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ABSTRACT: The water lubrication behavior of a polyelectrolyte brush
was investigated by using double-spacer-layer ultra-thin-film interferometry
to determine the thickness of the aqueous lubrication layer present at the
interface between the brush and a spherical glass lens. A hydrophilic
poly{[2-(methacryloyloxy)ethyl]trimethylammonium chloride} brush was
prepared on an optical glass disk coated with layers of semireflective
chromium and silica. The thickness of the hydrodynamic lubrication layer
was estimated interferometrically. On increasing the sliding velocity from
10−5 to 10−1 m·s−1, the gap between the rotating disk and loading sphere
glass lens showed a marked increase to 130 nm at 2 × 10−2 m·s−1, and the
friction coefficient simultaneously decreased to 0.01−0.02, indicating that the polyelectrolyte brush promoted the formation of a
fluid lubrication layer that separates the rubbing surfaces, preventing direct contact and providing a low friction coefficient.
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■ INTRODUCTION

A reduction in the friction coefficient of a surface with tethered
hydrophilic polymers or polyelectrolytes under wet conditions
has been widely demonstrated by experiment and confirmed
theoretically. Surface-tethered polymers of sufficient graft
density are referred to as polymer brushes1,2 and exhibit
unique tribological properties in suitable solvents.3 In principle,
densely grafted polymer chains in a good solvent are stretched
away from the surface to reduce their mutual interactions and
to avoid overlapping other chains. The state of chain stretching
is determined by the balance between the osmotic pressure
arising from the high concentration of polymer and the elastic
restoring force of the polymer chain. When two polymer brush-
covered surfaces are brought into contact in a good solvent,
they normally repel one another because of the excluded-
volume effect of the polymer segments; this can suppress
mutual interpenetration of the two compressed brushes. This is
the classical mechanism for efficient lubrication of solvated
polymer brushes based on repulsive steric forces.4 By using a
surface-force balance, Klein et al. showed experimentally that
polyelectrolyte brushes can act as efficient lubricants between
mica surfaces in aqueous solutions.5−8 Recently, Tsujii et al.
showed that high-density (concentrated) brushes of poly-
(methyl methacrylate) in toluene can have extremely low
friction coefficients.9

In the case of polyelectrolyte brushes in aqueous media, the
osmotic pressure of the free counterions within the charged

brush also contributes to an extremely low friction
property.10−12 The hydration layer bound to the charged sites
and the fluidity of the hydrating water also play important roles
in boundary lubrication.13,14 The lubrication properties of
polyelectrolyte brushes are affected by many factors, such as the
graft density,15−17 ionic strength,18 solvent quality,19,20 and
Coulombic repulsive and attractive interactions of polar
functional groups,21,22 which can be directly measured by
using a surface-force balance23,24 or atomic force microscopy
(AFM).25 Superhydrophilic polymer brushes as low-friction
boundary layers in water lubrication systems would therefore be
expected to show extremely low coefficients of friction.26−28

Takahara and co-workers investigated the macroscopic
tribological characteristics of ionic29−31 and nonionic32,33

polymer brushes in water. In particular, they examined the
dependence of the friction coefficient on the friction velocity in
the range 10−5 to 10−1 m·s−1 by using a conventional ball-on-
plate reciprocating tribotester with a glass ball probe sliding on
the substrate under a normal load of 0.49 N at 298 K.34,35 They
found that a significant reduction in the friction coefficient of a
polymer brush in water occurred at friction velocities of more
than 10−2 m·s−1. For example, the friction coefficients of
poly{[2-(methacryloyloxy)ethyl]trimethylammonium chloride}
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(PMTAC) brushes in water were 0.1−0.2 at slower friction
velocities of 10−5 to 10−3 m·s−1, whereas the friction coefficient
fell to 0.01−0.03 at friction velocities above 10−2 to 10−3 m·s−1,
despite the high normal pressure of approximately 139 MPa on
the contact area, as estimated by means of Hertz’s contact
mechanics theory. This normal pressure is much higher than
the osmotic pressure associated with the swollen brush in the
solution.
It has been shown experimentally that, in general, the friction

