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Abstract
The thin film structures and tribological properties of aqueous solutions of a silicone-based amphiphilic block copolymer,
bis-isobutyl polyethylene glycol (PEG)-14/amodimethicone (BIPA) copolymer, confined between mica surfaces were
investigated using the surface forces apparatus. Measurements were made for three BIPA concentrations (0.005, 0.05, and
0.5 wt%); the effect of concentration on the structures and properties was evaluated. The BIPA molecules had positive
charges in the solutions and formed an adsorbed layer on a negatively charged mica surface. The static hard-wall thicknesses
were within the range of 3.3–5.6 nm for the three concentrations. Applying sliding motions under load L further decreased
the thickness. The minimum dynamic thicknesses were 2.4–2.7 nm for the three concentrations, indicative of sliding between
two adsorbed BIPA molecular layers. The friction coefficients were on the order of 10−5 for the three concentrations;
extremely low friction was obtained originating from the slippage of the fluid-like water layer between the adsorbed layers.
All three concentrations exhibited good lubricity, but precise comparison implies some differences in the film structures and
friction mechanisms. The details of the differences were discussed from the perspective of the dissolution states of BIPA in
the solutions and adsorbed/sliding conformations.

Introduction

The friction properties between two opposed surfaces
separated by a molecularly confined lubricant fluid are very
different when comparing aqueous (water-based) and oil-
based lubrication systems. When a lubricant fluid is con-
fined in a nanometer-scale gap between surfaces, the fluid
molecules are geometrically packed, which induces an
increase in the density of the fluid. Regarding oils, the
density increase directly leads to an increase in the fluid
viscosity. A number of experiments using the surface forces
apparatus (SFA) [1–6] and computer simulations [7]
observed an extensive increase in the fluid viscosity in
confinement, and solid-like shear behaviors for many dif-
ferent lubricant oils were observed. On the other hand, in

the case of water, the structure and dynamics in molecular-
scale confinement are totally different from those of oils.
Because of the strong orientation dependence of the
hydrogen bonds, the density of liquid water is higher than
that of solid ice. Therefore, geometrical confinement and the
resulting density increase do not induce solidification of
water, and the system still has high fluidity [8]; this is the
essential mechanism for the extremely low friction of aqu-
eous lubrication systems. Biological sliding systems, such
as articular cartilage, organs in our body, and eyelids, are
representative examples of low friction based on the aqu-
eous lubrication mechanism [8–13].

Although aqueous lubrication often realizes extremely
low friction, water itself is not a good lubricant under
boundary conditions. Water has high fluidity even in
molecular-scale confinement, as was already mentioned.
This means that water molecules tend to be squeezed out
easily from the contact interface under an applied load (low
load-carrying capacity). Therefore, appropriate water-
soluble materials must be used as additives to obtain good
aqueous lubrication. Water-soluble additives have func-
tional groups, such as charged or polar groups, in the
molecules. The water molecules adjacent to such groups
form hydration shells that produce short-range repulsive
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force [8, 14–16]. If the additive molecules are confined
between or adsorbed onto surfaces, the repulsive force
supports normal load and prevents water molecules from
being squeezed out from the interface. This is the molecular
origin of the load-carrying capacity of aqueous lubrication.
The relaxation time of water molecules in the hydration
shells is on the order of nanoseconds, only 102 times longer
than that in bulk water [8, 17]. This short relaxation time
realizes fluid-like sliding of the water layer even in
molecular-scale confinement and results in extremely low
friction. The details of the aqueous lubrication behaviors
have been published for many different systems: salt solu-
tions [15, 18, 19], polymer brushes [20–22], amphiphilic
surfactant layers [14, 23, 24], liposomes [24, 25], and bio-
logical molecules/biomaterials [26–32].

