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ABSTRACT: The diblock copolymer poly(methyl methacrylate)-b-poly(sodium sulfo-
nated glycidyl methacrylate) (PMMA-b-PSGMA) was end-attached by its hydrophobic
block (PMMA) onto mica hydrophobized by a stearic trimethylammonium iodide (STAI)
layer, to form a polyelectrolyte brush immersed in water. With a surface force balance
(SFB), we extended earlier measurements between two such brush layers for the case
of normal and shear forces at different shear rates, surface separation, and compres-
sions between one mica surface coated with STAI or a STAI-diblock layer against a bare
mica surface. After coating one of the surfaces with STAI, a long range attraction that
results in a jump into an adhesive flat contact between the hydrophobic and hydrophilic
surfaces was observed. A very different behavior was seen after forming the polyelec-
trolyte brush on the STAI-coated surface. The long range attraction was replaced by
repulsion, accompanied by very low friction during shear (ca. three orders of magnitude
lower than with adsorbed polyelectrolytes). On further compression, a weak attraction
to the adhesive contact was observed. From the final surface–surface contact separa-
tion, we deduce that most of the polyelectrolyte diblock brush layer was squeezed out
from the gap, leaving the STAI layer and a small amount of the polymer attached to the
surface. Stick-sliding behavior was seen while applying shear, suggesting a dissipation
mechanism caused by the trapped polyelectrolyte. © 2004 Wiley Periodicals, Inc. J Polym Sci
Part B: Polym Phys 43: 193–204, 2005
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INTRODUCTION

Over the last decade there have been many re-
ports on normal and shear forces between sur-
faces bearing polymeric brushes. In particular,

polyelectrolyte (PE) brush monolayers have re-
cently received considerable interest because of
their possible relevance to lubrication in biologi-
cal systems1,2 that occur between cells, tissues,
and organs in various organisms. One can define
biolubrication as the mechanism of reducing friction
between biological cells or tissues. This mechanism
can involve lubricating fluids composed of natural
polymers such as hyaluronic acid, present in the
synovial fluid.3–5 These molecules are secreted from
the cells into the extracellular matrix. Molecular
layers with a biological affinity can also serve for
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biolubrication and biocompatibilization of artificial
implants by mimicking biologically identical inter-
facial properties.6

Many experimental and theoretical studies on
the interaction between symmetric PE brushes
systems have been performed.2,7–11 Direct force
measurements between such systems were inves-
tigated in the past with surface force tech-
niques.1,12 On the other hand, measurements of
normal and shear forces between asymmetric sys-
tems composed of polymer brushes versus bare
surfaces with such techniques are scarcely re-
ported. Recently, Ohsedo et al.13 measured the
friction forces between gel-terminated PE
brushes and a glass plate across water. They
found a strong correlation between PE lengths
and the measured friction. A low friction coeffi-
cient was found for short PE brushes, whereas
longer PE molecules exhibited even higher fric-
tion than that of a normal network gel at a high
sliding velocity. Sheth et al.14 measured the nor-
mal forces between poly(ethylene glycol) (PEG)
brushes against various surfaces. They found that
the brush did not adhere to a neutral lipid bilayer
or to bare mica. However, shear or frictional
forces were not mentioned in these studies.14

In previous work,1 we demonstrated that ex-
tremely low friction could be attained between
surface-bearing symmetric PE brushes across
aqueous solutions. In this study we extend this
work to the asymmetric case by measuring the
normal and shear forces between one surface with
a PE brush and another bare charged surface in
an aqueous solution.

EXPERIMENTAL

Materials

Atomically smooth mica sheets (ruby muscovite,
grade 1, S & J Trading, Inc., NY) with a thickness
of about 1–3 �m were cleaved, half-silvered on
one side, and kept under low humidity conditions
to prevent oxidation of the silver layer before an
experiment. Two half-silvered mica sheets from
the same crystallographic primary facet were
then glued to a plano/cylindrical fused silica lense
(radius 1 cm) with epoxy resin (EPON 1004, Shell
Chemicals). The mica-coated lenses were
mounted in the surface force balance (SFB) facing
each other in a crossed-cylinder configuration,
equivalent to the geometry of a sphere over a flat.