coefficients in lubrication systems are markedly affected by the
sliding velocity, the viscosity of the lubricating fluid, and the
normal pressure. The dependence of the friction on these
factors is well described by the Stribeck curve.36 When two
surfaces come into contact and slide over one another in an oil
at a low sliding velocity, boundary lubrication occurs, inducing a
high coefficient of friction, whereas fluid lubrication takes place
at faster sliding velocities, resulting in a significant reduction in
friction because a very thin film of oil is generated that
separates the rubbing surfaces, preventing direct contact and
wear. Lubrication that is dominated by such elastohydrody-
namic effects is referred to as elastohydrodynamic lubrication
(EHL).37 In contrast, water cannot form a stable lubrication
layer at the friction interface at low sliding velocities because of
its low viscosity in comparison with oil. In biological interfaces,
such as synovial joints, this disadvantage is overcome by the use
of glycoproteins or superhydrophilic ionic polymers as viscosity
improvers that have suitable viscoelastic properties in solution
and induce the formation of an EHL layer. The formation of an
EHL layer by artificial hydrophilic polymer brushes in water at
relatively slow sliding velocities to afford a reduction in the
friction coefficient is therefore an interesting phenomenon.
Furthermore, the transition of the lubrication mode for
hydrophilic polymer brushes occurs at a sliding velocity of
10−2 m·s−1, which is slower than the corresponding velocity for
conventional oil-based lubrication.38

We began our attempts to make direct observations of the
water-lubrication layer on brush surfaces by an in situ
observation method: interferometry. Optical interferometry
has been frequently used to measure the thickness of EHL films
between lubricated solid surfaces.39−41 The typical apparatus
consists of a ball-on-disk setup, consisting of a loaded steel ball
and transparent flat glass (or sapphire) disk covered with a
semireflective layer of chromium (Cr). In our current work, an
additional layer of silica was deposited on top of the thin Cr
layer to form a double spacer layer that reduced wear during
sliding and could also be used as a substrate on which to bind
initiating functional groups for subsequent surface-initiated
atom transfer radical polymerization (SI-ATRP) to fabricate a
polyelectrolyte brush (Figure 1). We showed that double-
spacer-layer ultra-thin-film interferometry can be used to

measure the thickness of the aqueous lubrication layer at the
interface of the polyelectrolyte brush and a sphere glass lens.

■ EXPERIMENTAL SECTION
Materials. Copper(I) bromide (CuBr, 99.9%; Wako Pure

Chemical Industries Ltd., Osaka) was purified by successive washing
with acetic acid and ethanol then dried under vacuum. Ethyl 2-
bromoisobutyrate (EB, Tokyo Chemical Inc., 98%) was dried and
distilled over CaH2 before use. 2,2′-Bipyridyl (bpy, 99.5%; Wako), and
2,2,2-trifluoroethanol (TFE, 99.9%; Acros Organics, Geel), were used
without further purification. An aqueous solution of 2-
[(methacryloyloxy)ethyl] trimethylammonium chloride (MTAC)
(Sigma-Aldrich Corp, St. Louis, MO) was concentrated by using a
vacuum pump to remove water, and the residue was dissolved in TFE.
The TFE solution of MTAC was purified by sequential column
chromatography on alumina and filtered through a membrane filter.
One surface each of an optical-glass disk (diameter = 80 mm, thickness
= 8 mm; BK7; Sigma Koki, Toykyo) and an optical-glass lens (radius
of curvature 10.38 mm; Sigma Koki) were coated successively with
layers of chromium and silica by sputter deposition under reduced
pressure by using a radio frequency (RF) sputtering instrument. The
chromium layer of 150 nm thickness was prepared on a BK 7 disk at
200 °C for 3 s under the argon working gas pressure at 0.2 Pa and 200
W of sputter power. The silica coating layer of 150 nm thickness was
prepared on the Cr-coated BK 7 disk at 100 °C for 14 min for 30 s
under the argon pressure at 0.2 Pa and 100 W of putter power. 6′-
(Triethoxysilyl)hexyl 2-bromo-2-methylpropanoate (BHE) was syn-
thesized as described previously.33 Monolayers of BHE were deposited
on the Cr−SiO2-coated glass disk (Figure 1) and on a silicon wafer by
chemical vapor deposition. Deionized water was purified by using a
NanoPure Water system (Millipore Inc., Billerica, MA).

