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ABSTRACT: We have investigated the adsorption and lubrication properties of a series of poly(ethylene
oxide)—poly(propylene oxide)—poly(ethylene oxide) (PEO—PPO—PEO) block copolymers (“Pluronic”) to
examine the feasibility of using them as aqueous lubricant additives. The adsorption behavior of PEO—
PPO—PEO onto poly(dimethylsiloxane) (PDMS) surfaces was studied by optical waveguide lightmode
spectroscopy (OWLS). The amount of adsorbed PEO—PPO—PEO copolymer exhibited a systematic
variation, mainly according to the formula weight of the PPO block, and was found to increase with
increasing PPO block size. The lubricating properties of the copolymers were investigated by means of
pin-on-disk tribometry, employing self-mated PDMS as a tribo-pair in an aqueous environment. The
lubricating behavior of the PEO—PPO—PEO copolymers was observed to be closely associated with their
adsorption properties onto the PDMS surface; effective lubrication under low-velocity conditions was
observed for those PEO—PPO—PEO copolymers that exhibited a significant adsorption of the PPO block,
yet a significant role of the PEO block was also observed. The lubrication capabilities of PEO—PPO—
PEO copolymers in aqueous media were attributed to the reduction of the hydrophobic interaction between
PDMS surfaces by coating the surface with the copolymer and facilitating the formation of an aqueous

lubricating film at the sliding interface.

1. Introduction

Poly(ethylene oxide)—poly(propylene oxide)—poly-
(ethylene oxide) (PEO—PPO—PEO) constitutes a group
of amphiphilic block copolymers, often known as “Plu-
ronic” (BASF Co.), which has found a broad range of
industrial applications such as in detergents, dispersion
stabilization, emulsification, and pharmaceuticals.!?2
Adsorption of PEO—PPO—PEO block copolymers at
solid/liquid interfaces in aqueous environments has been
extensively investigated by employing several experi-
mental approaches, including ellipsometry,3~> surface
plasmon resonance (SPR),%~8 photocorrelation spectros-
copy (PCS),%10 zeta potential measurements,'* and sum-
frequency generation (SFG).12 The adsorption of PEO—
PPO—PEO copolymers has been found to be most
effective on hydrophobic surfaces.1=357-9 At the solid/
liquid interface in an aqueous environment, PEO—
PPO—PEO copolymers have been shown to display a
behavior whereby the central hydrophobic PPO block
is anchored onto the hydrophobic solid surface, while
the hydrophilic PEO blocks extend away into the bulk
solution.t=357-° To date, PEO—PPO—PEO copolymers
have been observed to adsorb on most common hydro-
phobic model surfaces, such as polystyrene,%”° hydro-
phobized silicon or glass,®® and hydrophobic alkanethiol-
based self-assembled monolayers (SAMs).8

Recently, the authors have shown that surface-
immobilized PEG brushes, attached via copolymeriza-
tion with poly(L-lysine) (PLL), thus generating poly(L-
lysine)-graft-poly(ethylene glycol) (PLL-g-PEG),*314 can
behave as effective aqueous boundary lubricant addi-
tives for oxide-based tribological systems.15~18 Although
aqueous lubrication holds several advantages compared
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with conventional oil-based lubrication, namely its
environmental compatibility, high heat capacity, and
low cost, the extremely low pressure-coefficient of
viscosity of water generally rules out the formation of
a lubricating film under boundary conditions.1%2° In a
conformal contact where low-modulus elastomeric (LME)
materials are involved, however, the elastic deformation
of the contacting surfaces is often significant enough to
generate a fluid film separating them.2°-27 Several
previous studies have shown that sliding contact be-
tween highly elastic materials, typically rubber, and
rigid materials exhibited an extremely low coefficient
of friction, ~0.01, when the tribo-pair was lubricated
by water.23-25 The remarkable water-based lubricating
performance of natural articular joints has also been
ascribed, in large part, to the compliance of cartilage
rather than just to the composition of synovial fluid
itself.28-30 Advantages of employing an LME coating for
bearing systems have been long recognized.?2=27 How-
ever, the failure of the fluid film in such systems often
leads to an increase in adhesive friction in the presence
of smooth elastomeric materials.2” Thus, the control of
the surface properties of LME materials may be of
critical importance to ensure their effective aqueous
lubrication. To date, while the influence of elasticity and
roughness of LME materials on their lubrication has
been widely investigated,2327 less attention has been
paid to the modification of the surface properties of LME
materials other than the use of some simple surfactants.