In our earlier work [33], we demonstrated a new class of
aqueous lubrication systems that give extremely low fric-
tion: a dilute solution of amphiphilic block copolymer
aggregates. The tribological properties were investigated for
the aqueous solution of a silicone-based amphiphilic block
copolymer, bis-isobutyl PEG-14/amodimethicone (INCI
name, henceforth referred to as BIPA) copolymer (con-
centration of 0.05 wt%), confined between mica surfaces
using the SFA. BIPA molecules existed as positively
charged water-soluble aggregates in the solution and formed
an adsorbed layer on negatively charged mica surfaces.
AFM observations and SFA normal force measurements
suggested the deposition of aggregates on the top of the
adsorbed layer. When the two surfaces were compressed by
a normal load and sliding motions were applied between the
surfaces, most of the deposited aggregates were squeezed
out from the sliding interface, and extremely low friction
was obtained. The friction coefficient μ was on the order of
10−5, which is almost equivalent to the lowest μ values
reported in the literature of comparable SFA studies [8].

In this work, we examined the thin film structures and
tribological properties of BIPA aqueous solutions with
different BIPA concentrations. The effects of concentration
on the structures and properties are important from the
viewpoint of practical applications [34]. AFM and SFA
measurements were made for the BIPA solutions at three
concentrations (0.005, 0.05, and 0.5 wt%). The results
showed that sliding films of two adsorbed layers were
obtained for the three concentrations, with μ values on the
order of 10−5. All three concentrations exhibited excellent
friction reduction ability, but a detailed comparison implied
some differences in the sliding structures and friction
properties depending on the concentrations. The molecular-
scale mechanisms of the differences were discussed from
the perspective of the dissolution states of BIPA in the
solutions (unimers or aggregates) and resulting adsorbed/
sliding conformations.

Experimental section

Materials

A silicone-based amphiphilic block copolymer, BIPA
(Fig. 1), was purchased from Dow Corning Toray Silicone
Co., Ltd. (Tokyo, Japan) and used as received. The che-
mical structure and impurities included in the sample were
analyzed using gel permeation chromatography (GPC) and
1H NMR, which were described in detail in our previous
publication [33]. The modification ratio of the amino-
modified siloxane segment was ~5%. The degree of poly-
merization (DP) of the siloxane segments (m in Fig. 1) was
~16, and the DP of the whole backbone segments (n in
Fig. 1) was ~5. The Mw of the polymer was ~9100 (cali-
brated with standard polystyrene samples), and the poly-
dispersity index (Mw/Mn) was ~1.6. The polymer included
two major impurities: dimethyl, (aminoethylaminopropyl)
methyl cycrosiloxanes and PEG-type components. Aqueous
solutions at three concentrations (0.005, 0.05, and 0.5 wt%)
were prepared by dissolving BIPA copolymer into ultrapure
water, which was purified by a Direct-Q® UV water pur-
ification system (Merck Millipore, MA, USA). No salt was
added to the BIPA solutions. The solutions with con-
centrations of 0.005 and 0.05 wt% were clear, but that of
0.5 wt% was cloudy.

Atomic force microscope (AFM)

The adsorption behavior of BIPA molecules on mica from
solutions was studied by AFM (Dimension XR, Bruker Co.,
USA) using a triangular silicon nitride cantilever (Bruker
ScanAsyst-Fluid+, tip radius: 2 nm, nominal spring con-
stant: 0.7 N/m, resonant frequency: 150 kHz). AFM images
were collected in PeakForce Tapping mode® (scan size: 3 ×
3 μm). The peak force setpoint was 350 pN, the PeakForce
tapping amplitude was set to 100 nm, and the PeakForce
tapping frequency was 2 kHz. The AFM images were
recorded at a scan rate of 0.5 Hz. The obtained images were
processed with the “flatten” function (first order) via built-in
software.

