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ABSTRACT: We use a surface force balance to study shear interactions between adsorbed poly(ethylene oxide)
layers (Mw ) 150 000 or 170 000) adsorbed onto mica in 0.1 M KNO3 aqueous solution. The shear forces increase
with increasing compression of the layers or with increasing shear rates (at a constant compression), though at
high compressions or shear rates the shear stressσs appears to saturate. This behavior is attributed to frictional
effects that are dominated by viscous dissipation (and possible weak monomer-monomer complexing) between
the mutually sliding layers at low compressions or shear rates, and by a substrate-slip mechanism at the highest
compressions and shear rates. The shear behavior of adsorbed PEO layers in aqueous electrolyte at the higher
compressions or shear rates can be well understood in terms of the attachment mechanism of PEO segments, via
ion ligands to the charged substrate (as elucidated earlier,J. Am. Chem. Soc.2005, 127, 1104).

Introduction

Poly(ethylene oxide) (PEO) is widely used in industry,
technology and in scientific research for purposes ranging from
stabilization or flocculation of colloidal dispersions1,2 to control
over ionic mobility in the solid phase3,4 or in organic solvents.5

PEO is unique for being nonionic and miscible in both organic
solvents (such as toluene) as well as in water,6 and in turn, it is
compatible with both hydrophobic and hydrophilic surfaces.
Being hydrophilic, it is often used in biological sciences, bio-
technology, and pharmacology as an osmotic pressure modifier
(and then it is often referred to as poly(ethylene glycol), PEG).
Its biological applications include encapsulation of drugs for
controlled release7 or transport into tumor cells8 and initiation
of protein crystallization.9,10 It is also grafted onto surfaces to
prevent cell and protein adhesion,11-15 and hence its binding
mechanism onto surfaces as well as its friction behavior is
important.

The properties of adsorbed and of end-grafted polymers,
including PEO, have been extensively studied in recent decades
using direct methods including reflectometry16,17 and scatter-
ing18,19 methods for probing the structure of the layers, and
surface-force balance (SFB) approaches20,21for studying normal
and shear interactions between the surface-attached polymer
layers. The latter studies include neutral and charged polymers,
and both adsorbed layersswhere every monomer has a pro-
pensity to attach to the surfacesand polymer brushes, where
only the ends of otherwise-nonadsorbing chains are attached to
the substrate surface.22-36 Forces, in particular shear forces
between surface-attached chains, can moreover differ markedly
depending on whether the solvent is organic or an aqueous
electrolyte, due to the polar nature of the water molecules and
the presence of possible hydration layers that may provide
lubrication.26,32,37 It is of interest to examine the range of
different cases that have been studied, as shown in Table 1.
From this it can be seen that the one “missing” case concerns
the shear behavior of adsorbed polymers in aqueous solvents

and this provides part of the motivation for the present study.
PEO, one of the few neutral (i.e., nonionizing) polymers that is
water-soluble, has previously been used extensively as a model
polymer for studying normal interactions in aqueous media23,24,38

and shear interactions in organic media.39 Studying the behavior
of adsorbed PEO in aqueous media is therefore of interest,
especially in view of the tendency of PEO chains to retain the
etheric segments as chelating agents of alkali ions, with
potassium in particular.40 The recent demonstration41 that the
adsorption of the nonionic PEO onto a negatively charged mica
surface (and most substrates tend to be charged under water)
takes place, unusually, via an ion ligand rather than via van der
Waals interactions, is a further manifestation of the different
considerations in water relative to nonaqueous solvents.

In this paper we extend the earlier work on the adsorption of
PEO onto mica in an aqueous environment,23,41and for the first
time study the friction forces between such PEO layers. In
particular, we compare our results with similar measurements
on comparable PEO layers under the good organic solvent
toluene, to obtain insight into the role of the different interaction
forces in water.