In this work, we have investigated the adsorption and
lubrication properties of PEO—PPO—PEO copolymers
to examine the feasibility of using the copolymer as an
additive for aqueous lubrication of an elastic sliding
contact. For both adsorption and lubrication studies, a
hydrophobic elastomer, poly(dimethylsiloxane) (PDMS),
was selected as a model surface. In contrast to other
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Table 1. PEO-PPO—-PEO Copolymers Used in This Study

total weight PPO weight PEO weight PEO
group notation [g/mol] [g/mol] [g/mol] [wt %] composition
PPO-900MW series L31 1100 990 110 10 EO,PO17EO;
L35 1900 950 950 50 EO11PO16EO16
F38 4700 940 3760 80 EO43P016EO43
PPO-1800MW series L61 2000 1800 200 10 EO,PO3EO;
P65 3400 1700 1700 50 EO19PO29EO19
F68 8400 1680 6720 80 EO76PO29EO76
PPO-3000MW series L101 3800 3420 380 10 EO4POs59EQ,
P105 6500 3250 3250 50 EO37POs6EO37
F108 14600 2920 11680 80 EO133P0s0EO133

previously studied hydrophobic surfaces mentioned
above, PDMS possesses a distinctively lower modulus
of elasticity (typically equal to or lower than 2 MPa) and
thus can readily provide a conformal, low-pressure
contact. Furthermore, PDMS can be easily fabricated
into (hemi)spherical and plane shapes with a smooth
surface finish. By selecting a series of PEO—PPO—-PEO
copolymers possessing systematically different struc-
tures, more specifically, PPO block molecular weight
and PEO block molecular weight ratio, we have at-
tempted to understand the influence of architectural
features of the copolymer on its adsorption and lubrica-
tion properties.

2. Materials and Methods

2.1. PEO—PPO—PEO and PEG. The poly(ethylene oxide)—
poly(propylene oxide)—poly(ethylene oxide) (PEO—PPO—PEOQ)
copolymers were commercially available, standard materials
and were kindly supplied by BASF (Mt. Olive, NJ). In this
work, we have employed nine different types of PEO—PPO—
PEO copolymers possessing systematically different PPO and
PEO block molecular weights (Table 1). For the notation of
PEO—PPO—PEO copolymers, the nomenclature system given
by the manufacturer is used; the letter represents the physical
form of the copolymer, “L” for liquids, “P” for pastes, and “F”
for flakes; the first (or first two) number(s) represent(s) the
molecular weight of the PPO block (when multiplied by 300,
this yields the approximate PPO block molecular weight,
g/mol), and the last number represents the molecular weight
ratio of the PEO block (when multiplied by 10, this yields the
approximate percentage of the PEO block in the total molec-
ular weight). As mentioned in many previous studies,® the
molecular weight and PEO ratio given by the manufacturer,
which are quoted in Table 1, are only approximate and vary,
often significantly, from batch to batch. The polydispersity
(Mw/M,) of the PEO—PPO—PEO copolymers was not mea-
sured, but values have been reported in the literature to lie
between 1.1 and 1.2.41° It is noted that the selected PEO—
PPO—PEO copolymers in this work can be classified into three
groups according to the central PPO block molecular weight
(MW): (1) PPO-900MW series, L31, L35, and F38; (2) PPO-
1800MW series, L61, P65, and F68; (3) PPO-3000MW series,
L101, P105, and F108. The selected PEO—PPO—PEO copoly-
mers can also be classified according to the PEO molecular
weight ratio: (a) PEO-10% series, L31, L61, and P101; (b)
PEO-50% series, L35, P65, and P105; (c) PEO-80% series, F38,
F68, and F108. For comparison with the PEO—PPO—-PEO
copolymer, poly(ethylene glycol) (PEG) homopolymers with
molecular weights of 2000 and 6000 were also purchased
(Fluka, Switzerland).

2.2. Aqueous Polymer Solution and Viscosity. All
polymers were dissolved in aqueous buffer solution (pH ~7,
buffered by 10 mM KH,PO, and pH adjusted by 6 M KOH).
For tribological measurements, the copolymer concentration
was varied from 0.02 to 5 mg/mL. For adsorption measure-
ments, the copolymer concentration was 2 mg/mL. The viscos-
ity of the PEO—PPO—PEO aqueous solutions, as well as water
and buffer solution, was measured using a UDS 2000 rheom-
eter in Couette geometry (Physica Messtechnik, Ostfildern,

Table 2. Measured Viscosity of the PEO—PPO—-PEO
Copolymers (2 mg/mL) in Buffer Solution (pH 7)

group notation viscosity (x1073Pas)
water 1.0
buffer 1.0
PPO-900MW series L31 1.1
L35 1.1
F38 1.1
PPO-1800MW series L61 1.1
P65 1.0
F68 1.1
PPO-3000MW series L101 1.0
P105 1.1
F108 1.1

Germany). The viscosity was obtained from the slope of the
linear part (from 102 to 10° s7%) of the shear strain vs shear
rate plot. The results are summarized in Table 2. All chemicals
were reagent grade and purchased from Sigma-Aldrich (St.
Louis, MO).