Fig. 1 Chemical structure of bis-isobutyl PEG-14/amodimethicone
(BIPA) copolymer
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Surface forces apparatus (SFA)

The surface forces apparatus used in this study was SFA3
(Surforce LLC, CA, USA) [35]. A schematic illustration of
a friction measurement is shown in Fig. 2. Molecularly
smooth mica surfaces were used as substrates that were
aligned in a crossed cylindrical configuration, and a droplet
of the BIPA solution (ca. ~0.1 mL) was injected between
them. Some amount of water was also placed in the bottom
of the chamber to minimize water evaporation from the
sample droplet. Regarding friction measurement, surfaces
were brought into contact by applying a load, L. The load
was controlled by a normal force spring (spring constant of
8380 N/m) of the bimorph slider. The friction force
was measured under a given applied load L in the range of
~20 mN (pressure P in the range of ~13MPa) by applying
lateral motions (reversible cycling) to the lower mica sur-
face [36]. The thickness of sliding film D (accuracy within
0.2 nm), size of contact area A, and contact geometry
(shape) were evaluated by monitoring fringes of equal
chromatic order (FECO). Experiments were performed in
a temperature-controlled room (21 ± 1 °C). We started
experiments by measuring the normal force profile; the
measurement was started ~20–30 min after the injection of
the sample solution between the mica surfaces. After the
normal force measurement, the surfaces were separated to a
distance of many microns, the two surfaces were brought
together and allowed to make contact again (the same
contact position as the normal force measurement), and
friction measurements were performed. The results reported
in this paper are based on at least three independent mea-
surements (three different pairs of mica surfaces).

Results

BIPA adsorption behavior

The adsorption of BIPA molecules onto mica surfaces from
solutions was studied using AFM, and the results are shown in
Fig. 3. The AFM observation was started ~2min after dropping
the BIPA solution onto the mica surface; it took ~10min to
obtain a 3 × 3 μm image. Scanning started from the top
(direction from left to right) in Fig. 3; the surface structures
seen near the top represented a very initial stage of BIPA
adsorption. For the AFM image of 0.005wt% (Fig. 3a), we
observed a dark flat region only near the top of the image.
Evaluation of the surface roughness revealed that the dark flat
region was the mica surface without any adsorbates. Most of
the rest of the scanned area was covered by an adsorbed layer
with a thickness of 1.9 ± 0.1 nm (evaluated from the height
difference from the mica surface) and a maximum roughness
Rz of 1.2 ± 0.2 nm. A fine “mesh-like” structure was observed
in the adsorbed layer, and some bright spots were seen on the
top of the adsorbed layer, with a size of ~20 nm. For the 0.05
and 0.5 wt% solutions (Fig. 3b, c), we did not see (time-
dependent) different structures within the images. Both images
showed a sea-island structure; the size of the island (bright
area) was larger at 0.5 wt%. The Rz of the dark “sea” region
was 1.7 ± 0.2 nm for 0.05wt% and 2.2 ± 0.4 nm for 0.5wt%.
The typical lateral size of the island was ~100–200 nm for 0.05
wt% and near 300 nm or larger for 0.5 wt%. The inset images
show the structures observed ~15min after sample preparation.
Lateral growth of the island size was seen for all concentra-
tions. For 0.5 wt%, the growth of the island led to the formation
of a connected structure; the bright area in the inset image of
Fig. 3c constitutes a continuous structure region.

Normal force profiles measured with SFA

The normal force profiles (on approach) for the BIPA solu-
tions at three different concentrations measured using SFA are
shown in Fig. 4. Monotonous repulsion was observed for the
three concentrations. The surface distance where repulsion
started was the smallest for the 0.005 wt% solution, and
the distance increased with increasing BIPA concentration.
The effect of concentration on the hard-wall distance (where
the repulsive force diverges) was not simple; the maximum
hard-wall thickness was obtained for 0.05wt%. The distances
where repulsion starts and the hard-wall thicknesses for the
three concentrations are summarized in Table 1.

SFA friction measurement

The SFA enabled us to measure the dynamic thicknesses
(thicknesses during sliding); the results were plotted as a
function of the applied load/pressure and are shown in Fig. 5.