Experimental Section

Materials. Tap water, passed twice through a reverse osmosis
system, was subsequently passed through two polypropylene filters
(of mesh size 25µm and 2µm) and a charcoal filter. The outcoming
water was then treated with a three step Milli-Q system comprised
of a reverse osmosis stage (RiOs), a UV treated reservoir and a
Milli-Q Gradient A10 purification system. Using this cleaning
procedure we obtained ultrapure (conductivity) water with 3-4 ppb
of total organic compound (TOC as indicated by the A10 detector)
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Table 1. Summary of Some Studies on the Normal and Shear Forces
between Surfaces Bearing Nonionic Polymers in Organic or

Aqueous Environment

aqueous organic

normal shear normal shear

adsorbed 23, 24, 41-43 this study 24, 39 39
brushes 25, 38, 44, 45 25, 37, 46, 47 22, 27, 28, 32,

34, 35, 48
22, 27, 32,

33, 49
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and specific resistivity of at least 18.2 MΩ cm. The water pH was
5.5 (as measured with a Merck pH paper) due to dissolved CO2

from the air.
Poly(ethylene oxide) of two molecular weights,M ) 150K and

170K was purchased from Polymer Laboratories Ltd. and used as
received. According to manufacturer’s data, the end groups were
t-butyl and hydroxyl and the polydispersity wasMw/Mn ) 1.02.
Aqueous solutions were prepared from potassium nitrate 99.999%
that was purchased from Aldrich. After each use the salt was flushed
with nitrogen and stored in a desiccator. The solvents used for
cleaning were analytical grade ethanol, acetone and toluene. Ethanol
was purchased from Merck and used after filtration with a 0.2µm
filter (type FG) from Millipore; acetone was purchased from J. T.
Baker and toluene from Frutarom, Haifa, Israel. Sulfuric acid 95-
98% from Palacid Ltd., and hydrogen peroxide 30%, chemically
pure, from Frutarom, were used to prepare “piranha” solutions.
Nitric acid 65% from Merck was diluted twice and used to clean
stainless steel tools. Ruby muscovite mica, grade I, was supplied
by S & J Trading Inc. (New York), and Epon 1004 resin from
Shell was used to glue mica substrates onto fused silica lenses.

Methods. Prior to each experiment, all glassware were cleaned
with a “piranha” solution (comprised of a 70:30 sulfuric acid:
hydrogen peroxide mixture [CAUTION! piranha solution reacts
Violently with organic molecules and should be handled with
extreme care]). Thereafter the glassware and tools were washed
with doubly deionized water and successively with ultrapure water
taken from the Milli-Q system described above. All tools were then
sonicated with toluene, ethanol and ultrapure water. Tools used for
gluing were sonicated with acetone and ethanol prior to use.

We used a home-built surface force balance with the capability
of measuring shear forces between the surfaces.50 The surfaces used
were back silvered mica pieces that had been melt-cut downstream
of the laminar flow in a laminar flow hood by a platinum wire of
0.125 mm thickness and ca. 1 cm length. In order to ensure the
cleanliness of the experiment, we first measured the contact position
and shear forces in air. Then, we introduced water into the
measuring cell and measured the force profiles and shear forces in
water. In pure water the surfaces jump into an adhesive contact at
a separation (-1 ( 0.5) nm relative to air (the result of removal in
water of an air-adsorbed CO2-water layer). Since this is the mica
- mica contact it was set as the zero of contact throughout the rest
of the experiment. Only following the jump-in in salt-free water
did we exchange water with a 0.1 M KNO3 solution. After
measuring the force profiles in the salt solution we introduced PEO/
0.1 M KNO3, and measured force profiles following 12-16 h from
the introduction of PEO solutions. PEO solutions were prepared at
a concentration 150µg/mL by dissolving the polymer in water and
in 0.1 M KNO3 solution at room temperature and stirring at 40°C
for 1-2 h, and were then allowed to cool to room-temperature prior
to introduction into the SFB cell. Liquids were introduced into the
SFB cell by opening the SFB in a laminar flow hood, separating
the surfaces (to ca. 1 cm) and slowly pouring liquid solutions
without using a syringe. This method of exchanging liquids reduces
the accuracy of the absolute separation measurements from(0.2-
0.3 nm to(0.5-0.6 nm, due to shifts in the optical fringe positions
on repositioning the apparatus.