2.3. Optical Waveguide Lightmode Spectroscopy
(OWLS). Optical waveguide lightmode spectroscopy
(OWLS)3-3 was employed to investigate the adsorption
behavior of the PEO—PPO—PEO copolymers onto a PDMS
surface. OWLS is based upon grating-assisted in-coupling of
a He—Ne laser into a planar waveguide and allows a direct
online monitoring of the “dry” mass of macromolecule adsorp-
tion, in that water that is hydrodynamically coupled into
adsorbates is not taken into account in mass detection. This
method is highly sensitive out to a distance of ~200 nm from
the surface of a waveguide (sensitivity limit, ~1 ng/cm?).
Furthermore, a measurement time resolution of 3 s allows the
in-situ, real-time study of adsorption Kinetics. The waveguide
chips used for OWLS measurements were purchased from
MicroVacuum Ltd. (Budapest, Hungary) and consist of a 1 mm
thick AF 45 glass substrate with a 200 nm thick Sig 75Ti.2502
waveguiding layer at the surface. The waveguides were further
coated with ultrathin PDMS films using a spin-coater. The
base and curing agent of a commercial silicone elastomer,
SYLGARD 184 elastomer kit (Dow Corning, Midland, Ml),
were dissolved in hexane at a ratio of 10:3 (total concentration
0.5 wt %) and spin-coated onto the waveguide. After spin-
coating at 2000 rpm for 40 s, the waveguides were removed
from the spinner disk and cured in an oven at ~70 °C
overnight. The thickness of the thin PDMS films generated
by this method was ca. 30 nm, and the static water contact
angle was 100 + 2°,

All OWLS experiments were carried out in a BIOS-I
instrument (ASI AG, Zurich, Switzerland) using a Kalrez
(Dupont, Wilmington, DE) flow-through cell (8 x 2 x 1 mm).%°
The PDMS-coated waveguide was first exposed to buffer
solution until a stable baseline was obtained. Then, PEO—
PPO—PEO solution was injected into the flow cell. The change
in refractive index in the vicinity of the surface upon injection
of the polymer solution reflects the adsorption of the polymers.
However, it is also influenced by the refractive index of the
bulk polymer solution itself, and this effect is of significance,
especially for turbid solutions. The adsorbed mass was thus
measured only after the flow cell was rinsed with buffer
solution. For this reason, the adsorbed mass in this work does
not include weakly surface-bound copolymers, which may play
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a significant role in lubricating properties, as will be addressed
below. Adsorbed mass density data were calculated according
to de Feijter's formula from the adsorbed layer thickness and
refractive index values from the mode equations.®® A refractive
index increment (dn/dc) value of 0.151 cm®/g was used for the
calculation of PEO—PPO—PEO adsorption.*36

2.4. Pin-on-Disk Tribometry. The lubrication properties
of PEO—PPO—PEO copolymers have been characterized by
means of a pin-on-disk tribometer (CSM, Neuchatel, Switzer-
land). In this approach, a loaded pin (controlled by a dead
weight) is brought into contact with a flat disk, both of which
were fully immersed in the lubricant. In this work, the
lubricants consist of the polymer-containing aqueous solutions
that are mentioned above. After forming a lubricated contact,
the disk is rotated at a controlled speed by a motor, thus
generating sliding interfacial friction forces. The friction forces
were measured by a strain gauge. More detailed information
on the pin-on-disk tribometer and operational principles are
to be found in previous publications.1617:37

The friction measurements were started 15 min after the
aqueous lubricant solution was transferred into the cell in
which the pin/disk contact was to occur, to allow adsorption
of the PEO—PPO—PEO copolymers onto the PDMS surface.
The polymers generally remained in the bulk lubricant solu-
tion during friction measurements unless otherwise men-
tioned. As control experiments, friction measurements were
also performed in which the polymer-containing aqueous
solutions were replaced with buffer solution.

To investigate the influence of concentration and copolymer
architecture on the lubrication properties, a u (u = F/L, where
F is friction force and L is load) vs speed plot was obtained for
each case under a fixed load (1 N). The speed was varied from
0.001 to 0.1 m/s. For all cases, i.e., for all architectures of
PEO—PPO—-PEO, concentrations, and sliding speeds, the
aqueous-solution-lubricated sliding of the PDMS/PDMS tribo-
pair rapidly reached a steady kinetic friction force, Fy, after
only a few rotations. The number of rotations was 20 for each
measurement. The average friction force from the latter half
of these (11th to 20th) was obtained to avoid “running-in”
effects. For control experiments, the sliding speed was fixed
at 0.005 m/s, and the load was varied from 0.5 to 5 N, and
thus a friction vs load plot was obtained.

2.5. Tribo-pair. Poly(dimethylsiloxane) (PDMS) has been
employed for both pin and disk materials and was prepared
from a commercial silicone elastomer kit (SYLGARD 184
silicone elastomer, base and curing agent, Dow Corning,
Midland, MI). To prepare the hemispherical PDMS pin and
the disk, corresponding masters were prepared; a commercial
polystyrene cell-culture plate with round-shaped wells (96
MicroWell Plates, NUNCLON Delta Surface, Roskilde, Den-
mark) was used as a pin master (radius 3 mm), and a home-
machined aluminum plate with flat wells (diameter 30 mm
and depth 5 mm) was used as a disk master. The PDMS pin
and disk were prepared according to a conventional recipe.3®
Briefly, the base and curing agent of the SYLGARD 184
elastomer kit were mixed at 10:1 ratio (by weight). The foams
generated during mixing were removed by house vacuum. The
mixture was transferred into the masters and incubated in
an oven (~70 °C) overnight. The static water contact angle
and the elasticity modulus of the PDMS generated in this
method were 110 + 2° and ~2 MPa, respectively. For the disk,
the side exposed to air during curing was used for the friction
measurements. The roughness of the PDMS disk was char-
acterized as ~0.5 nm/10 um? by atomic force microscopy
(Dimension 3000, Digital Instruments, Santa Barbara, CA).
The roughness of the pin was estimated as ~2 nm/um? by
measuring the morphology of the polystyrene master by AFM.