Velocity, V

Load, L
Friction force, F

Mica
Thickness, D

Area, a, A
Sample

White Light

FECO

Fig. 2 Schematic illustration of the SFA friction measurement. Droplet
of a BIPA copolymer solution is confined between mica surfaces under
an applied load L. Lateral motions at a constant sliding velocity V are
applied, and the resulting friction force F is measured. Thickness of the
sliding film D, size of the contact area A, and the contact geometry are
evaluated by observing the FECO fringes during the whole measurement

Boundary lubrication with aqueous solutions of silicone-based amphiphilic block copolymer aggregates:. . . 1125



Regarding the load dependence (Fig. 5a), the dynamic
thickness was the largest for sliding at 1 mN (smallest L
condition), and increasing L decreased the thickness. When
we compare the dynamic thicknesses between concentrations
at L= 1mN, the thickness was the smallest (smaller than
4 nm) for 0.005 wt% and the largest (~8 nm) for 0.5 wt%.
The minimum dynamic thicknesses under maximum load
conditions (L= 20 mN) were 2.7 ± 0.1 nm for 0.005 and 0.05

500 nma) b) c)500 nm 500 nm

Fig. 3 AFM topographic images of the adsorbed films on mica sur-
faces from the BIPA solutions with different concentrations. a 0.005
wt%, b 0.05 wt%, and c 0.5 wt%. The three large images were
obtained immediately after sample preparation (measurement started

~2 min after sample preparation). The inset images exhibit the surface
topography obtained ~15 min after preparation, which show the lateral
growth of the island structure. The 500 nm scale bars and the height
bar on the right are valid for both the large and inset images
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Fig. 4 Normal force profiles (on approach) for the BIPA solutions with
three concentrations. The results obtained from two independent
measurements are plotted for each concentration

Table 1 Results of the normal force measurements

BIPA concentration
[wt%]

Distance where
repulsion starts [nm]

Hard-wall
thickness [nm]

0.005 4.1 ± 0.5 3.9 ± 0.4

0.05 15.8 ± 1.1 5.6 ± 0.1

0.5 31.2 ± 7.7 3.3 ± 0.5
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Fig. 5 The dynamic thickness D for the thin BIPA films at three
concentrations plotted as a function of applied load L (a) and
of pressure P (= L/A, A: contact area) (b). The results obtained
from two independent measurements are plotted for 0.005 and
0.05 wt%, and those from three independent measurements are
plotted for 0.5 wt%; different symbols represent the data from
different (independent) measurements. The sliding velocity V was
0.013 μm/s
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wt% and 2.4 ± 0.2 nm for 0.5 wt%. Figure 5b shows the same
dynamic thickness data plotted against the applied pressure P
(=L/contact area A). It is interesting to note that although
the experimental L range was the same (1–20mN) for
the three concentrations, the P range was different. This is due
to the fact that the effect of L on A was different between
concentrations; the increase of A by the increase of L was
relatively small for 0.5 wt% (see also Fig. 8).

Figure 6 shows a typical example of the friction traces
(friction force versus time plots) obtained in this study.
A triangular voltage signal was applied to the bimorph
strips to generate repetitive sliding motions at a constant
sliding velocity V (a), and the friction force was detected
(b). At L= 1 mN, the friction force was too small to be
measured in our experimental setting (the detection limit
was ~6 × 10−4 mN). When L was increased to 2 mN, a
slight friction response was observed, which increased
with increasing L.

The friction force was measured as a function of the applied
load for the three concentrations, and the result is shown in
Fig. 7a. Sometimes the friction force was below the detection
limit and could not be measured, which was the case for the
low load conditions (≤5mN) for the 0.5 wt% solution (open
squares and open triangles). As shown in the figure, the fric-
tion force increased with increasing applied load for the three
concentrations. We fit the relationship between F and L by
Amontons’ law modified for molecular smooth surfaces [1, 2],

F ¼ F0 þ μL ð1Þ

where F0 is the zero-load friction force (adhesion contribu-
tion); the obtained μ values are listed in Table 2. The μ

values were on the order of 10−5 for the three concentra-
tions, which corresponds to our previous result [33].