Stearic trimethylammonium iodide (STAI:
CH3(CH2)17N � (CH3)3I�) was kindly synthesized
by Dr. J. Frey (Weizmann Institute of Science)
according to known methods.15,16 The surfactant
was crystallized twice from a methanol–acetone
mixture and an NMR analysis confirmed the ele-
mental composition. Poly(methyl methacrylate)-
block-poly(sodium sulfonated glycidyl methacry-
late) copolymer, from here on referred to as
PMMA-b-PSGMA or as the diblock, was anioni-
cally synthesized and characterized, as reported
in detail elsewhere.12,17–19 The copolymer struc-
ture is shown in Figure 1(A) and it is composed of
hydrophobic (PMMA)–hydrophilic (polyelectro-
lytic) (PSGMA) diblocks. It was analyzed by size
exclusion chromatography (SEC) and proton nu-
clear magnetic resonance (1H NMR) for its char-
acteristic molecular features.19 For the PMMA
block, the number of monomers in the hydropho-
bic chain is 48, and for the copolymer, the number
of monomers in the hydrophilic chain is 108.

The copolymer structure is shown in Figure
1(A) and is composed of hydrophobic (PMMA)–
hydrophilic (polyelectrolytic) (PSGMA) blocks. It
was synthesized by sequential living anionic po-

Figure 1. (A) Chemical structure of PMMA-b-PS-
GMA copolymer used in our experiments. (B) Sche-
matic representation (not to scale) of a hydrophobically
anchored PE on an STAI-hydrophobized mica surface
and their positioning during the force measurements.
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lymerization of methyl methacrylate (MMA) and
glycidylmethacrylate (GMA) as described else-
where,19 and it was analyzed by SEC and 1H
NMR for its molecular characteristic features.
SEC was carried out in tetrahydrofuran (THF)
with a Hewlett-Packard 1050 liquid chromato-
graph equipped with two photoluminescence (PL)
gel columns (1000 and 10,000 Å, respectively) and
a Hewlett-Packard 1047A refractive index detec-
tor. PMMA standards were used for calibration.
1H NMR spectra were recorded at 400 MhZ with
a Bruker AM 400 spectrometer. After polymeriza-
tion of the first block of PMMA, an aliquot was
withdrawn from the polymerization medium and
analyzed by SEC. The number-average molecular
weight (Mn) and the polydispersity [weight-aver-
age molecular weight (Mw)/Mn] (1.05) of the
PMMA block were then determined and the aver-
age number of MMA units in the PMMA block
was accordingly calculated to be 48. The second
monomer (GMA) was then polymerized and the
resulting diblock (PMMA-b-PGMA)was analyzed
by SEC to determine the Mw/Mn (1.1). The aver-
age number of GMA units (108) was calculated
from the composition of the PMMA-b-PGMA
diblock as determined from 1H NMR and from the
Mn of the first PMMA block. The PMMA-b-PGMA
diblock was then converted into the PMMA-b-
PSGMA diblock by a postsulfonation reaction as
described in reference 19. After sulfonation, the
PMMA-b-PSGMA was dissolved in water and pu-
rified by dialysis against regularly replaced bidis-
tilled water for 2 days (Spectra-Por membranes
with a molecular weight cutoff of 6000 Da). The
degree of sulfonation was then determined by
acid–base titration and found to be � � 70%. As a
result, the number of sulfonate groups in the
diblock is Ns � 75 and the molecular weight of the
PMMA-b-PSGMA copolymer is calculated to be
about 30,000.

The charge of the polymer is independent of the
local pH because the ionizable groups are sulfo-
nate groups (SO3

�) that are strong acids.11 The
copolymer was deoxygenated and purified by di-
alysis against regularly replaced distilled water
(Spectra-Por membranes, cutoff 10,000 Da). The
PMMA-b-PSGMA molecule behaves as a self-as-
sociating macrosurfactant with a critical micelle
concentration (CMC) of about 1.0 � 0.2 g/L, as
determined by surface tension measurement and
dynamic light scattering measurements.19 Our
solutions were far below this concentration.

Ultrapure (conductivity) water was obtained
by filtering deionized water with a 5 �m Aqua-

pure� water filter (CUNO, CT), a resin-bonded
cellulose filter cartridge (USFilters, PA), and ac-
tivated charcoal, followed by a Millipore water
purification system consisting of a RiOs™ and a
MILLI-Q� Gradient A10 stage. The specific resis-
tivity of the water was higher than 18.2 M� cm,
with a typical pH value in the range of 6.0–6.2.
The total organic compound concentration (TOC)
was 3–4 ppb or less (as indicated by the A10 TOC
measurement unit).

Apparatus

The surface force balance (SFB) used in our ex-
periment was similar to that described by Klein
and Kumacheva,20 and is shown schematically in
the inset of Figure 2. White-light multiple beam
interferometry enables measurement of the dis-
tance D between the mica surfaces (to �0.2–0.3
nm), and the geometry of the contact region (in-
cluding the mean radius of curvature of the mica
surface R � 1 cm) to be determined.