Finally, it is noted that one PDMS pin and disk pair was
used for only one measurement and was replaced by another
pair for the next measurements to avoid cross-contamination.

3. Results

3.1. Adsorption Properties. The adsorption behav-
ior of PEO—PPO—PEO copolymers onto the PDMS
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Figure 1. Adsorbed mass vs time plots of PEO—PPO—PEO
copolymers on a PDMS surface by optical waveguide lightmode

spectroscopy (OWLS). The concentration was 2.0 mg/mL and
the pH was 7. The arrow (~900 s) indicates the buffer rinsing.

— 350 "
£
£ 300 - L3
2 nL35
‘o 250 1 OF3s
a #1651
£ 200 - . oPES
® . OF68
I 150 1 oL101
- | o *P105
S 100 . " oF108
S 50 |
T
{ D T T T T T T T T T I T T T T 1 T T T T

0 1000 2000 3000 4000

Formula Weight of PPO [g/mol]

Figure 2. Mass of the adsorbed PEO—PPO—PEO copolymers
on a PDMS surface plotted as a function of formula weight of
the PPO blocks. The concentration was 2.0 mg/mL and the
pH was 7.

surface was characterized by means of OWLS. The
concentration of the copolymer solution was 2 mg/mL
for all cases. As will be detailed below, the selection of
this concentration was motivated by the copolymer’s
lubrication properties (see the section 3.2). The mass
uptake vs time plots for all PEO—PPO—PEO copolymers
are presented in Figure 1. Upon exposure of a PDMS-
coated waveguide to a PPO—PEO—PPO copolymer
solution, at t = 0, the mass uptake rapidly reached near
saturation (within ~300 s) for all cases. By rinsing the
flow cell with buffer solution, at t = ~900 s, some portion
of the initially adsorbed polymers desorbed. The final
mass of adsorbed polymer was obtained by monitoring
the mass at t = ~1800 s.

To examine the relationship between the adsorption
properties with the structural features of PEO—PPO—
PEO copolymer, the final masses (at t = ~1800 s in
Figure 1) of adsorbed PEO—PPO—PEO copolymers are
plotted against the formula weights of PPO blocks in
Figure 2. The mass of adsorbed PEO—PPO—-PEO co-
polymer increased with increasing formula weight of
PPO block roughly in a linear fashion.

Assuming that the PPO block and PEO block con-
tribute equally to the OWLS signal change (refractive
index) due to mass uptake of the PEO—PPO—-PEO
copolymer, the adsorbed PEO and PPO block mass can
be estimated according to the molecular weight ratio of
each block as given in Table 1. First, the estimated mass
of adsorbed PPO block in this way is plotted against
the formula weight of PPO block in Figure 3a. For a
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Figure 3. (a) PPO block mass and (b) PEO block mass of the
adsorbed PEO—PPO—PEO copolymers on PDMS surfaces
plotted vs formula weight of the PPO blocks. The concentration
was 2.0 mg/mL and the pH was 7.

given PPO series, the adsorbed PPO mass appears to
decrease with increasing PEO ratio, and this trend is
clearer with increasing formula weight of PPO. For a
given series of fixed PEO ratio, however, the adsorbed
PPO mass increased with increasing formula weight of
PPO. Second, the estimated mass of adsorbed PEO is
plotted against the formula weight of PPO block in
Figure 3b. For each PPO series, the adsorbed PEO mass
increased with increasing PEO ratio. In addition, for
each series of fixed PEO ratio, the adsorbed PEO mass
also increased with increasing PPO formula weight. The
results of adsorbed total mass and the fractions of PEO
and PPO block are listed in Table 3.

Finally, the adsorption of PEG homopolymers, both
2000 and 6000 MW onto a PDMS surface, was observed
to be negligible (<3 ng/cm?, data not shown).

3.2. Lubrication Properties. The lubrication prop-
erties of PEO—PPO—PEO copolymers in aqueous solu-
tion have been characterized by means of pin-on-disk
tribometry. First, the concentration dependence of
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Figure 4. Coefficient of friction vs speed plots (aqueous
lubrication of PDMS vs PDMS) for (a) L35, (b) P65, and (c)
P105 as a function of PEO—PPO—PEO copolymer concentra-
tion (0.02, 0.2, 2.0, and 5.0 mg/mL). The error bar in the
coefficient of friction, typically 0.02, has not been shown, for
clarity.

lubrication properties of some selected PEO—PPO—-PEO
copolymers, including PEO-50% series, L35, P65, P105,
and PPO-1800MW series, L61, P65, F68, was investi-
gated. The selected concentrations were 0.02, 0.2, 2, and
5 mg/mL. At each concentration, the u vs speed plot was
obtained. The results for the PEO-50% series are
presented in Figure 4. For all three PEO—PPO—-PEO
copolymers, the u values were observed to decrease with
increasing concentration. However, the degree of reduc-

Table 3. Mass of Adsorbed PEO—PPO—-PEO Copolymer, Fractions of PPO and PEO Blocks, and Relative Formula
Weights of PPO and PEO Blocks?