Shear force measurements were carried out in the usual way by
mounting the top surface on top of a sectored piezo-electric tube
(Pz 29 from Ferroperm, Denmark). Applying equal and opposite
voltage to opposing sectors, a lateral motion∆X0 was applied to
the top surface. The bending∆X(t) of the shear spring in response
to the shear forces transmitted between the surfaces was measured
with an air-gap capacitor. Shear forces were then calculated from
the displacement∆X(t) asFs(D,t) ) ks∆X(t), with ks ) 300 N/m
being the spring constant. The noise level in our measurements
was(2 µN. This was somewhat larger than in some earlier studies
and was due to ambient vibrations that were not sufficiently
compensated by the electronic vibration isolating system. The far
field response was due to coupling arising from the thin wires
connecting the Pz to the voltage supply. The signal-to-noise ratio
could be greatly enhanced by carrying out a frequency analysis of

the shear forces. By subtracting the large-separation noise level at
the applied shear frequency from the measured shear forces between
the compressed surfaces (at the same frequency), we were able to
evaluate shear forces to(60 nN within each experiment (statistical
error from several contact positions). Results are shown from 5
different experiments with several different contact positions in each
experiment. During an experiment the room was kept at a constant
temperature (within(0.5 °C) with temperature varying between
25 and 27°C in different experiments.

Results

Normal Forces between PEO Layers in a 0.1 M KNO3
Solution. In an earlier study,41 we showed that although PEO
does not adsorb onto mica from pure water, it does adsorb from
0.1 M KNO3, in line with previous studies.23 Normal surface
interactions between PEO layers in 0.1 M KNO3 on mica,
following overnight incubation in 1.5× 10-4 w/w PEO solution,
are shown in Figure 1 together with surface interactions in 0.1
M KNO3 (without added PEO). In 0.1 M KNO3 the surface
charge is screened by K+ ions hence the interaction is short-
ranged, with strong hydration repulsion at high compressions.
From a best fit of the data in salt to the DLVO equation (solid
line in the main figure) we extracted the surface potential in
0.1 M KNO3, ψ0 ) 90( 30 mV and the Debye screening length
κ-1 ) 1.0 ( 0.1 nm. In contrast, across PEO layers in 0.1 M
KNO3, the onset of repulsion atD ∼ 80 nm corresponds to the
onset of overlap, 2L, of the PEO chains, far beyond that in the
absence of polymer. The extension from the surface,L (taken
as half the onset of interactions), is some 3Rg (the radius of
gyrationRg ∼ 13 nm was taken from Klein et al.23 where PEO
of Mw ) 1.6 × 105 was used). At the onset of interaction, the
tails of the polymer chains on each surface come into overlap,
and the repulsion is due to the resulting osmotic pressure in the
mid-plane, while at the highest compressions (smallerD values)
the monomer-concentration in the gap becomes uniform and
the osmotic repulsion is well-described by mean-field ideas.23

The force-distance profiles agree well with previous normal
force measurements between PEO layers adsorbed from 0.1 M
KNO3

23 (shown as the dotted line in Figure 1). Force profiles
on withdrawal are generally shorter ranged than on approach
(dashed line in Figure 1), as observed earlier for rapid
decompression.23

By comparing the surface interactions across mica surfaces
immersed in PEO/water solutions to those across PEO/0.1 M
KNO3, we were earlier able41 to attribute the adsorption of PEO
onto mica in 0.1 M KNO3 to the binding of oxy-ethylene
segments via hydrated or partly hydrated potassium cations, the
latter serving as ligands to the negatively charged mica surface.
The schematic in the inset to Figure 1 shows our proposed
mechanism for the binding of the nonionic PEO segments onto
the negatively charged mica.41