Preparation of Polymer Brushes by SI-ATRP.45 The coated
glass disk or silicon wafer was placed in a well-dried flask fitted with a
stopcock, and a 2.0 M solution of MTAC in TFE (39.6 mL), and i-
PrOH were added. The solution was degassed by three freeze−thaw
cycles. CuBr (0.103 mmol) and bpy (0.200 mmol) were introduced
into a separate glass tube and degassed by seven cycles of vacuum
pumping and flushing with argon. A solution of the free initiator EB
(0.0106 mmol) diluted with TFE (0.20 M) was added to the CuBr/
bpy catalyst solution and immediately gave a homogeneous solution
with a characteristic red color. This copper catalyst solution was
degassed by repeated freeze−thaw cycles and then injected into the
MTAC monomer solution. The resulting mixture was degassed once
more by repeated freeze−thaw cycles to remove any oxygen and then
stirred in an oil bath at 333 K for 24 h under argon to generate a
PMTAC brush from the substrates and free (unbound) PMTAC from
the EB. The reaction was stopped by opening the glass vessel to allow
air to enter at 273 K. The reaction mixture was then poured into
tetrahydrofuran (THF) to precipitate free polymer and any unreacted
MTAC. The silicon wafer was washed with TFE in a Soxhlet apparatus
for 12 h to remove free polymer adsorbed on its surface, and then
dried under reduced pressure. The chemical structure of the resulting
brush on the glass disk is shown in Figure 1.

Characterization. The number-average molecular weight (Mn)
and molecular-weight dispersity (MWD) of the free soluble PMTAC
were determined by size-exclusion chromatography (SEC) using a
Shimadzu HPLC system connected to one Tosho G3000PWXL-CP
and two G5000PWXL-CP polystyrene gel columns. The SEC system
was equipped with a multiangle light-scattering detector (MALS;
Wyatt Technology Corp., Santa Barbara, CA), a 30 mW GaAs linearly
polarized laser with wavelength λ = 690 nm (DAWN-EOS; Wyatt
Technology), and reflective index detector (Shimadzu RID-10A). The
columns were eluted with 500 mM aqueous acetic acid containing
sodium nitrate (200 mM) at a rate of 0.6 mL·min−1.

Friction Tests. Friction tests were performed on a Tribostation
Type 32 machine (Shinto Scientific Co., Ltd., Tokyo, Japan) by sliding
a 10 mm diameter glass ball on the substrates for a distance of 20 mm
at a sliding velocity of 10−5 to 10−1 m·s−1 at 298 K. The frictional
forces on the polymer brushes were measured by using a strain gauge

Figure 1. Chemical structure of the PMTAC brush on an optical glass
disk (BK7) coated with layers of Cr and SiO2. A similar surface-
initiator layer and PMTAC brush were also prepared on a silicon
wafer.
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and recorded on a computer. The normal load was controlled by
placing a dead weight (0.49 N) on top of the holder for the glass ball.
The normal pressure was estimated to be 139 MPa by means of the
Hertz contact theory.43 The setup of the friction tester has been
described in a previous paper.32

Double-Spacer-Layer Ultra-Thin-Film Interferometry. A
transparent optical glass (BK7) disk (80 × 8 mm) and a glass lens
(curvature radius = 10.38 mm) coated with layers of Cr and a silica
were prepared as describe above. The surface of the flat glass disk was
modified with a PMTAC brush. Figure 2 shows the white-light
interferometry setup for measuring the thickness of the lubricating film
and the spacer layer. The glass lens was loaded against the flat
transparent disk with water sandwiched between them, and a layer of
lubricant formed when the glass lens and the disc were rotated. When
a coaxial beam of white light was shone onto the contact area between
the lens and disk, Fizeau interference fringes were generated by light
reflecting from either side of the gap between the disk and the glass
lens. The interference fringes were magnified by a microscope and
captured by a video device.
In the interference fringes, the maximum intensity occurs at λd,

according to eq 1

ϕ λ+ + = −h h n h n N2{( ) } ( )su s1 s lub lub d (1)

where hsu and hsl are the thicknesses of the SiO2 spacer layers on the
disk and on the lens, respectively, hlub is the thickness of the lubrication
layer, and ns and nlub are the refractive indices of the spacer layer and
lubricant layer, respectively. N (N = 1, 2, 3, ...) is the fringe order, and
ϕ is the initial phase change. The thickness of the silica layer was
approximately 300 nm (hsu + hsl = 300 nm). By using the thickness
(hp) and refractive index (np) of a compressed polymer brush in the
static contact state, the thicknesses hsu and hsl were determined means
of eq 2