group notation A B C D E F G
PPO-900MW series L31 43.9 39.5 1.00 1.00 4.4 1.00 1.00
L35 74.2 37.1 0.94 0.96 37.1 8.44 8.64
F38 55.9 11.2 0.78 0.95 44.7 10.19 34.18
PPO-1800MW series L61 83.1 74.8 1.00 1.00 8.3 1.00 1.00
P65 86.0 43.0 0.57 0.94 43.0 5.17 8.50
F68 113.7 22.7 0.30 0.93 91.0 10.95 33.60
PPO-3000MW series L101 333.3 300.0 1.00 1.00 333 1.00 1.00
P105 164.0 82.0 0.27 1.01 82.0 2.46 3.91
F108 185.8 37.2 0.12 0.85 148.6 4.46 30.74

aA = the mass of adsorbed PEO—PPO—PEO copolymers [ng/cm?], B = the mass of adsorbed PPO block [ng/cm?], C = the relative mass

of the adsorbed PPO within each PPO series, D = the relative formula weight of the PPO block within each PPO series, E = the mass of
tethered PEO block [ng/cm?], F = the relative mass of the adsorbed PEO block within each PPO series, and G = the relative formula

weight of the PEO block within each PPO series.
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Figure 5. Coefficient of friction vs speed plots (agqueous
lubrication of PDMS vs PDMS) for PEO—PPO—PEO copoly-
mers at a concentration of 2.0 mg/mL. The error bar in the
coefficient of friction, typically 0.02, has not been shown, for
clarity.

tion in u due to copolymer concentration change is
strongly influenced by the structure of the PEO—PPO—
PEO copolymer. For L35 (Figure 4a), the reduction of u
is not significant and observed only at very high speeds
(=~0.05 m/s). With increasing PPO molecular weight,
i.e., on the order of L35 (Figure 4a), P65 (Figure 4b),
and P105 (Figure 4c), the reduction of u starts at lower
speeds, and the magnitude of reduction in u values is
also greater at any given speed. The concentration-
dependent lubrication behaviors of L61 and F68 in the
PPO-1800MW series were indistinguishable from those
of L35 and P65, respectively (data not shown).

From Figure 4, it is apparent that the reduction of u
is almost saturated at 2 mg/mL for all cases. For this
reason, the lubrication properties of all nine PEO—
PPO—PEO copolymers have been characterized at 2 mg/
mL. The results are shown in Figure 5. The PEO—PPO—
PEO copolymers belonging to either the PPO-900MW
series or the PPO-1800MW series did not show a
significant lubricating effect except at high speeds
(=0.05 m/s), although some of them, for instance F38,
P65, and F68, showed a lubricating effect from relatively
lower speeds (=0.01 m/s). In contrast, all three PEO—
PPO—PEO copolymers belonging to the PPO-3000MW
series showed noticeable reduction in u starting at very
low speeds (>=0.001 m/s). This observation suggests that
the PPO molecular weight primarily determines the
lubrication properties of PEO—PPO—PEO copolymers
in an aqueous environment. Among the PPO-3000MW
series, the lubricating effects of P101 and P105 at low
speeds are clearly superior to those of F108.

To investigate the lubrication mechanism in more
detail, two control experiments were performed by
employing a “good” lubricant additive, e.g., P105. First,
to examine the influence of the unbound copolymers in
bulk lubricant solution, the copolymer-containing solu-
tion was replaced by buffer solution following adsorp-
tion, thus leaving the surface-bound PEO—PPO—-PEO
copolymers under polymer-free buffer. The u vs speed
plot obtained in this approach is presented in Figure 6
(load 1 N). While the coefficients of friction at high
speeds remained low and indistinguishable from those
observed when the polymers are also present in the bulk
solution, the coefficients of friction at low speeds were
observed to increase with decreasing speed in the
absence of polymer in solution. Second, the load-de-
pendent friction forces were measured at a given speed
(0.005 m/s) with and without P105 in buffer solution.
The results are compared in Figure 7. For both cases,

PEO—PPO—PEO Copolymers on PDMS 8353

10
e adsorbed+bulk
0 adsorbed
1
W ° %
0.1 o
°] °]
° [ ]
0.01 1 '.' LR LA | T T T rrrn
0.001 0.01 0.1

speed (m/sec)

Figure 6. Coefficient of friction vs speed plots (aqueous
lubrication of PDMS vs PDMS) for P105 before (®, adsorbed
+ bulk) and after (O, adsorbed) the copolymer-containing
solution was replaced by buffer solution. The error bar in the
coefficient of friction, typically 0.02, has not been shown, for
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Figure 7. Friction vs load plot for the self-mated sliding of
PDMS lubricated by buffer alone (O) and P105-containing
buffer solution (®). The sliding speed was 0.005 m/s.

the friction forces increased in a linear fashion with
increasing load (R2 = 0.99 for buffer only and 0.98 for
P105-containing buffer solution), yet a significant re-
duction in friction force is observed upon the addition
of P105 to the buffer solution (the slope of friction vs
load plot dF/dL = 0.518 for buffer only and 0.024 for
P105). It is also noted that the y-intercept, a friction
force extrapolated to zero applied load, reduced from
0.847 N to nearly zero (—0.0042 N) upon addition of
P105 into buffer solution.