The lower surface is mounted on a horizontal
leaf spring (spring constant kn � 150 N/m), whose
bending, �D, is measured by interferometry to
yield the normal forces, Fn(D), with a sensitivity
of �50 nN. The upper surface is mounted on a
four-sectored (� 1 internal sector) piezoelectric
tube (PZT) (type Pz29, Ferroperm, Denmark).
Shear forces, Fs(D), between the surfaces as the
upper one is made to move laterally past the
lower (in triangular waveform) one are monitored
via the bending of a set of vertical springs (spring
constant ks � 300 N/m) on which the sectored PZT
is mounted, determined via changes in an air gap
capacitance (Accumeasure ASP-1-ILA, MTI In-
struments, NY). This bending �X(t) of the vertical
spring is measured to an accuracy of about �0.2
nm, to yield the shear force as Fs(D) � ks �X(t).

To minimize ambient vibrations, an electronic
vibration isolation system (Halcyonics, MOD-1L,
Gottingen, Germany) was used. The noise level in
these experiments was higher than reported in
some earlier experiments, corresponding to noise
in the shear force of about �0.5–1.0 �N before
signal processing. The circuitry of the air gap
capacitor may also introduce some high-fre-
quency electronic noise. To improve the signal to
noise ratio, the shear traces were frequency-ana-
lyzed (fast Fourier transformed, FFT) and the
amplitude of signal at the applied frequency was
determined, both with the surfaces far apart and
at progressively smaller separations. Following
subtraction of the systematic error (arising from
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coupling of the springs to the apparatus via the
thin PZT connection wires), it was found that the
sensitivity of the shear force measurements, �Fs,
corresponding to the scatter of the shear response
at the applied frequency, was about 30 nN.

All glassware and metal tools were first treated
with a UV lamp for 30 min to degrade any organic
residuals attached to the surfaces. Next, the
glassware was cleaned in a piranha solution
(H2SO4:H2O2, 3:1) for about 60 min, then rinsed
and sonicated with pure deionized water for 30
min. This cleaned glassware was then rinsed
thoroughly with pure conductivity water, filtered
analytical grade ethanol, and dried with a Class
100 Laminar Flow Cabinet (Haroshet, Ltd., Is-

rael). After UV treatment, the metal tools were
further rinsed and sonicated in toluene, ethanol,
pure conductivity water, finally rinsed in ethanol,
and left to dry. Until further use, the glassware
and metal tools were stored in a laminar flow
cabinet.

Procedure

Calibration of the zero separation (D � 0) be-
tween the two mica sheets was measured by
bringing them into adhesive contact, first in air
(43% RH, 24 � 1 °C), then after introducing con-
ductivity water. Only experiments indicating the
absence of contaminants by a typical jump-in to
adhesive contact (Fig. 2 and detailed discussion in
the RESULTS AND DISCUSSION section) were
continued for the STAI coating and subsequent
force and shear measurements. Further indica-
tion of the purity of the system was given by the
absence of a shear response as the surfaces slid
past each other, until a jump-in to adhesive con-
tact occurred.

Hydrophobizing the Mica Surface

After calibration in air and conductivity water,
only the upper mica surface was removed from
the SFB in a clean environment and working
conditions, and the mica surface was coated with
STAI according to the well characterized and es-
tablished method.1,16 After assembly of the STAI
layer and rinsing in excess water, the surface was
visually inspected for its dryness. The efficiency of
the hydrophobization process was also monitored
by contact angle measurements (see below).

Assembly of the PE Brushes on Mica

The STAI-coated mica was incubated for about 13
� 1 h in a 0.3 �M diblock solution outside the
SFB. While the upper surface was incubating in
the diblock solution, the lower mica surface glued
on its lens was immersed in conductivity water in
the sealed SFB. After incubation and self-assem-
bly of the PE brush, the upper lens was gently
taken out with clean tweezers and rinsed in ex-
cess conductivity water (25 °C) for 30 s. The lens
coated with STAI and the diblock was then placed
back in the SFB, maintaining, as far as possible,
the original relative orientation of the surface as
that before the upper lens was first removed (a
small error in the measurement of the absolute
surface D (in the order of a few Å) resulted from a

Figure 2. Force [Fn(D)] versus distance (D) profiles
between mica surfaces across conductivity water nor-
malized as Fn(D)/R in the Derjaguin approximation,
where R is the mean radius of curvature of the surfaces
(triangles for the first approach). The zero of separation
is with respect to contact in water. The solid lines are
the theoretical Derjaguin-Landau-Verwey-Overbeek
(DLVO) fit to the Fn(D)/R data. The fit corresponds to a
Debye length (��1) of 90 � 20 nm [equivalent to an ion
concentration of C � 1(�0.1) � 10�5 M], the effective
surface charge (�0) of one electron per 49.7 nm2, and
the effective surface potential (	0), found to be �143
� 20 mV. The jump-in into adhesive flat contact (D
� 0.0 � 0.3 nm) occurs when the surfaces approach
about 3 nm. This is probably because of the condensa-
tion of the hydrated proton counterions into the
charged surface lattice sites, so that van der Waals
attraction becomes dominant.21 For the successive ap-
proaches (squares and circles) the Fn(D)/R values in
conductivity water may be slightly low, for reasons
discussed in ref. 23 (dashed line). Inset—schematic il-
lustration of the surface force balance equivalent to the
actual lens/spring assembly used in our experimental
setup.20,22
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repositioning mismatch relative to the original
orientation.

