topmost surface layer reduc-
ing the contact area and, thus, friction forces.

The data presented in Figure 10 further support this sugges-
tion. The Y1-brush layer, after water exposure, has a lower
coefficient of friction at 80 % RH compared to that at 30 % RH
(Fig. 10a). The wear properties, based on the AES depth pro-
files of chemical composition, are also better at 80 % RH. Com-
pared to an original untested surface, the surface tested at 80 %
RH showed no decrease in carbon content, whereas the surface
tested at 30 % RH had a substantial loss of carbon content in
the layer (Fig. 10b), which is evidence of removal of polymer
from the sliding area. AES also detected more oxygen on the
surface tested at 30% RH, implying partial oxidation of the
worn polymeric layer (Fig. 10b).

1.0
Y1 - Water a
Various humidity

o
(=]
1

o
o

[
»

Friction coefficient

0.2-

Sliding cycles

b

60+ —— Original
o —0—30%RH
80 % RH

Sputter time, min

Figure 10. Data showing the effect of humidity on the microtribological
properties. a) Friction coefficient as a function of sliding cycles for Y1; com-
paring results at 30 and 80% RH. b) AES depth profiles reveal the higher
material loss (in the form of less carbon for these polymeric materials) at
30% RH, compared to an original (untested) portion of the Y1 brush.
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Finally, we compared the wear behavior of the Y1-brush
layer after water and toluene exposure. Scanning electron mi-
croscopy (SEM) images of the wear tracks show a striking con-
trast between the different states (Figs. 11a,d). After water ex-
posure, there is very little visible damage to the surface in the
sliding area. However, after toluene exposure, there is signifi-
cant damage to the brush layer after testing under the same
conditions, clearly visible in the SEM image (Fig. 11d). The
composition profiles comparing the initial and worn surfaces
after water (Figs. 11b,c) and toluene exposure (Figs. 11e,f) are
consistent with the SEM data. A much greater depletion of the
carbon for the toluene-treated brushes, along with an increased
silicon signal observed at low sputtering times, indicates nearly
complete removal of the brush layer treated in toluene. After
switching of a brush layer to water treatment, a significant frac-

tion of carbon is preserved within the worn area under similar
conditions despite some visible wearing (Fig. 11c). Obviously,
the switching of morphology and chain reorganization in re-
sponse to different solvents also correlates to changes in fric-
tional behavior of the layer, an encouraging result for prospec-
tive nanoelectromechanical systems (NEMS) in which the
frictional behavior can be tuned in fluidic surroundings.

3. Conclusions

We have characterized the morphology and nanomechanical
properties of Y-shaped amphiphilic brushes in fluids as a func-
tion of chemical composition, and have measured, for the first
time, their tribological characteristics. AFM-based nanomecha-
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Figure 11. SEM images of the wear tracks from the microtribometer after testing Y1 in water (a) and toluene (d). In (a), Area 2 represents the accompany-
ing AES analysis (b) of the original non-tested surface; area 1 is where the analysis of the worn area was taken from (c). For (d), the AES analysis from
the original area (e) corresponds to area 6; the worn area analyzed in (f) represents area 1 in the SEM image.
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nical testing has shown that nanoscale reorganization greatly
impacts the adhesion and elastic properties of the surface layer.
This led to a bimodal distribution of the elastic modulus in
water, which was controlled by the relative amounts of PS and
PAA on the surface. On the other hand, nanomechanical prob-
ing of the surface in toluene revealed a top layer completely
dominated by PS. As a result of this reorganization, which
agreed well with the molecular simulations, the Y-shaped brush
exhibited a variation in friction and wear properties after expo-
sure to different solvents. Unexpectedly, the microtribological
properties were enhanced for a hydrophilic, PAA-dominated
surface, which showed a low friction coefficient and higher
wear stability, despite its higher adhesion and heterogeneous
surface composition. We suggest that this unusual behavior is
caused by a combination of the presence of thicker water layers
on/within the PAA-enriched surface that act as a boundary lu-
bricant and the glassy state of the PAA chains in the dry state.