Finally, the u vs speed plot was obtained by employing
homopolymeric PEG as an aqueous lubricant additive
at 2 mg/mL concentration. For both 2000 and 6000 MW,
the lubrication effect was almost completely negligible
(data not shown).

4. Discussion

4.1. Adsorption Properties: Influence of Struc-
tural Features of PEO—PPO—PEO Copolymers. In
previous studies, it has been well documented that
PEO—PPO—PEO copolymer adsorbs onto hydrophobic
surfaces in an aqueous environment through the hy-
drophobic interaction of PPO block with the surfaces,
and the PEO blocks stretch away from the solid/liquid
interface.1=357-9 This type of conformation appears to
occur on the PDMS surface as well, since all PEO—
PPO—PEO copolymers exhibit a finite amount of ad-
sorption (Table 3), while the adsorption of homopoly-
meric PEG is negligible. As mentioned above, OWLS is
sensitive to adsorbed “dry” mass change on a waveguide,
and the vertical detection limit reaches out to ~200
nm.32-34 Since the length of the PEO chain for the
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longest PEO case (F108) is 52.8 nm in its fully extended
conformation,* all of the employed PEO—PPO—-PEO
copolymers are within the detection range of OWLS.
Furthermore, the structural difference between PPO
and PEO block is one methyl group per monomer. Thus,
the total mass of adsorbed PEO—PPO—PEO copolymer
can be decomposed into that of its PPO block and PEO
block according to their molecular weight ratio (Table
3).

The estimated mass of adsorbed PPO and PEO blocks
in this way provides more insights into the adsorption
behavior of PEO—PPO—PEO copolymer onto the PDMS
surface in agueous media. As shown in Figure 3a, the
amount of adsorbed PPO block exhibits an increasing
trend with increasing PPO formula weight. For a fixed
PPO block size, however, the adsorbed PPO mass shows
a decreasing trend with increasing PEO % ratio, and
this trend is clearer at higher PPO molecular weight.
For instance, when the mass of adsorbed PPO of the
PPO-900MW series is normalized by that of L31, the
relative mass of the PPO block is 1:0.94:0.28 for L31:
P35:P38, although the formula weight ratio is nearly
constant (1.00:0.96:0.95). For the PPO-1800MW series,
the relative mass of the adsorbed PPO is 1.00:0.57:0.30
for L61:P65:F68 (normalized by the PPO mass of L61),
while the relative formula weight is 1.00:0.94:0.93.
Finally, for the PPO-3000MW series, the relative mass
of the adsorbed PPO is 1.00:0.27:0.12 (normalized by
the PPO mass of L101), while the relative formula
weight is 1.00:1.01:0.85. Given that adsorption of PEO—
PPO—PEO copolymers onto hydrophobic surfaces occurs
exclusively through the interaction of the PPO block
with the surface, the reduced adsorption of the PPO
block with increasing PEO % ratio is translated into a
reduced total amount of tethered PEO block (see Table
3 for detailed comparison). The reduced adsorption of
PEO—PPO—PEO copolymers with increasing PEO mo-
lecular weight is, in fact, a general behavior on hydro-
phobic surfaces, although it has not been highlighted
in previous studies.1=35779 This behavior is primarily
attributed to the higher solubility of PEO—PPO—-PEO
copolymers possessing a high PEO ratio. With increas-
ing PEO molecular weight, the PEO—PPO—-PEO co-
polymers can remain stabilized in bulk solution even
without the need for micellization,® and thus the driving
force to adsorb onto the surface is reduced. In addition,
initial adsorption of PEO—PPO—PEO copolymers may
prevent further adsorption of incoming copolymers more
effectively when the molecular weight of the PEO block
becomes higher, due to enhanced PEO—PEO repulsion.

It is emphasized that the decomposition of the ad-
sorbed mass of PEO—PPO—PEO copolymers into the
corresponding masses of PPO and PEO blocks is only
possible because OWLS is sensitive to the “dry” mass
of adsorbed moieties on surfaces without taking into
account the hydrodynamically coupled water. This ap-
proach offers a more in-depth understanding of the
respective behavior of the PEO and PPO blocks in the
adsorption of PEO—PPO—PEO copolymers, and its
usefulness is highlighted when the PEO—PPO—-PEO-
coated surface is utilized for further applications, as
shown in the following section.

4.2. Lubrication Properties: Influence of Ad-
sorption Behavior of PEO—-PPO—-PEO Copoly-
mers. The frictional properties of self-mated PDMS in
an aqueous environment have been observed to be
significantly influenced by the addition of PEO—PPO—
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PEO—PPO—PEO copolymers onto PDMS surfaces classified
according to their lubrication behavior.

PEO copolymers into the solution. In addition, the
degree of lubrication has also been strongly correlated
with the structural features of the PEO—PPO—PEO
copolymers. As shown in Figure 5, the lubrication
properties of PEO—PPO—PEO copolymers are primarily
determined by the molecular weight of the central PPO
block; the lubrication effect is enhanced roughly in the
order of PPO-900MW series < PPO-1800WM series <
PPO-3000MW series. This is attributed to the primary
role of PPO block in the adsorption properties of the
PEO—PPO—-PEO copolymer onto a PDMS surface. As
an extreme case, homopolymeric PEG polymer solution
showed virtually no improvement in the lubrication
properties compared with buffer solution.