ϕ λ+ + = −h h n h n N2( ) 2 ( )su sl s p p static (2)

where λstatic is the wavelength at which the maximum intensity occurs
in the static contact state.
The thickness of the lubrication layer containing the brush and

water was calculated from the Hue value (Hue saturation − brightness
numbers), and the intensity values from the digitized color
interferogram images (512 × 512 pixels). Figure 3a shows the Hue
value converted into a color interferogram from the center of the
contact area to the outer fringes. The gap between the disk and lens
along with radius direction can be estimated by means of Hertz
contact theory (Figure 3b) for a plane−sphere contact mode.40

In this study, we calculated the thickness of the lubricating film
directly from the interference color, rather than from light wavelength,
by using the spacer layer imaging method (SLIM).41 The relationship
between the Hue value and the gap was obtained from Figure 3 and
described by fitting it to a polynomial function. The gap between the
opposing silicon spacer layers was determined from several Hue
calibration curves with various level functions.

■ RESULTS AND DISCUSSION
SI-ATRP of MTAC was carried out in the presence of BHE
immobilized on a Cr−SiO2-coated glass disk and a silicon wafer

to give PMTAC brushes on the glass disk and the Si wafer;
simultaneously, polymerization by sacrificial free EB initiator
gave unbound free PMTAC in solution. The Mn of the
unbound PMTAC generated at the same time as the brush was
determined by SEC to be 738 000 g mol−1. The dry thickness
of a PMTAC brush on a silicon wafer under air was measured
by ellipsometry to be 170 nm. Although we were unable to
measure the thickness of the brush on the Cr−SiO2-coated
glass disk directly in the current study, its dry thickness on the
glass disk would be expected to be similar to that on the silicon
wafer. The roughness of the dry brush surface and the Cr−
SiO2-coated glass disk could not be estimated by AFM because
sample stage width of AFM was much smaller than glass disk.
We observed the root-mean-square (rms) value of roughness of
the brush surface on Si wafer, which was simultaneously
prepared with brush on the glass disk, to be 2.1 ± 0.5 nm in 10
× 10 μm2 measured by AFM. We supposed that the roughness
of Cr-SiO2-coated glass disk would be slightly (approximately
1−2 nm) larger than Si wafers, but would be similar level to the
roughness of the brush. Therefore, we supposed that the brush
surface on the Cr-SiO2-coated glass disk would be expected to
have a similar rms value to that on the Si wafer.
Water smoothly spread over the surface of the glass disk with

the PMTAC brush. The wet disk was mounted on a rotating
holder and contacted with the spherical glass lens under a load
of 2.8 N. The theoretical normal pressure, based on Hertzian
contact, was 139 MPa. An interferometric image was recorded
in the static state (Figure 3) to determine the thickness of the

Figure 2. Schematic view of the interferometry method using a ball-on-disk configuration. The glass disk and lens were made of optical glass (BK7).
The surfaces of the glass disk and lens were sequentially coated with chromium and silica layers by sputter deposition under reduced pressure.

Figure 3. (a) Static interferogram and (b) the Hue value (solid line)
and the corresponding gap (dotted line) calculated from Hertz contact
theory.
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gap between the glass disk and glass lens on the basis of the
Hue values, as described in the Experimental Section.
Interferometric images of the PMTAC brush in water at

various sliding velocities are shown in Figure 4a. During each
run of friction testing, the sliding velocity was changed in a
stepwise manner from 1 × 10−4 to 2 × 10−1 m·s−1, without
stopping the rotation. Interferometric images were recorded
continuously by a video camera. The photographs in Figure 4
show typical colors observed during sliding at various sliding
velocities. The brightest area in the circle is the contact area
between the brush surface and the sliding glass sphere probe.
On increasing the sliding velocity from 1 × 10−4 to 2 × 10−2 m·
s−1, the interference color changed from orange to blue,
indicating an increase in the gap between the glass plate and the
spherical glass lens. At a velocity of 2 × 10−2 m·s−1, the orange
color partially reappeared, but a blue area also remained.
Figure 5 represent the gap between the brush substrate and

glass lens calculated from the Hue value. The interference

occurred between light reflected from the semireflective Cr
layer of the glass disk and light reflected from the Cr layer of
the glass lens; therefore, the interference color is related to the
distance between these two Cr layers, i.e., hsu, hsl, and, in
particular, hlub, as described in eq 1.
Let us now examine the relationship between the gap in