4. Experimental

The chemical structures of the synthesized Y-shaped molecules Y1
and Y2 are presented in Figure 1, and the fabrication of chemically
grafted layers is described in detail elsewhere [17,18]. The Y-shaped
brushes have one PS arm, which is the hydrophobic component, and
one PAA arm, which is hydrophilic, with a varying number of mono-
meric units. Y1 has an asymmetric composition with longer chains
(PS40-PAA3p); Y2 is a symmetrical molecule (PS,s-PAA,s), as verified
by NMR spectroscopy [18]. The Y-shaped molecules were attached to
a functional stem-like segment that is capable of covalent grafting to a
functionalized silicon surface. The polymers were spin-coated from a
1.5 wt.-% toluene solution onto the silicon wafers functionalized with
epoxysilane self-assembled monolayers [34]. The coated wafers were
annealed at grafting temperatures ranging from 120°C to 150°C for
6 h to enable the end groups to graft to the substrate. The initial micro-
roughness of the functionalized wafers did not exceed 0.2 nm within a
1 wm x1pm surface area. Post-grafting hydrolysis of poly(s-butyl acry-
late) arms imparted amphiphilicity to the brush. Molecular models and
simulations were carried out using Materials Studio [18]. To switch the
brushes, samples were immersed in good solvents for at least 12 h to
ensure full chain reorganization, as verified in our previous study on
switching kinetics [19]. Toluene and water were used as good solvents
for PS and PAA, respectively.

AFM studies in tapping mode under fluid were performed on a Multi-
Mode (Nanoscope I1la) microscope (Veeco Metrology) equipped with
a fluid cell, according to procedures adapted in our lab [35]. The fluid
cell was modified with fluoro-elastomer tubing that would neither dis-
solve in organic solvents nor deposit any contamination on the sample.
Probing of the surface nanomechanical properties was conducted di-
rectly in fluids (after allowing for equilibration with solvents) using the
force spectroscopy approach described previously [25]. FDCs were ob-
tained using the force-volume mode in 32x32 pixel arrays within
300 nm x300 nm surface areas. The samples were scanned in tapping
mode before and after force measurements to ensure that no contamina-
tion, plastic deformation, or physical damage occurred during the appli-
cation of force. The data processing and calculation of the elastic modu-
lus from the surface distributions of over 1000 FDCs were carried out in
accordance with the multilayered Hertzian contact mechanics model de-
scribed earlier [25,36]. For quantitative results, great care was taken to
analyze the AFM tip characteristics. We used V-shaped cantilevers with
a normal spring constant measured to be 0.06—0.1 Nm™ [37]. The tip
profile and radius (around 20 nm) were monitored by scanning a gold
nanoparticle calibration standard [38]. The sensitivity of the system was
measured before and after force measurements to ensure stability.
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For microtribology studies, a custom-built microtribometer, effec-
tively an oscillation friction and wear tester [39], was used to evaluate
the frictional characteristics and to study the wear resistance of the
Y-shaped brushes after treatment with the selective solvents. Before
testing, the brushes were “switched” by exposure to the particular sol-
vent for 12 h, dried in ambient air under room temperature for 5 min,
and immediately tested in the dry state. We used a 3 mm diameter glass
ball (microroughness less than 1 nm) as the sliding counterpart over
the stationary sample. The ball was ultrasonically cleaned in acetone
and methanol for 30 min and dried with nitrogen prior to tests. The
glass ball, mounted in a carrier head, was oscillated with an applied
normal load of 200 uN, which corresponded to a maximum Hertzian
pressure of 34.3 MPa. The sliding speed was 330 ums™ and the stroke
length was 1.6 mm. The tests were conducted in a humidity-controlled
chamber at 5, 30, and 80 % RH. The chemical composition of the sur-
faces was probed by AES on a PHI-670 instrument. AES surface analy-
ses were performed using a field-emission gun with an accelerating
voltage of 5 kV and a current of 0.0185 nA. The working potential for
depth sputtering was 1 kV using Ar ions. Under these working condi-
tions, the sputtering rate was 7 A min™ when calibrated against SiO,.
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