In this experiment the configuration is differ-
ent from that of earlier studies1 that used a sim-
ilar PMMA-b-PSGMA diblock where the PE
brushes were attached on both mica sheets within
the SFB container. In this experiment, however,
removal of excess diblock material from the PE-
covered surface ensured that the PE brush on one
surface interacted with the bare mica of the other
surface across the conductivity water.

Contact Angle Measurement

Contact angle measurements (with an MRL C.A.
Goniometer Model 100-00, Rame–Hart, Inc., NJ,
connected to a computer and image analysis soft-
ware) were conducted as a control for the effi-
ciency of the STAI and the PMMA-b-PGMAS
diblock deposition process. The control contact
angle measured on freshly cleaved mica gave �
� 2 � 1°, in agreement with previous reports.14

Coating of freshly-cleaved mica by STAI and by
PMMA-b-PGMAS was carried out within a lami-
nar flow hood environment, and samples were
kept in clean covered vials until contact angle
measurement.

Results shown are from three different experi-
ments (different pairs of mica sheets), with data
also taken from different contact positions be-
tween the mica surfaces in each experiment.

RESULTS AND DISCUSSION

Control Measurements

To ensure cleanliness and integrity of our system,
we first confirmed the form of normal surface
force between the bare mica surfaces in water.
Following air-controls, conductivity water was
added to the SFB, and the long-range repulsion
between the surfaces (Fig. 2) was followed by a
jump-in to adhesive contact from separations Dj
� about 4 � 1 nm, to a contact separation (deter-
mining the zero of the surface separation) of �1
� 0.2 nm relative to air contact. We assume that
this is because of the desorption of a thin air-
adsorbed contaminant layer of a few Å on each
surface and is in line with earlier work.21,22 Only
experiments exhibiting such jumps into contact
were considered clean and were continued. A fit
with the DLVO model gave the following values
for the Debye and surface potential on first ap-

proach: ��1 � 90 � 20 nm, corresponding to an
ion concentration of C � 1(�0.1) � 10�5 M and a
surface potential of �143 � 20 mV (giving a sur-
face charge density of 1 e/49.7 nm2). On a second
subsequent approach, a somewhat weaker repul-
sion was observed (Fig. 2), in line with earlier
studies23 (depending on the time elapsed between
the profiles). The pull-off force measured on sep-
aration yielded an interfacial surface tension of �
� �5.3 � 1.7, via the Johnson-Kendall-Roberts
(JKR) relation. This is in line with the range of
the reported literature values.24

Before the formation of a polyelectrolyte brush
layer, we measured the interactions between one
STAI layer versus bare mica across water. It has
been shown previously with X-ray photoelectron
spectroscopy (XPS) that the STAI molecules are
preferably attached to the negatively charged
mica via the ammonium residue, forming a com-
pact layer with a thickness of 1.0 � 0.2 nm.16 The
charge distribution on the mica surface is one
negative charge per 0.49 nm2, and from the XPS
measurements it seems that most of the charged
sites on the mica are occupied by one surfactant
molecule.25

Normalized force versus distance curves of one-
sided STAI-coated mica versus bare mica across
pure conductivity water are presented in Figure
3. During the approach, zero forces were recorded
within the scatter (Fn � � 35 �N/m) at a separa-
tion D 
 150 � 50 nm. On a closer approach
attractive forces were observed, increasing pro-
gressively until the surfaces jumped in spontane-
ously to adhesive contact. The relatively large
scatter comes from the nature of the manual dis-
tance measurement, hence, the last data point
before the jump is in some cases missed. This
jump distance was found to be somewhat larger
than that reported for two approaching STAI lay-
ers across water. Air bubbles on hydrophobic sur-
faces have been suggested26,27 as the cause of
some long-range hydrophobic attraction, but we
saw no evidence of such thin structures on our
bare mica in water [atomic force microscopy
(AFM) micrographs, not shown here]. The most
notable observation was the apparent absence of
the long-range osmotic repulsion one might ex-
pect because of the single charged mica surface
(Figure 3, cartoon inset) that, just before jump-in,
should be (from Fig. 2) some 100–200 �N/m. Pre-
sumably, this is swamped by the hydrophobic at-
traction setting before the jump-in.