Figure 5 and hlub. In our experiment, the gap was regarded as
being zero when the brush contacted the glass lens in the static
state. The brush would have been significantly compressed
under the load of the glass lens in the static state. The value of

hlub in the static state is therefore the thickness of the
compressed brush layer, which was approximately 170 nm.
Therefore, the gap in Figure 5 is greater than hlub as a result of
an additional thickness caused by the sliding.
In Figure 6, the square symbols represent the sliding velocity

dependence of the gap. The gap and the error bar are the

average value and standard deviation calculated from the pixel
color in the area of contact center between the lens and glass
disk. Typical gap profile near the contact center is shown in
Figure 5. On increasing the sliding velocity, as shown in Figure
6a, the gap increased significantly up to a value of 130 nm at a
velocity of 10−2 m·s−1, indicating that the opposing SiO2 spacer
layers on the disk and lens were separated by 300 nm. At

Figure 4. Captured interferometric images of (a) the PMTAC brush, (b) the glass disk and lens in water under a load of 130 MPa at various sliding
velocities in the range 1 × 10−4 to 2 × 10−1 m·s−1 at 298 K.

Figure 5. Gap profile calculated from digitized pixel color in the
contact area between the lens and glass disk bearing PMTAC brush at
a sliding velocity of 1 × 10−2 m·s−1 at 298 K. See also the color image
in Figure 4a.

Figure 6. (a) Dependence of the friction coefficient (filled circles) on
the sliding velocity for a PMTAC brush in water, measured by using a
linearly reciprocating tribotester with a 10 mm-diameter glass ball
sliding over a distance of 20 mm under a load of 0.49 N, and the
average gap (open squares) calculated by interferometry using a ball-
on-disk configuration in the range 1 × 10−4 to 2 × 10−1 m·s−1 at 298
K. (b) Double logarithmic plot of the average gap versus the sliding
velocity. The solid bold line (L1) has a slope of 0.67. The solid narrow
lines (L2, L3, and L4) are the calculated thicknesses of hydrodynamic
lubrication layers for 40, 15, and 0 wt % PMTAC aqueous solutions,
respectively.
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velocities much faster than 10−2 m·s−1, an orange color was
partially observed again; however, a 50 nm thick lubrication
layer remained in a circle area throughout the friction tests.
The circle symbols in Figure 6a indicate the friction

coefficients for a PMTAC brush on a silicon wafer in water
measured at various velocities by using a reciprocating
tribotester with a glass ball probe under a load of 139 MPa.
Because the interferometry apparatus could not measure the
frictional force, the friction coefficient was independently
measured by using a ball-on-plate tribotester under similar
conditions of friction to those in the ball-on-disk interferometry
system. The friction coefficient in water was 0.12 at 10−5 m·s−1

and began to decrease significantly at 10−3 m·s−1, eventually
reaching 0.02. At this friction velocity, the apparent gap also
began to increase from 30 to 100 nm. This marked reduction in
the friction coefficient at a certain velocity might be caused by a
change in the friction mode. At low sliding velocities,
interactions between the brush and friction probe dominate
the friction and give rise to a large friction coefficient
(boundary or interfacial friction). On increasing the sliding
velocity, a hydrodynamic lubrication layer is formed that
separates the sliding surfaces and reduces the friction force. It is
generally known that the friction coefficient in a hydrodynamic
lubrication state increases gradually with the friction velocity as
a result of fluid resistance. However, no such increase in the
friction coefficient was observed in the range 10−3 to 10−1 m·s−1

in the current experiments. By analogy to the Stribeck curve,
the effect of fluid resistance should appear at sliding velocities
much larger than 1 m·s−1. The relationship between the
thickness of the lubricating layer and the velocity, as shown in
Figure 6b, will be discussed later.
Although the gap between the disk and lens decreased to 50

nm at 10−1 m·s−1, the friction coefficient in water was still as
low as 0.01−0.02. In addition, two different colored regions
were observed in the contact circle area of the interferometry
image (Figure 4a), indicating variations in the thickness of the
lubrication layer. We therefore assumed that the PMTAC brush
was in a mixed lubrication state at velocities of 10−3 to 10−1 m·
s−1.
The increase of the gap and the reduction in friction