To examine the role of PPO and PEO block in the
aqueous lubrication properties of PEO—PPO—PEO co-
polymers in more detail, the estimated mass of adsorbed
PPO and PEO blocks (Table 2 and Figure 3) is directly
compared with the lubrication properties in Figure 8.
It should be noted that the amount of adsorbed copoly-
mers for the tribological measurements could be slightly
different from that for the OWLS measurements due
to possible differences in the degree of cross-linking of
the PDMS, related to thickness effects. However, the
overall trend is believed to remain unaltered. Since the
lubrication properties cannot be readily expressed by a
single number, copolymers exhibiting similar lubrication
properties are grouped together: group A, showing
negligible lubricating effect except at very high speed
(=0.05 m/s), includes L31, P35, and L61; group B,
showing lubricating effect from intermediate speeds
(=0.01 m/s), includes P38, P65, and F68; and finally
group C, showing a lubricating effect from very low
speeds (=0.001 m/s), includes L101, P105, and F108. It
is noted that this classification is quite similar to that
according to the PPO molecular weight, yet not identical
(exception e.g. L61 and P38). A comparison of the
adsorbed PPO and PEO molecular weight with the
lubricating properties in Figure 8 provides some insights
into the role of each block in aqueous lubrication
properties of the copolymers. First, the relative mass
of adsorbed PPO of the PEO-50% series is 1.00:1.16:2.21
for P35:P65:P105 (normalized by the adsorbed PPO
mass of P35), while the lubricating behavior of each
copolymer showed the characteristic of group A (P35),
B (P65), and C (P105), respectively (Figure 8). The
enhanced lubricating effect in the order of P35 < P65
< P105 can be, of course, attributed to increased mass
of adsorbed PPO and consequently PEO blocks, too, yet
the difference, especially between P35 and P65 (37.1 vs
43.0 ng/lcm?), is not high enough to be convincing. This
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observation indicates that it is not only the adsorbed
PPO mass itself, but the PPO block molecular weight,
i.e., number of anchoring units (CHz— groups), also
needs to be taken into account to explain the observed
lubrication effect. The relative PPO length or number
of anchoring groups of the PEO-50% series is 1.00:1.81:
3.50 (Table 2, normalized by the PPO formula mass of
P35). It is clear that stable anchoring of the polymer
becomes critical when the polymer-coated surface is
subjected to sliding contact.

Second, the PPO-3000MW series, L101, P105, and
F108, shows an opposite trend in the adsorbed mass of
PPO and PEO block (1.00:0.27:0.12 for PPO and 1.00:
2.46:4.46 for PEO when normalized by adsorbed PPO
and PEO of L101), and the lubricating effect is in the
order of F108 < L101 < P105 (the lowest friction),
although all of them belong to group C (Figure 8). This
observation further supports our contention that the
PPO block mainly determines the lubricating properties
of PEO—PPO—PEO copolymers. However, comparison
of F108 with many other PEO—PPO—PEO copolymers
shows that the PEO block also contributes to lubrication
to a certain degree. For instance, L31, L35, L61 (group
A), and P65 (group B) exhibited a higher amount of the
PPO block than F108 (group C), yet an inferior lubrica-
tion effect to F108. This difference may be partly due
to the longer PPO block length of F108 as mentioned
above but is strongly associated with the higher amount
of PEO block in F108. The PEO block is believed to
enhance the lubrication by reducing the hydrophobic
interaction between PDMS surfaces in agueous media
and thus facilitating the entrainment of lubricant into
the sliding interface.

Third, the comparison of P105 and F68/L61 further
supports the significant roles of both the PPO and PEO
blocks in the aqueous lubrication properties of PEO—
PPO—PEO copolymers. The mass of the tethered PEO
block of F68 (91 ng/cm?) is even slightly higher than
that of P105 (82 ng/cm?), yet a much more effective
lubrication is observed from P105 (group C) than F68
(group B). The difference can be ascribed to the smaller
amount of adsorbed PPO for F68 (22.7 ng/cm?) than that
for P105 (82 ng/cm?) as well as the shorter PPO block
length of the F68, as discussed above. The mass of
adsorbed PPO for L61 (74.8 ng/cm?) is also comparable
to that of P105 (82 ng/cm?2), while that of the PEO block
for L61 is negligible (8.3 ng/cm?) and smaller than that
of P105 by an order of magnitude (82 ng/cm?). The
lubricating properties of each copolymer showed the
characteristics of group A for L61 and group C for P105
(Figure 8). Although the shorter PPO length of L61 may
be partially responsible, the significantly smaller amount
of adsorbed PEO block of L61 is well correlated with
its inferior lubricating properties when compared to
P105.