The characteristics of the adhesive contact be-
tween STAI-coated and bare mica surfaces across
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conductivity water are presented in Table 1. The
distance between one STAI layer and bare mica in
the presence of water was found to be Do

STAI � 1.4
� 0.3 nm. This value is in agreement with the
previous XPS and SFB experiments.16,25 The at-
tachment of the mica charges to the STAI mole-
cule is via the trimethylammonium ion head
group. Its cross-section is larger than that of the

rest of the C18-alkyl chain, thus, the chains are
likely to be tilted to maximize van-der-Waals
(vdW) interactions between the alkyl chains. The
conformation of the C18 molecule on mica was
recently studied with molecular dynamic simula-
tions.28,29 It was proposed that to optimize the
van der Waals interactions, the inclination angle
of the C18 molecules on the mica sheet is 55° from
the normal plane, at 20 °C. This means that the
overall packed hydrophobic layer thickness
should decrease by about 30% from its fully
stretched length. This value fit into our experi-
mental results that instead of about a 2.5 nm
layer thickness between the STAI to bare mica
surface in the presence of water, we determined a
value of 1.4 nm.

Shear measurements between the approaching
covered STAI and lower mica revealed no shear
between them (ca. the noise level) as the top sur-
face moved back and forth laterally past the lower
one, up to the point where they spontaneously
jumped into contact. After adhesive contact, the
surfaces were rigidly coupled and moved in tan-
dem over the range of lateral motion applied.
From the final Do

STAI we concluded that there is no
evidence whatever of any water or water vapor or
of any other material between the STAI layer and
the bare mica in this adhesive contact. This indi-
rect evidence is in line with earlier studies.30

From the pull-off force, an effective work of adhe-
sion was evaluated that was some 30–35% lower
than for the two interacting STAI surfaces.

Contact Angle Measurements

To monitor the adsorption dynamics of the diblock
onto the mica surface, contact angle measure-
ments of pure conductivity water drops were car-

Figure 3. Normalized Fn(D)/R versus distance (D)
profiles between STAI against a bare mica surface
across conductivity water. Attraction between the sur-
faces starts at D � 150 � 50 nm and jumped (indicated
by arrows) from Dj � 33 � 14 nm into flat contact.
Filled symbols indicate results measured from first ap-
proaches, open symbols indicate results measured from
successive approaches, other symbols indicate results
from separate experiments. The pull-off adhesion
forces are measured from the jump-out distance with
the following relation:
Fpull-off � k � D, where k is the normal spring constant,
and are presented as the corresponding approach sym-
bols. Inset: schematic representation of STAI layers
against bare mica across conductivity water.

Table 1. Characteristics of the Contact between Bare or Brush-Coated Surfaces Across Conductivity Water

*D0

(nm)
Pull-off Force

(mN)
Interfacial Tension

(mN/m)

Bare mica in humid air 1.0 � 0.2 — —
Bare mica in water 0.0 � 0.3 0.4 � 0.1 5.3 � 1.7
Bare mica vs. STAI in water 1.4 � 0.3 1.1 � 0.1 13.0 � 1.1
Bare mica vs STAI-PMMA-b-PSGMA in water 2.9 � 0.1

(1.7 � 0.1#)
0.19 � 0.04 2.2 � 0.4

STAI vs STAI in water 2.1 � 0.4 1.6 � 0.1 19.5 � 1.9
STAI vs. STAI-PMMA-b-PSGMA in water 3.2 � 0.1 0.6 � 0.1 7.0 � 1.5

* Relative to mica-mica contact in conductivity water.
# Measured in the first approaches.
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ried out on STAI-coated mica and STAI–PMMA-
b-PGMAS diblock coated mica following different
periods of self-assembly of the layers (Fig. 4). The
average contact angle between STAI coated mica
and pure water was found to be � � 89.8 � 5°.
This value was found to be slightly higher than in
previous reports (80–85°),16,25 possibly because of
a minor change in the working conditions and
surface coverage. Our results indicate that be-
cause the surfaces were dry after the coating pro-
cess, most of the negatively charged sites on the
mica were occupied by the STAI molecules. No
change of the contact angle was observed at dif-
ferent deposition or storage times (up to three
days) for the STAI layer on the mica in pure
conductivity water.

A rapid decrease to about 30% of the contact
angle of the hydrophobic layer was observed after
immersion of the STAI-coated mica into a PMMA-
b-PGMAS diblock solution for the first 30 s. The
reduction in contact angle was continued but at a
somewhat slower rate and reached a steady state
after about 46 h. After about three days the con-
tact angle remained at 25% of its initial value.
The general phenomenon of reduction in the con-
tact angle is expected because as more hydropho-
bic moieties are attached to the STAI-coated
mica, the more hydrophilic tails of the polyelec-
trolyte are exposed to the interface.