Shear Forces.Following the normal-force profile controls,
we measured the shear force between the adsorbed PEO layers
at decreasing D. The applied shear motion of amplitude∆X0

(shear velocity,Vs ) 180 nm/s) together with the shear force
transmitted to the bottom surface are shown in Figure 2 for
decreasingD for typical shear traces. Following PEO adsorption,
at separations larger than someD ) Dc, there is no measurable
shear coupling between the surfaces. This is shown by the
frequency analysis of the shear force in trace b (RHS to trace
b in Figure 2): atD ) 47.7 nm, where the adsorbed PEO layers
are already quite compressed, the shear force at the driving
frequency (solid line) is similar to the larger-separation value
(D ) 218 nm, dotted line). At smaller separations, the motion
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∆X0 applied to the top surface causes a lateral (i.e., shear or
frictional) force above the noise level to be measured between
the adsorbed layers as they move past each other. The traces
corresponding to the shear force between the surfaces can be
divided into two regimes, as shown by the magnification of
trace (f) together with the applied triangular motion. Region
1-2 corresponds to bending of the shear springs. In all the traces
c-f, the bending of the springs,∆X1-2, measured by the
deflection of the bottom surface, is smaller than the applied
shear motion,∆Xbendingin this region (1-2). This implies that
only a fraction of the applied shear motion,fbending ) ∆X1-2/
∆Xbending, is transferred to the bottom surface (fbending= 0.6 and
0.9 for D ) 25.6 nm andD ) 6.9 nm, respectively) and that
there is some sliding of the top surface relative to the bottom
one even before the free sliding shown in the plateau region of
each trace. This partial sliding clearly results in some distortive
shear of the compressed PEO layers: When the consequent
shear stress is large enough the surfaces slide freely (region
2-3, plateau in the traces). The free sliding appears to set on
more abruptly at the higher compressions, and we return to this
point in the discussion.

On the basis of such traces as in Figure 2, we extracted the
shear force required for free sliding,Fs, transmitted to the bottom
surface as a function of surface separation, and plottedFs vs D
in Figure 3. The measurements were performed at various shear
velocities, as indicated in the figure caption. As seen in Figure
3, the shear forces begin to increase significantly in the range
D = 22-35 nm, corresponding to compression ratiosâ ) 2L/D
∼ 3.6-2.3. This value is comparable with the compression ratio
for which significant shear forces commence with adsorbed PEO
in toluene39 (â ∼ 4) as well as with adsorbed telechelic PEO in
0.1 M KNO3

29 (â ∼ 2.8). In the inset, we converted the shear
force,Fs, into shear stress,σs ) (Fs/A), in order to account for
the increase in contact area,A, with the increase in the normal
force. The areaA may be evaluated from Hertzian contact
mechanics,51 as explained in the discussion.

Finally, we measured the shear force across adsorbed polymer
layers at increasing shear velocity,Vs, at given surface separa-

tions, D, as shown in Figure 4 forD ) 14 nm: A back and
forth shear motion was applied to the top mica surface at
velocities 6< Vs < 1350 nm/s, and the force transmitted to the
bottom surface was measured. The shear force dependence on
shear velocity is shown in Figure 5 at differentD values (as
indicated in the figure caption). Each set of data points
corresponds to a givenD value, and hence a given contact area
A, which does not change as the shear velocity (or equivalently
shear rate) varies. In the inset we have replotted the data as
shear stress,σs ) Fs/A vs shear rate,γ̆ ) Vs/D. At the lower
shear rates, the shear force (or the related shear stressσs)
increases quasi-linearly, where beyond certain crossover values
γ̆c of the shear rate,σs appears to saturate. We note that, as
elaborated further in the Discussion section, the saturation level
of the shear forceswithin significant scattersremains within a
relatively narrow band, over the range of compressions studied,
even when converted to a shear stress (inset, marked by the
dashed frame). This band is at a magnitude larger than the shear
stress between highly compressed, adsorbed PEO layers in
toluene39 over a range of shear rates, shown as asterisks in Figure
5, inset).