The same friction force data were normalized by the
contact area A and plotted as the shear stress S (=F/A)
versus pressure P (=L/A), which is shown in Fig. 7b. The
distribution of the data points in Fig. 7b is very different
from that in Fig. 7a. When we divide both sides of Eq. 1 by
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Fig. 6 Typical example of the friction traces for the thin film BIPA
solution with a concentration of 0.05 wt%. Triangular voltage signal
was inputted to the bimorph slider (a) and resulting friction force (b)
was recorded as a function of time
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Fig. 7 Friction force F as a function of the applied load L for the three
concentrations (a). The same data plotted as the shear stress S (=F/A)
versus applied pressure P (b). Typical FECO fringes for 0.005 wt%
and 0.5 wt% are also included. The sliding velocity V was 0.013 μm/s.
Symbols correspond to the results shown in Fig. 5

Table 2 Friction coefficients for the BIPA solutions at three
concentrations obtained using Eq. 1

BIPA concentration [wt%] Friction coefficient μ [×10−5]

0.005 6.9 ± 1.2

0.05 3.7 ± 0.4

0.5 4.8 ± 0.7
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A, we obtain

S ¼ F

A
¼ F0

A
þ μ

L

A
¼ S0 þ μP ð2Þ

For the results of the 0.005 and 0.05 wt% solutions, most
of the data points were within the S range of 3–5 × 10−4

MPa and did not exhibit a P dependence (blue shaded area
in Fig. 7b). This means that for the two concentrations, S is
mainly determined by S0, and μ in Eq. 2 should be nearly
zero. On the other hand, for the 0.5 wt% solution, we
obtained data points mainly in the large P region, and the S
values were within the range of 8–11 × 10−4 MPa (red
shaded area), which were larger than the two thinner con-
centrations. Unfortunately, we did not have many data
points in the small P region, but the S for small P should be
small because many F data points at low L were below the
detection limit (as was mentioned). This means that the S-P
plot for 0.5 wt% may have a positive slope (finite μ value in
Eq. 2). Typical FECO images for 0.005 wt% and 0.5 wt%
are included in Fig. 7b. The fringe shape for 0.005 wt% was
completely flat at the bottom (thickness of the intervening
film was uniform over the entire contact area) and with a
sharp edge on both sides. On the other hand, the fringe
shape for the 0.5 wt% sample was rather rounded at the
bottom, suggesting that the thickness was minimal at the
center of the contact area. These different characteristics of
the fringe shape imply different contact mechanics models.
These analyses suggest different thin film structures and
sliding features of the thin BIPA films depending on the
concentrations, and this phenomena will be discussed in the
following section.

Discussion

General trends of thin film structures and friction
properties

According to our previous study on BIPA solution with a
concentration of 0.05 wt% [33], BIPA molecules form
amphiphilic aggregates with a hydrodynamic diameter of
16 ± 10 nm in the solution. Hydrophilic PEG segments in
the backbone structure and amino groups in the side chains
are exposed to the water phase, and the siloxane backbone
constitutes the central hydrophobic core of the aggregate.
The surface amino groups exposed to water are positively
charged, and the aggregates adsorb onto the negatively
charged mica surface. A continuous adsorbed layer is
formed on the mica surface, followed by the gradual
deposition of aggregates on the top of the adsorbed layers.
The adsorption behavior in this study qualitatively exhibits
the same trend. The AFM images shown in Fig. 3 indicate a
sea-island structure for the three concentrations. The images

of 0.005 wt% (Fig. 3a and inset) show the immediate
adsorption of BIPA that leads to the formation of a uniform
adsorbed layer (“sea” structure), followed by the gradual
formation of an “island” on the top of the adsorbed layer.
For the 0.05 and 0.5 wt% solutions, the images obtained
immediately after sample preparation already have a sea-
island structure (Fig. 3b, c), indicative of more rapid BIPA
adsorption/deposition for larger concentrations. The largest
island size and “connected” structure formation (inset of
Fig. 3c) for 0.5 wt% are possibly not only due to the largest
deposition speed but also due to the largest aggregate size in
the solution (unfortunately, we could not perform DLS
analysis for the 0.5 wt% solution because the solution was
cloudy).