For the SFB experiments, we have chosen a
partially diblock covered surface and the self-as-

sembly process was stopped after 13 � 1 h be-
cause the lower mica surface immersed in pure
water in the SFB is prone to water-soluble con-
taminants if it is exposed unprotected for exces-
sively long periods of time. Refractive index mea-
surements on similar confined PE layers1 re-
vealed an adsorbance of � � 3 � 1 mg/m2,
corresponding to a mean surface spacing between
chains of 4 � 0.7 nm. Taking into consideration
the PE cross-section area (roughly about 1 nm), it
can be suggested that after 12–13 h of self-assem-
bly, the surface is partially occupied by the PE
brush.

Polyelectrolyte Brush versus Bare Mica

Following controls between the bare mica sur-
faces across water and the preparation of the PE
brush on the top surface as described earlier, the
normal interactions were long-range and repul-
sive, as shown in Figure 5. The PSGMA can be
termed as a strong polyelectrolyte brush because

Figure 5. Normalized Fn(D)/R versus distance (D)
profiles between a PE brush PMMA-b-PSGMA versus a
bare mica surface across conductivity water. Filled
symbols indicate results measured from first ap-
proaches, open symbols indicate results measured from
successive approaches, different symbols indicate
results from separate experiments. Data was fitted
with DLVO theory (solid line), with a Debye length of
��1 � 35 � 3 nm, corresponding to an ion concentration
of C � 7.5 � 1.5 � 10�5 M. The dashed guideline
indicates the results from Ref. 1. Inset: normal force
profile profiles between PMMA-b-PSGMA polyelectro-
lyte brushes versus bare a mica surface across conduc-
tivity water from 40 nm down to contact. The jump (J)
into adhesive contact from D � 4 � 1 nm to D0

diblock �
2.9 � 0.1 nm (1.7 � 0.1 nm for the first approach) is
indicated by an arrow.

Figure 4. Contact angle measurements of pure con-
ductivity water drops on STAI–PMMA-b-PGMAS
diblock coated mica at different assembly times. The
contact angle of conductivity water on bare mica was �
� 2 � 1°. Results shown at time t � 0 correspond to the
contact angle of water on STAI coated mica. For t 
 0
the results referred to the self assembly process of the
PMMA-b-PGMAS diblock on the hyhdrophobized mica.
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the number and position of charges in the chain is
fixed.2,7 We note that significant repulsive forces
start below 150 nm and monotonically increased
down to few nm. The forces during compression
were slightly lower (by somewhat more than the
scatter in the data) than the measured force pro-
files reported for the two opposed PMMA-b-PS-
GMA surfaces1 (as indicated by the dashed line in
Fig. 5), and the unperturbed thickness, L, of a
similar PE brush layer was estimated in this
work as 13 � 2 nm.

The Debye length was calculated by fitting the
far-field data (D 
 50 nm, outside the range of
expected steric interactions because of the ex-
tended brush) to DLVO theory, and found to be
about 35 nm, corresponding to an ion concentra-
tion of C � 7.5 � 10�5 M. This suggests the
presence of additional counterions in the brush/
bare-mica gap relative to the bare-mica/bare-mica
gap. This may arise from the brush-layer itself.
However, the application of the DLVO model that
developed for the forces between two well-defined
charge-bearing surfaces31 to the case of one sur-
face interacting with a diffuse PE brush layer and
its associated charge distribution is clearly an
approximation.

The form of repulsive interaction is compli-
cated, and it is difficult to attach a quantitative
significance to it. Qualitatively, it seems that the
initial repulsion (250 nm � D � 75 nm) has a

larger decay length, suggesting a counterion con-
centration in the brush/bare-mica gap similar to
that in free water (Fig. 2). Because force measure-
ments were performed across pure water, one can
assume that the PE is stretched and the interac-
tions within and between the charged chains are
repulsive. This is known to form an extended
conformation of the brush.2,7 As the surfaces fur-
ther approach, the repulsion increases more rap-
idly, suggesting the influence of a higher counte-
rion concentration in the gap, possibly because of
ions from the brush-layer itself. Finally, at D � 20
nm, the rise in repulsive force may reflect steric
interactions because of the brush chains (whose
fully-extended length is about 30 nm) being
pressed against the mica.