We also carried out normal force measurements after a first
approach, shearing and separation of the surfaces. The normal
force profiles on a second approach following shear showed
little difference to the first approach prior to shear. We believe
this is because the net repulsion between the surfaces, particu-
larly at the higher compressions, depends largely on the overall
number of polymer segments in the gap at anyD, via their
osmotic pressure (this is broadly true though the detailed picture
is more subtle, see, e.g., ref 53). This segment-number is
unlikely to change drastically following shear, while the change
in adsorbed layer structure due to the shearse.g. temporary
disruption of the polymer-mica bondssis likely to have only
a small effect on the overall segmental osmotic pressure (and
hence onFn).

Discussion

Normal Forces between Adsorbed PEO/0.1 M KNO3. The
normal force profiles (Figure 1) between the surfaces immersed
in PEO/0.1 M KNO3 solution are characteristic of those between
adsorbed polymers on mica, whether in organic or aqueous
solvents under good solvent conditions.23,24,39 As shown in
Figure 1, the double-layer repulsion is screened out at the high
salt concentration (with Debye lengthκ-1 ) 1.0 nm), and
repulsion due to steric interactions starts when PEO chains start
to overlap.

Earlier work showed that PEO adsorbs to mica from salt
solutions by co-ordination bonds to potassium ions at the mica
surface41 (and not via van der Waals dispersion forces), as
illustrated in the inset to Figure 1, in line with the known
complexation of PEO with alkali metal ions in organic or
aqueous solvents40,42 (co-ordination bonds may also form
between the adsorbed chains, forming a PEO network that is
weakly “cross-linked” by K+ ions). In order to examine the
implications of this, and since it is important for understanding
the shear forces as will be explained below, we compare in Table
2 the properties of the adsorbed PEO layer from this study with
those for PEO adsorbed from the good organic solvent toluene,39

where the primary adsorption mechanism is via van der Waals
attraction of the segments to the substrate.

Table 2 shows that for similar PEO samples adsorbed from
similar concentrations and a compareable “goodness” of solvent
(i.e., segment-solvent interaction values,ø), there is both a
smaller adsorbance of PEO onto mica from toluene relative to

Figure 1. Normal surface interactions in 0.1 M KNO3 between bare
mica surfaces (open symbols) and between adsorbed PEO layers (solid
symbols, surfaces approaching; dashed line, surfaces separating). The
fit (solid line) to the DLVO equation21,58 for the bare mica in 0.1 M
KNO3 data corresponds to a surface potentialψ0 ) 90 ( 30 mV and
a Debye screening lengthκ-1 ) 1.0 ( 0.1 nm (in line with literature
values21). Literature data23 for force profiles between PEO layers is
given by the dotted line. The onset of the normal interactions atD )
2L, is marked by an arrow. Results are taken from different experiments
and contact positions. The inset is a schematic illustration of the
adsorption of a PEO segment to the negatively charged mica, attributed41

to co-ordination bonds with hydrated potassium ions.
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aqueous solutions, and at the same time a significantly more
extended adsorbed layer (normalized in terms ofRg). We note
however that the difference (0.5- ø) is sensibly larger for PEO/
toluene (0.11) than for PEO/0.1 M KNO3 (0.02), suggesting
better solvency conditions for the polymer in toluene. These
features suggest a stronger segmental adsorption energy of PEO
to mica from the 0.1 M KNO3, via the K+ ligands, relative to
the adsorption from toluene which is presumably due to weaker
van der Waals interactions. This very different type of bond
with the charged mica surface can also be used to explain the
other main features of our shear results.