coefficient at 10−3 m·s−1 were reproducible phenomenon when
increasing the sliding velocity. The measurement with
decreasing sliding velocity from faster to lower rate have not
been tried in this study.
On the other hand, no significant color change was observed

in the interferometry images of the glass disk without a brush in
water in the range 1 × 10−4 − 1 × 10−1 m·s−1, as shown in
Figure 4b. Figure 7 shows that the friction coefficient of glass
was as high as 0.2 at 1 × 10−4 to 1 × 10−2 m·s−1, and the gap
between glass disk and lens was almost zero. Therefore, no
lubrication layer was formed between the bare glass surfaces at
slow sliding velocities, even under wet conditions. When the
sliding velocity reached a value in excess of 1 × 10−1 m·s−1, the
friction coefficient decreased to 0.1 and the gap simultaneously
increased to 15 nm, probably due to a transition from boundary
lubrication to a mixed lubrication mode.
One significant difference between the brush-modified disk

and the bare glass disk was in the wear track. The brush-
modified disk showed no major damage due wear, even after
ball-on-disk friction testing in water, whereas a wear track was
clearly observed on the surface of the bare disk. As shown in
Figure 4b, the ring-shaped interferometric image of the bare
glass disk collapsed at a sliding velocity of 2 × 10−1 m·s−1 as a

result of wear and the formation of wear debris. Although the
wear was not quantified in the current study, it would be
necessary in the future work.
It is widely accepted that the central thickness of an EHL

layer increases with the 0.67 power of the sliding velocity and
the lubricant viscosity.45 As shown in Figure 6b, a double
logarithmic plot of the average gap near the center of the
contact circle showed a proportional relationship at sliding
velocities in the range 10−4 to 10−2 m·s−1, the slope of which
was well agreed with 0.67 [bold line L1 in Figure 6b]. This
result indicated that the swollen polyelectrolyte brush in water
promoted hydrodynamic lubrication. At sliding velocities much
greater than 2 × 10−2 m·s−1, no such proportional relationship
was observed on the logarithmic plot. In addition, a large error
bar appeared in the higher velocity region, because heteroge-
neously colored patterns were observed in the Hertzian contact
circle, as shown in Figure 4a. Insufficient fluid is entrained into
the conjunction area at high sliding velocities, resulting in a
thinner gap. One possible reason for the color variation in the
conjunction circle is a variation in the thickness of the fluid film
as a result of elastic deformation of the surface and the Hertzian
pressure distribution at the inlet region, the center of the
conjunction circle, and off toward one side. Actually, the profile
of the gap at 10−2 m·s−1 in Figure 5 might imply the
elastohydrodynamic deformation. However, we should carefully
consider another possibility in this experiment. Another reason
might be a heterogeneous distribution of the refractive index of
the thin film of fluid caused by changes in the polymer
concentration.
In general, the central film thickness (Hc) of the EHL can be

estimated from point-contact theory by using the following
equations:

= − −−H U W k7.32 {1 0.72exp( 0.28 )}c
0.64 0.22

(3)

η
=U

u

ER
0

(4)

=W
F

ER2 (5)

where U, W, and k are the dimensionless speed parameter,
dimensionless load parameter, and ellipticity parameter (k =
1.03), respectively. U was determined from the viscosity (η0),
the sliding velocity (u), the elastic modulus of the glass disk (E
= 76.5 GPa), and the radius of curvature of the lens (R = 10.38
mm). W was determined from the normal applied load (F), E,

Figure 7. Sliding velocity dependence of the friction coefficient (filled
circles) of a glass plate without a brush in water measured by using a
linear-reciprocating tribotester with a glass ball (10 mm diameter)
sliding over a distance of 20 mm under a load of 0.49 N, and the
average gap (open squares) calculated by the interferometry (Figure
4b) using a ball-on-disk configuration in the range of 1 × 10−4 to 2 ×
10−1 m·s−1 at 298 K.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505906h | ACS Appl. Mater. Interfaces 2014, 6, 20365−2037120369