For compression higher than about 2500 �N/m,
there is some indication of a weak jump into ad-
hesive contact, from D � about 4 � 1 nm to D
� 1.7 � 0.3 nm (Fig. 5, inset). The jump event was
also evidenced by an ambient natural noise reduc-
tion recorded in the oscilloscope (trace A in Fig.
6). This is probably because of the expulsion of
most of the diblock from between the surfaces,
leaving a residual (probably flattened) PE layer
with a thickness of about 0.5 nm. The adhesion
between the surfaces (Table 1) is much weaker
than for STAI on bare mica (Fig. 3 and Table 1),
and does not lead to flattening of the supportive
glue (as in the case for mica–mica,21 mica-STAI,

Figure 6. (A) The jump event between the PE brush against bare mica and across
conductivity water during the approach between surfaces driven by thermal drift (Rd

� 0.7 � 0.2 nm/s), as was evident by ambient natural noise reduction recorded in the
oscilloscope. (B) The approach driven by thermal drift during applied shear (Vs � ca.
300 nm/s indicated by the dashed trace) between the PE brush against bare mica across
conductivity water. The response to shear after the surfaces came into adhesive contact
is evident by stick-sliding behavior.
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and STAI–STAI25 adhesive contacts). The shear
force variation as the surfaces approach under a
thermal drift is shown in Figure 6, both for the
case of no applied lateral shear [Fig. 6(A)], and
when shear was applied. In the latter case, the
situation proceeds from an absence of detectable
shear force, with no intermediate stage, abruptly
to one where the friction is high (although, be-
cause of the residual PE chains, lower than for
STAI/bare-mica contact).

Shear force measurements between STAI–
PMMA-b-PGMAS coated mica versus bare mica

in the presence of conductivity water were carried
out by applying back-and-forth lateral motion to
the top polymer-coated surface with respect to the
lower surface. The measurements commenced at
large surface separations (D 
 100 nm) where no
normal forces above the scatter could be observed,
and typical as-recorded shear-force traces are
shown in Figure 7. Trace A in Figure 6 shows the
shear motion �X0(t) applied to the upper surface
as a function of time, whereas traces B–F are the
corresponding shear forces Fs(t) transmitted
across the gap between them at different surface

Figure 7. As-recorded oscilloscope traces from shear measurements: Trace A: applied
back-and-forth motion to upper surface (amplitude of applied motion versus time);
traces B–F: shear forces transmitted between the surface bearing a PE brush and a
bare mica surface at different surface separations, D, as indicated in response to
applied motion n trace A. The right hand traces are the frequency dependent shear
forces determined by FFTs of traces B–F. The dashed line in trace F is the shear
response (at the same Vs as applied on the corresponding PE brush) between hydro-
phobized mica by the STAI layer versus bare mica in adhesive contact, as demonstrated
in the control experiment (Fig. 3). The dotted line in trace F represents the mid-shear
position (�Xs � 0) position of the PZT. The stick and yield points between the PE brush
and bare mica at contact are indicated by arrows.
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separations, as shown. The right hand side of the
traces shows the shear force components as a
function of frequency (derived from the FFT anal-
ysis of the traces), with an arrow indicating the
drive frequency 	0 (0.5 Hz). Even for the largest
separations, trace B in Figure 7, where there is no
measurable normal interaction between the sur-
faces, there is still a residual shear force Fs0 (	0)
(in the range of 130–160 nN, varying between
different experiments), measurable at the drive
frequency over and above the noise level; this
arises from the coupling of the upper surface to
the lower surface via the thin wires connected to
the PZT. This systematic signal (not because of
any polymer/polymer interactions) may be sub-
tracted from the actual signal to yield Fs(D, 	0),
the relevant shear force at the sliding velocity of
the measurements, as revealed in traces B–F in
Figure 7.

The shear force results showed that down to 6
nm, the magnitude of Fs is on the order of the
baseline noise level measured at a far distance
(Fig. 8). At this distance (6 nm), estimated from
the JKR, the pressure between the surfaces can
be calculated as: Fn/Aeff (where the effective area,
Aeff, is 1(�0.1) �10�10m2) and found to be 1.7
� 0.1 atm and the estimated friction coefficient,
�eff � Fs/Fn, has an upper limit of �eff � 5(�2)

�10�3 (Fig. 8, inset). This very low friction be-
tween the polyelectrolyte–brush and bare
charged mica surface was similar to what was
observed between the two opposing polymer
brush layers,1 even though in the current study
the charged polymer was rubbed against bare
mica and not on an opposing polyelectrolyte
brush. We attribute this to factors similar to those
responsible for the low friction between two inter-
active PE brushes: adhesion between the brush
and the possible presence of fluid hydration
sheets near the charged segment that act as mo-
lecular ball-bearings.