Variation of Shear Forces with Compression.As seen in
Figure 2 and summarized in Figure 3, the frictional forces
between the PEO-bearing mica surfaces increase rapidly with

compression once the shear force becomes measurable, in
agreement with earlier observations for PEO adsorbed from
toluene.39 At lower compressions (e.g., trace c of Figure 2) the
shear force appears to rise gradually to the sliding plateau value,
suggestive of a viscous dissipation mechanism. At higher
compressions the rise in the shear forceFs is a combination of
bending of the shear springs (which increases the shear force)
and sliding of the surfaces past each other. This is consistent
with initial stretching of the chains when shear commences;
the subsequent onset of sliding of the top surface when the shear
force exceeds the friction force appears quite abrupt for these
higher compressions (e.g., traces e, f in Figure 2). Normally,
compression of adsorbed layers in good solvent increases both
mutual entanglements and bridging,23 which act to increase the
frictional dissipation on shear. With confined PEO layers,
overlapped chains may, as noted, also be part of a weak PEO
network formed by PEO segments-K+ complexation.40 This
qualitatively resembles weak cross-linking processes that could
add to the increased dissipation on compression. However, the
abrupt transition to sliding at the higher compressions suggests
another mechanism, that was already earlier adduced both for
polymer brushes49 and for adsorbed chains in an organic solvent:
39 Namely, that when the shear force due to viscous dissipation
within the sheared interpenetrated region of the overlapping
chains becomes large enough, the slip plane shifts from the
midplane to the polymer/substrate interface. We believe that
this mechanism operates also in the adsorbed PEO/0.1 M KNO3

system under study at the highest compressions, and we shall
see that it is indeed capable of accounting for most of the
features observed.

It is instructive to relate the variation of the shear forceFs

required for sliding at a given surface separationD to the normal
load Fn, thereby evaluating the effective friction coefficient

Figure 2. Shear forces between PEO layers in 0.1 M KNO3 at decreasing D. (a) Back and forth shear motion,∆X0, applied to the top surface, with
shear velocityVs ) 180 nm/s. (b - f) Shear force transmitted to the lower surface by the motion of the top one on approach (decreasingD). At very
low compressions (D ) 47.7 nm, trace (b)) the shear force at the driving frequency is similar to its value at larger separations as shown in the
frequency analysis to the right (solid line:D ) 47.7 nm, dotted line:D ) 218 nm). At higher compressions (traces c-f), the shear force increases
and two regimes can be identified (illustrated by the magnification of trace f, RHS), an increase inFs (1-2) and a sliding regime (2-3), as
discussed in the text.

Figure 3. Shear force vs separationD across PEO layers in 0.1 M
KNO3 on a first approach. The measurements in the main figure were
performed at different shear velocities: full symbols,Vs ) 150-180
nm/s; half-filled symbols,Vs ) 36 nm/s; asterisks,Vs ) 300 nm/s.
The inset shows the shear stress,σs ) Fs/A, variation withD on a first
approach.A is the contact area as was calculated51 from the normal
force-D plots in Figure 1, as explained in the discussion.
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(defined as the ratioµ ) Fs(D)/Fn(D)) at that separation. The
normal and shear forces vsD are therefore shown together in
Figure 6 and the inset shows the friction coefficient, extracted
from these plots, vs the compression ratioâ ) 2L/D. This plot
shows that asD decreases, the shear forces are initially below
the level of detection and therefore the effective friction
coefficient must itself be rather low. This is probably due to

the same origin as for polymer brushes in good solvents: a fluid
interface at low compressions which nonetheless correspond to
a finite load between the surfaces, borne by the osmotic pressure
of the overlapping segments at the midplane. At the higher
compressions, in the region whereFs is measurable, relative
growth of both normal and shear forces is observed, and it is
reflected in the rise ofµ with compression in the inset. The
inset then reveals saturation of the friction coefficient atâ ∼ 6,
which implies transition of the slip-plane from the polymer-
polymer midplane to the polymer-surface interface.