The results of the normal force measurements shown in
Fig. 4 and Table 1 correspond well to the AFM observa-
tions. For the 0.005 wt% sample, the distance where
repulsion starts is approximately the same as the hard-wall
thickness (≈4 nm), which is almost double the adsorbed
layer thickness obtained by AFM (1.9 nm, Fig. 3a). This is
consistent with the uniform adsorbed layer formation with a
small number of islands seen in Fig. 3a. The distance where
repulsion starts is larger for higher concentrations (0.05 and
0.5 wt%), indicative of the trapping of deposited BIPA
aggregates between opposed mica surfaces during surface
approach. This also matches the AFM images (Fig. 3b, c),
which show the deposited aggregates (island structure) on
the adsorbed layer; a larger island size for higher con-
centrations is parallel with steric repulsion at larger surface
distances. The trapped aggregates are gradually expelled
from the gap between the mica surfaces during compres-
sion; the hard-wall thickness was below 5.6 nm for the three
concentrations.

The dynamic thickness shown in Fig. 5 suggests further
squeezing and/or conformational rearrangements of the
BIPA molecules at the sliding interface; the minimum
dynamic thickness was 2.7 nm or below. Estimation from
the thicknesses reveals that the sliding films consist of two
adsorbed BIPA layers on opposed mica surfaces that are
compressed, flattened and shear aligned by applied load and
sliding motions (each layer thickness of near 1.3 nm). The
BIPA molecule has hydrophilic and hydrophobic moieties;
the surface of the adsorbed layer adjacent to the mica and
the opposed adsorbed layer should be constituted mainly by
hydrophilic PEG segments and amino groups whose
thicknesses are ~0.3 nm [33]. The width of the siloxane
backbone, which constitutes the hydrophobic core, is ~0.7
nm [33, 37–39]. Then, simple addition gives the width
(thickness) of the adsorbed layer of ~1.3 nm, which is in
excellent agreement with the dynamic thickness. Some
water molecules (diameter of ~0.25 nm) should also be
trapped at the interface, so the true thickness of the adsorbed
molecules may be thinner. This is possibly achieved by the
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further conformational rearrangements (flattening) of the
PEG and siloxane backbones due to the high rotational
freedom of ether bonds in the structures.

The thin BIPA films at three different concentrations
exhibit extremely low friction; the friction coefficients μ

were within the range of 4–7 × 10−5 (Table 2). This excel-
lent lubricity of course comes from the hydration lubrication
mechanism [8, 16, 33]. There should be water molecules
hydrated onto the amino groups and PEG segments at the
surface of the adsorbed layers that generate hydration
repulsion to support the applied load. The thickness of the
intervening water between the adsorbed layers should be a
monomolecular layer at most, deduced from the dynamic
thickness (less than 2.7 nm). The high fluidity of the water
molecules in the hydration layer realizes totally fluid-like
properties at the sliding interface that gives rise to extremely
low friction [8, 33].

We should note some differences in the adsorbed film
structures (AFM observation) and friction properties (SFA
results) between this study and our previous work [33].
The 0.05 wt% solution was measured in both studies. The
AFM image ~15 min after surface preparation shown in ref
[33] exhibited an almost flat adsorbed layer with few
islands, which seems different from Fig. 3b in this study
(apparent sea-island structure is observed immediately
after sample preparation). In addition, we reported a time-
dependent increase in friction in ref. [33], which was not
observed in this study. These differences probably come
from the fact that the BIPA aggregates in the solution are
not in stable equilibrium but kinetically frozen aggregates
[40, 41]. The aggregation characteristics, such as aggre-
gation number and size (diameter), should change with
elapsed time from solution preparation to AFM/SFA
experiments and were not the same between the two stu-
dies. Furthermore, the friction properties of molecularly
confined films, particularly polymer systems, often exhibit
a large dependence on experimental parameters and pro-
cedures, such as the surface approaching speed and pre-
vious history (memory effects) [1, 42].