and R. When the zero-shear viscosity of pure water (1.0 mPa·s)
was used as a value for η0, Hc was significantly less than a few
nanometers, even at u = 10−1 m·s−1, as shown in line L4 in
Figure 6b, indicating that it is hard to obtain a stable lubrication
layer with pure water due to its low viscosity.
The zero-shear viscosities of 15 and 40 wt % aqueous

solutions of PMTAC, measured by using a rotational rheometer
at 298 K, were 8.01 × 102 and 2.42 × 104 mPa·s, respectively.
Samples of free PMTAC formed simultaneously with the
polymer brush were used in measuring these viscosities. If the
value of η0 is assumed to be similar to the zero-shear viscosity of
a 15 wt % aqueous solution of PMTAC, the theoretical value of
Hc would be expected to show a dependence on the velocity
similar to line L3 in Figure 6b. More interestingly, the
experimentally observed gap determined by SLIM at u = 2 ×
10−4 to 1 × 10−2 m·s−1 almost overlapped line L2, which
represents the theoretical value of Hc calculated from the
viscosity of a 40 wt % aqueous PMTAC solution. These results
indicated that the swollen polymer brush in water plays a role
similar to that of a viscous lubricant in assisting hydrodynamic
lubrication.
The polymer concentration at the friction interface can be

estimated from the graft density of the brush. The graft density
σ of the PMTAC brush was determined to be 0.20 chains nm−2

from the Mn of the brush and its dry thickness (Ld, nm) by
using eq 6:42

σ = × −L dN M( / ) 10d A n
21

(6)

where d is the bulk density of the polymer (g·cm−3), and NA is
Avogadro’s number. In comparison with the air-dried state,
PMTAC brushes in water form swollen and relatively stretched
chain structures because of the high osmotic pressure. We
previously measured the swollen thickness (Le) of another
batch of PMTAC brushes on a flat substrate surface by neutron
reflectivity measurement.46,47 A PMTAC brush that was 32 nm
thick in the dry state was approximately 80 nm thick when
swollen in water. Therefore, the value of Le for the PMTAC
brush in this work (Ld = 170 nm) would be 425 nm on the
basis of simple assumptions. If σ chains of polymer are present
in a volume of Le × 1 × 1 nm3 near the surface of the substrate,
the polymer concentration (Cp) can calculated from eq 7 to be
0.58 g·cm−3, which is an extremely high concentration.

σ= ×C M N L( / ) 10p n A e
21

(7)

The presence of this extraordinary high value of Cp provides
a reasonable explanation for the formation of a viscous
lubrication layer at the friction interface. As previously
mentioned, the observed gap was almost the same as the
thickness of the theoretical lubrication layer corresponding to a
40 wt % aqueous PMTAC solution. This approximation implies
that the swollen brush layer in water is capable of behaving as a
highly viscous lubricant to produce stable hydrodynamic
lubrication. However, we should note that this mechanism
differs from that of a classical EHL system. The hydrodynamic
lubrication layer in this study was formed on a water-swollen
brush layer immobilized on a solid substrate. In other words,
the polymer brush-enhanced the formation of an EHL system
in water.

■ CONCLUSIONS
We investigated the water-lubrication behavior of an ion-
containing PMTAC brush on a Cr−SiO2-coated glass disk by in

situ observations on a double-spacer-layer ultra-thin-film
interferometry to measure the thickness of the aqueous
lubrication layer at the interface between the brush and a
spherical glass lens. On increasing the friction velocity from
10−5 to 10−1 m·s−1, the gap between the brush-modified disk
and a spherical glass lens increased significantly to 130 nm at 2
× 10−2 m·s−1, and the friction coefficient simultaneously
decreased to 0.01−0.02, indicating the formation of a fluid
lubrication layer on the surface of the polyelectrolyte brush. A
change in the interference color with friction velocity was
observed only on the polyelectrolyte brush-coated substrates in
water, and not on bare glass. This is a very interesting
phenomenon because an artificial hydrophilic polymer brush in
water forms a hydrodynamic lubrication layer even at a
relatively slow friction velocity in the range 10−2 to 10−1 m·s−1,
reducing the friction coefficient. Therefore, this lubrication
mechanism is different from that of conventional EHL, and is
consequently named the “polymer brush-enhanced EHL
system”. The second objective of this study is the measurement
of the fluid lubrication layer at symmetric interface using a
brush-bound substrate and a brush-bound lens under wet
condition by the interferometry.
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