The quantity which is of greater intrinsic physical interest,
however, and provides a deeper insight into the frictional
mechanism, is not the friction coefficient but rather the frictional
stressσs when the surfaces slide past each other, given byσs )
(Fs/A), whereA is the contact area between the sliding surfaces.
The normal forcesFn increase due to the increase in the steric
repulsion at higher compressions, but the shear forces should
increase due to two different effects, namely the increase in
mean monomer concentration in the gap (as 1/D), together with
the increased flattened contact areaA resulting from distortion
of the glue layers backing the mica sheets. The areaA may be
evaluated from Hertzian contact mechanics, and obeys51 A =
π(FnR/K)2/3, whereK ≈ (1 ( 0.3) × 109 N/m2 is the effective
modulus of the mica/glue combination.50 It is of particular
interest to examine howσs varies with the mean monomer
volume fractionφ ) (2Γ/FD) of the adsorbed chains (whereΓ
is the adsorbance andF is the monomer density,F ) 1.12 gr/
cm3 for PEO). We may evaluate the adsorbance as follows: at
sufficiently high compressions the interaction energy per unit
area of flat platesE(D), obeying the same force-distance law

Figure 4. Shear forces between PEO layers in 0.1 M KNO3 at various
shear velocities, on first approach. Shear force (bottom traces),
transmitted to the lower surface by the motion of the top surface (top,
triangular motion) at varying velocities (from top to bottom,Vs ) 30,
150, and 1200 nm/s).D was held constant at 14( 1 nm.

Figure 5. Dependence of shear forceFs on shear velocity. The plots
were performed at shear velocities in the range 6< Vs < 1350 nm/s
and at different separations: (b) D ) 20.6 nm, (2) D ) 20 nm, ([)
D ) 14 nm, and (0) D ) 10 nm. The data is replotted in the inset as
shear stress,σs ) (Fs/A) vs shear rate,γ̆ ) Vs/D, whereA is the contact
area between the surfaces. The solid line in the inset is a best fit to the
linear variation regime. Asterisks (/) correspond to data points from
Figure 12 of ref 39 atD ) 11 nm (and corresponding shear rates).

Table 2. Molecular Properties of PEO Adsorbed in Organic Solvent
and in 0.1 M KNO3

PEO/0.1 M KNO3
b PEO/toluene39

Mw (g/mol) 1.5× 105 or 1.7× 105 1.12× 105

concentration (µg/mL) 150 100
Rg (nm) 13a 10.7
2L (in Rg units) 6Rg 9Rg

segment-solvent
interaction
parameterø24

0.48 0.39

adsorbance,Γ,
(mg/m2)

2.8( 0.8 (this study,
see following eq 1),
4.0( 1.523

1.3( 0.3

a Taken from ref 23, where PEO ofMw ) 1.6 × 105 was used.b This
study.

Figure 6. Normal and shear forces,Fn, Fs (normalized by the radius
of curvature, R) vs separation D, taken from Figures 1 and 3. The dotted
line is a guide to the eye for theFs(D)/R data. The inset shows the
friction coefficient, µ ) Fs(D)/Fn(D), extracted from these plots, vs
the compression ratio,â ) 2L/D.
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as the curved mica surfaces,E(D) ) Fn/2πR (Derjaguin
approximation) is given by the following equation:28

whereΠ is the osmotic pressure (∝φ2 in the mean-field limit,
i.e., ∝ (1/D2)). In order to estimateΓ in our experiments, we
used previous results23 on PEO in 0.1 M KNO3 to calculate the
constant, as described for analogous cases earlier,28 yielding Γ
) 2.8( 0.8 mg/m2 (this value is consistent with the valueΓ )
4.0 ( 1.5 mg/m2 determined in ref 23 for PEO of similar
molecular weight in 0.1 M KNO3).