Precise comparison between different
concentrations

All three concentration solutions have two adsorbed lay-
ers at the sliding interface and exhibit extremely low
friction. However, precise comparison implies slightly
different features between different concentrations and
will be discussed here. The observed friction behaviors
are roughly divided into two groups and which are sum-
marized in Table 3. For the 0.005 and 0.05 wt% solutions,
the major effect of applied load is increasing the contact
area; the relationship between the contact area and applied
load is approximately fit by A ∝ L2/3 (see Fig. 8). The
friction force increases with load mainly due to the
increase in the contact area, and the shear stress (Fig. 7b)
is not very dependent on pressure (μ in Eq. 2 ≈0); friction
is governed by the adhesive interaction at the contact
interface (S0 in Eq. 2) [1, 2]. This interpretation is con-
sistent with the JKR-like contact geometry [1, 43]; the
FECO fringe for 0.005 wt% in Fig. 7b shows a flat contact
interface with a sharp edge around the corner of the

Table 3 Comparison of the friction behaviors between different concentrations

BIPA concentrations 0.005 and 0.05 wt% 0.5 wt%

Effect of pressure P on dynamic
thickness D (Fig. 5b)

D not very dependent on P D decreases with P

Effect of P on shear stress S (Fig. 7b) S not very dependent on P (μ in Eq. 2 ≈0) Large S at large P (finite μ in Eq. 2)

Effect of load L on contact area A
(Fig. 8)

L primarily increases A (A∝ L2/3) A generally smaller than thinner concentrations, L
primarily increases P

Contact geometry (contact fringe shape) JKR-like contact
Flat contact interface with a sharp edge around
the corner

Hertz-like contact
Rounded contact interface (thickness minimum at
the center)

Pull-off force at separation Detected Not detected

Friction mechanisms Adhesion-controlled friction Load-controlled friction

0.5 w t%

0.05 w t%

0.005 w t%

0 5 10 15 20
0.0

1.0x103

2.0x103

3.0x103

4.0x103

5.0x103

C
on

ta
ct

 A
re

a,
 A

 [μ
m

2 ]

Applied Load, L [mN]

Fig. 8 Relationship between contact area A and applied load L for the
three concentrations. The plots for 0.005 and 0.05 wt% are fit by L2/3,
and those for 0.5 wt% are fit by a linear function

Boundary lubrication with aqueous solutions of silicone-based amphiphilic block copolymer aggregates:. . . 1129



contact area (indicative of a negative pressure at the edge).
In addition, a pull-off force was detected upon separating
the surfaces after friction measurements (typically ~4 mN
or less). These analyses lead to the conclusion that the
friction behavior of the 0.005 and 0.05 wt% solutions is
typical “adhesion-controlled” friction (friction is gov-
erned by the adhesive interactions between surfaces rather
than applied load) [1, 2].

The friction for the 0.5 wt% solution exhibits different
behavior. The amount of the contact area that increases with
the applied load is relatively small (Fig. 8). The major effect
of the applied load is increasing the applied pressure, which
results in a large decrease in the dynamic thickness
(Fig. 5b). We cannot clearly see the effect of pressure on the
shear stress in Fig. 7b due to the limited number of data
points, but a positive dependence of the shear stress on
pressure (finite μ in Eq. 2) is expected (as previously
mentioned). These findings imply “load-controlled” friction
(friction is governed mainly by applied load) [1, 2], which is
supported by the Hertzian-type contact geometry (rounded
fringe shape in Fig. 7b). No pull-off force was detected
when we separated the surfaces after friction measurements,
which is in agreement with the discussion above.

Now, we discuss the plausible origin of the difference in
the friction behaviors between BIPA concentrations sum-
marized in Table 3. In our previous study on a BIPA
solution with a concentration of 0.05 wt%, we did not take
into account the effect of unimers in the solution on
adsorbed layer formation [33]. However, for the 0.005 wt%
solution, considering the effect of unimers on the layer
formation gives us the idea to explain the observed differ-
ences listed in Table 3. The adsorption behavior seen for the
0.005 wt% solution (Fig. 3a) is apparently different from
that of higher concentrations; rather slow adsorption (bare
mica structure is seen at the initial stage of observation) and
highly uniform and relatively flat surface structure (Rz ≈ 1.2
nm) of the adsorbed layer. A mesh-like fine structure is seen
only for this concentration. These results may be attributed
to the contribution of BIPA unimers to adsorbed layer
formation on mica. The AFM image of 0.5 wt% (Fig. 3c)
suggests the immediate formation of a sea-island structure
with an island size near 300 nm (or larger) at the initial stage
of adsorbed film formation. The Rz of the dark “sea” region
is approximately 2.2 nm, which is much larger than that of
the adsorbed mesh-like layer for 0.005 wt%. This could
imply the large contribution of aggregate adsorption to the
formation of the continuous “sea” region (adsorbed layer on
mica). For the 0.05 wt% solution (Fig. 3b), it is difficult to
assert the contribution of unimer adsorption on adsorbed
layer formation.