Supporting evidence for the possible polyelec-
trolyte residuals (i.e., the trapped PE after the
surfaces jumped to an adhesive contact; see
above) between the STAI and the bare mica is
given by comparing to the shear behavior be-
tween rigidly coupled STAI–bare mica surfaces,
presented as a dashed line in trace D (Fig. 9) is
the shear response [at a shear velocity (Vs) � 307
nm/s). Unlike the case of the STAI–bare mica
contact, where the surfaces were rigidly coupled
over the applied lateral amplitudes, here we
found a stick-slip behavior in the contact probably
because of the lubricating action of the residual
diblock chains. If the negatively sulfonated
charged polymer is oriented parallel to the sur-
face, the negative charges from the mica surface
and the polyelectrolyte may repel, facilitating
eventual sliding. The picture is one where the
STAI–mica adhesion is reduced by the trapped
diblock chains that at the same time reduce the
friction on sliding.

In Figure 9 the shear force response is shown
for a D value of 1.8 nm (contact following removal
of most of the diblock on strong compression). It is
of interest that at relatively low shear velocities
(below about 300 nm/s) the shear response is one
of rigid coupling followed by free sliding. At lower
shear rates, the response is characteristic of a
mixed sliding and spring-bending. This, interest-
ingly, suggests that the effective relaxation rate
of the trapped polymer mediating the friction is
somewhat in the region of the shear rates corre-
sponding to this transition in behavior. We may
roughly estimate that: if the thickness of the
sheared residual polymer layer is about 0.5 nm,
the relevant shear rate at a shear velocity of 300
nm/s is about 600 s�1, and this is roughly the
relaxation rate of the trapped diblocks.

The variation of the shear force with increasing
shear velocity (Vs) between PE brushes versus
bare mica in contact across conductivity water

Figure 8. Shear forces (Fs) measured at different
normal forces (Fn) between a PMMA-b-PSGMA poly-
electrolyte brush against bare mica surface across con-
ductivity water. The baseline shear force after subtrac-
tion of the natural ambient noise is indicated as a
dashed line. Inset. Variation of the effective friction
coefficient, �eff, with increasing surface pressure. Dif-
ferent data points were taken from various sets of ex-
periments. The jump into adhesive contact is indicated
by an arrow.
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was measured in different experiments and at
contact points and is presented in Figure 10.
There is a large variation between different ex-
periments, suggesting a considerable variance in
the residual amount of diblock after the polymer
was squeezed out at high compression. The gen-
eral trend within a given experiment is that of a
dissipative mechanism, somewhat different than
that of solid–solid friction, where shear force var-
ies even more weakly—logarithmically—with
shear velocities.20

CONCLUSIONS

A model system composed of PMMA-b-PSGMA
that end-attached to form a PE brush on a hydro-

phobic layer (STAI) was used to determine the
interaction between such a negatively charged PE
brush and bare hydrophilic surfaces across water.
During this, we showed that uniform and stable
hydrophobic (STAI) surfaces were attracted to
highly charged hydrophilic surfaces (bare mica)
across salt-free water. We showed that this single
charged brush is compressed and slides across the
solid surface, and very low friction is maintained
(essentially below our detection) until the abrupt
removal of most of the polymer from between the
surfaces by compression. Although there is no
direct evidence for elimination of the brush from
the gap, the indirect measurements provided in
this study can support such a mechanism. We
attribute the ultralow friction to the very fluid

Figure 9. Typical shear traces (traces A to G) applied between a PE brush versus bare
mica in conductivity water, taken from the recording oscilloscope at different ampli-
tudes for a particular case (at D � 1.8 nm). The dashed line in trace D is the shear
response (Vs � 307 nm/s) between the STAI layer against bare mica in adhesive contact,
as demonstrated in the control experiment (Fig. 3). Right inset: frequency-dependent
shear forces determined by FFT from traces A to F.
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interface between the brush and the charged solid
surface, arising from its nonadhesion to the sur-
face and to hydration layers near the charges on
both mica and the polymer brush backbone. Our
results extend earlier studies on the reduction of
friction by polymeric lubricants, in particular, be-
tween two polyelectrolyte brushes. They may
have a relevance to biolubrication when charged
macromolecules at the surface are ubiquitous.

We appreciate the help of J. Frey for synthesizing the
STAI molecule, and we thank U. Raviv for his helpful
discussions and M. Omer and T. Pereg for the contact
angle measurements.
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Figure 10. Summary of the yield shear force (Fs)
with applied shear velocity (Vs) between a PE brush
against bare mica in conductivity water at D � 2.7
� 1.1 nm and a normal load F/R � 1850 � 250 �N/m.
Data within the box area did not exhibit clear stick-
sliding behavior, as demonstrated in trace A of Figure
9. The shear response measurements in contact were
taken at different experiment and contact points (dif-
ferent symbols). Filled symbol data points are for the
first approach and open symbols are for the second
approach at the same contact position.
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