4.3. Lubrication Properties: Influence of Un-
bound PEO—PPO—PEO Copolymers. Results from
a control experiment (Figure 6) show that removal of
unbound PEO—PPO—PEO copolymers from the bulk
solution results in a degradation of lubrication in the
low-speed regime. Two mechanisms can be proposed for
this behavior. First, shear motion of two PDMS surfaces
can generate a transient detachment of adsorbed poly-
mers and a subsequent readsorption of the unbound or
detached polymers when they are available in the
medium surrounding the sliding interface. In contrast,
the removal of copolymers from the solution would
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reduce the probability of readsorption due to reduced
concentration of available polymers. It is noted, how-
ever, that the degradation of the lubricating effect by
replacing the copolymer with buffer is exclusively
observed in the low-speed regime (Figure 6). Since pin-
on-disk tribometry allows repeated sliding over a fixed
track, if the tribo-induced desorption and readsorption
is the dominant mechanism, readsorption should be
more probable at lower speeds for kinetic reasons.

Second, the unbound copolymers could contribute to
lubrication by being entrained into the sliding interface.
However, as shown in Table 2, the bulk viscosity of the
PEO—PPO—PEO copolymer was not distinguishable
from that of water or buffer solution, regardless of
structural features of the copolymer. Thus, as the
thickness of the lubricating film becomes high enough
to entrain bulk solution, the presence of unbound
copolymer in bulk solution would hardly make a differ-
ence, which is probably the case for the high-speed
regime. However, when the thickness of lubricating film
becomes small at lower speeds, the presence of unbound
copolymers could contribute to the formation of more
effective boundary lubricating films due to an increased
effective viscosity. In previous studies,3?4° Smeeth and
co-workers have shown that the addition of polyisoprene
and other polymers into base oil resulted in an abnormal
increase of the lubricant film thickness at low speed
under rolling contact. In that work, the viscosity of the
lubricant when the film thickness is smaller than 20
nm was estimated to be 10—20 times higher than that
of bulk lubricant. In other work by Roberts and Tabor,2?
the viscosity of thin (<20 nm) water films during rubber/
glass sliding contact was observed to be ca. 2.5 times
higher than that of bulk water when sodium dodecyl
sulfate (SDS) was added (10 mmol) into water. The
current situation is slightly different from these in that
the difference is seen for unbound copolymers in the
bulk solution, while adsorbed polymers are equally
present for both cases. However, since the degradation
of the lubricating effect is observed only at slow speeds
without unbound copolymer in bulk solution (Figure 6),
it is very plausible that a similar mechanism is also
active in this case.

4.4. Lubrication Properties: Influence of Hy-
drophobic Interactions in Self-Mated Sliding of
PDMS. Another control experiment in Figure 7 reveals
that the lubrication mechanism by PEO—PPO—-PEO
copolymers is partly due to the removal of strong
adhesion between the two PDMS surfaces. The hydro-
phobic interaction between PDMS surfaces has been
extensively studied341=43 and the work of adhesion
determined to be 42.2—50.7 mJ m~2 in ambient3841—43
and 75 mJ m~2 in water.38 Thus, the finite friction forces
at zero load (~0.85 N under a load of 1 N) when the
friction vs load plots in Figure 7 are extrapolated can
be attributed to adhesive friction of self-mated PDMS
surface in aqueous solution. As mentioned above, the
hydrophilic characteristics of the tethered PEO block
can effectively reduce the hydrophobic interaction be-
tween PDMS surfaces; thus, the finite friction at zero
load vanished upon addition of P105 (Figure 7).

5. Conclusions

In this work, we have demonstrated that PEO—PPO—
PEO copolymers can be used as effective additives for
the aqueous lubrication of an elastomer, PDMS, by
investigating the adsorption and lubrication properties
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in parallel. The prime purpose of this work was to
understand the role of structural features, more specif-
ically the molecular weight of the PPO block and the
molecular weight ratio of PEO block, in adsorption and
lubrication. The adsorption properties of PEO—PPO—
PEO copolymers onto PDMS surfaces have been studied
by means of OWLS in an aqueous environment. The
amount of adsorbed PEO—PPO—PEO copolymer sys-
tematically increased with increasing PPO block for-
mula weight. The “dry” mass of adsorbed PEO—PPO—
PEO copolymers, determined by OWLS, was further
decomposed into that of the PPO and PEO blocks.
Holding the PPO block size constant, increasing the
PEO molecular weight resulted in an increase in the
adsorbed amount of the PEO block, yet a decrease in
the adsorbed amount of PPO block. The lubricating
properties (pin-on-disk tribometry) of PEO—PPO—PEO
copolymers have been observed to be mainly determined
by the formula weight and adsorbed amount of PPO
block; the higher the PPO molecular weight, the better
the lubrication properties. This observation suggests
that stable anchoring of PEO—PPO—PEO copolymers
onto the PDMS surface is the most important factor for
effective lubrication. However, comparative studies of
adsorption and lubrication properties of a variety of
PEO—PPO—-PEO copolymers revealed that a greater
amount of adsorbed PEO block also contributes to better
lubrication. The effective aqueous lubrication of PDMS
surface by means of adsorbed PEO—PPO—PEO copoly-
mers is attributed partly to the reduction of strong
hydrophobic interactions between PDMS surfaces in
aqueous media and thus facilitates the formation of
lubricating films.
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