If the discussion described above is adequate, the struc-
tural difference and resulting differences in the friction
properties could be explained from the following

perspective: different contributions of unimer/aggregate on
the formation of the adsorbed layer adjacent to mica sur-
faces. At a low BIPA concentration (0.005 wt%), the
adsorbed layer adjacent to the mica surface is formed
mainly by the adsorption of unimers in the solution, which
could give the adsorbed BIPA layer a relatively high
molecular packing density. This leads to a flat and rigid
(undeformable or solid-like) sliding interface, which is
consistent with the friction features summarized in Table 3.
A flat and rigid sliding layer is also suitable for extremely
low friction because of the formation of a continuous slip
plane of a high-fluidity water layer. Little energy dissipation
within the layers is expected because of the rigidity, which
is also ideal for low friction. On the other hand, for the 0.5
wt% solution, the adsorbed layer is formed mainly by the
adsorption of BIPA aggregates. Then, the BIPA molecules
in the adsorbed layer might be rather disordered and less
densely packed; the molecules are deformed more easily by
compression and sliding motions. This model is consistent
with the large pressure dependence of the thickness (Fig. 5)
and shear stress (Fig. 7) and the Hertzian-like contact
character, as listed in Table 3. The shear stress is slightly
larger for 0.5 wt% than that for 0.005 wt%, possibly because
of the extra energy dissipation within the loosely packed or
“disordered” adsorbed layer during sliding. It is difficult to
give a definite discussion on the case of 0.05 wt%. How-
ever, the friction features are rather close to those of 0.005
wt%, as listed in Table 3, so the contribution of unimer
adsorption on the formation of the adsorbed layer on mica
could be expected.

Finally, we should comment on the effect of BIPA
concentration on friction properties from a practical per-
spective. The BIPA molecules required for low boundary
friction are two adsorbed layers; excessive molecules not
adsorbed on mica surfaces are squeezed out from the con-
tact interface and do not contribute to friction reduction.
Furthermore, the adsorbed BIPA layer structure is relatively
rigid (possibly having a high packing density) and exhibits
little energy dissipation during frictional sliding for low-
concentration solutions. Therefore, a relatively low BIPA
concentration solution should be appropriate for designing
low friction surfaces in practical use.

Conclusions

We have studied the adsorption of a silicone-based amphi-
philic block copolymer, bis-isobutyl PEG-14/amodimethi-
cone (BIPA), from its aqueous solution onto a mica surface
and the resulting tribological properties. Normal force and
friction measurements were made for the BIPA solutions
with three concentrations (0.005, 0.05, and 0.5 wt%) using
the surface forces apparatus. All three concentration
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solutions constituted sliding films of two adsorbed BIPA
molecular layers between mica surfaces, which have extre-
mely low friction coefficients μ on the order of 10−5. These
low μ values are based on the hydration lubrication
mechanism; slippage of the fluid-like water layer (possibly
monomolecular layer) between the adsorbed BIPA layers
gives rise to excellent lubricity. A precise comparison of the
results between concentrations implies possible structural
differences in the sliding films and friction properties. The
adsorbed BIPA layer for the lowest concentration solution
(0.005 wt%) may be formed mainly by unimer adsorption
from the solution. The adsorbed layer has a relatively high
BIPA molecule packing density, which induces highly uni-
form and rigid properties of the sliding film. The structural
characteristics of this adsorbed layer are more suitable for
low energy dissipation during sliding and low friction. The
contribution of BIPA aggregates to the adsorbed layer for-
mation for the 0.5 wt% solution could induce rather dis-
ordered molecular packing within the adsorbed BIPA layer,
which is presumably the origin of extra energy dissipation
during sliding and a slightly larger friction force.
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