Using these values of the adsorbance and ofA, we can now
plot the variation of the frictional shear stressσs with monomer
volume fractionφ, and this is shown in Figure 7. We note that
the value ofσs for the higher compressions saturates with
volume fraction at the highest compressions, i.e., the limiting
frictional stress is, within the scatter, independent of the mean
monomer concentration in the gap being sheared. This is a rather
remarkable observation, since one would expectσs to increase
with the monomer density, not only when the frictional
dissipation is due to viscous shear of the polymer in the gap
(whereσs does increase withφ) but also, as we believe more
likely at the highest compressions, when it is due to sliding of
the polymer on the substrate. The origin of this surprising
behaviorsσs essentially independent ofφ at high compressionss
is, we believe, related to the ion-ligand mechanism by which
the polymers adsorb onto the mica from 0.1 M KNO3.41 Such
ligands form only at sites on the mica where K+ ions have been
lost to solution (there is, importantly, no net van der Waals
attraction of PEO segments to the mica41), and the density of
the sites on the surface is ca. 1/50 Å2. If we assume a monomer
size for the PEO of some 2-3 Å, then clearly a monomer
volume fraction of 10-20% in the layer adjacent to the surface
will suffice to saturate these ligand binding sites. Such a
monomer surface concentration can readily exist even in the
unperturbed adsorbed PEO layer (where the monomer concen-
tration drops rapidly away from the surface,52-54 and is certainly
exceeded once the layers are mutually compressed. The implica-
tion is that at the point when, due to high compression, the slip

plane shifts to the polymer/mica surface, the ion-ligand binding
sites are already fully saturated, and further compression does
not lead to any further attachment of the PEO to the surface.
That is why the plateau shear stress (Figure 7) is essentially
independent of further compression. It is instructive to compare
this with the situation expected for PEO adsorbed to mica from
toluene.39 If our model is correct, then in the PEO/mica/toluene
caseswhere van der Waals attraction is the main mechanism
by which the PEO segments are adsorbedsthe polymer/substrate
sliding frictional stress shouldincrease as the layers are
compressed. This is because at the higher compressions more
PEO segments would be forced into van der Waals adhesion to
the mica surface, increasing the frictional stress when the layers
are made to slide past the surface. In Figure 8, we sketch the
expected situation in the two cases, PEO/mica/0.1 M KNO3

(ion-ligand binding) and PEO/mica/toluene (van der Waals
adhesion). In Figure 7 we have also plotted, from the data in
ref 39, the variation of frictional stressσs with monomer volume
fractionφ for the PEO/mica/toluene system. At low compression
the shear stress shows a marked increase withφ corresponding
to increased viscous dissipation, as for the PEO/mica/0.1 M
KNO3 case, but even at the higher compressions a clear (if
small) increase is indicated up to the maximumφ attained in
the toluene study, in line with our argument above and in
contrast to the saturation (within scatter) of the shear stress for
the present 0.1 M KNO3 case.

Variation of Shear Forces with Shear Rate.The variation
of shear forcesFs with shear rateγ̆ shown in Figure 5 reveals
that, at low values ofγ̆ and at moderately high compressions
(2L/D ≈ 4-8), Fs increases with the shear rate in a roughly
linear, or Newtonian fashionσs ∝ γ̆ where as aboveσs ) Fs/A
is the shear stress. This suggests that, at the lower values of
shear rate, viscous shear within the gap is largely responsible
for the frictional dissipation, since the alternative mechanism
of sliding at the polymer/mica surface is likely to have a rather
weak dependence on sliding velocity as observed earlier39,49and
as a general observation for sliding friction at solid surfaces.55

The precise details of how the compressed adsorbed layers are
sheared when the surfaces slide past each other are complicated,
as we cannot know precisely the extent of the region actually
undergoing shear (indeed the extent of this region may decrease

Figure 7. Frictional shear stress,σs ) Fs/A, variation with the mean
monomer volume fraction,φ ) 2Γ/FD (Γ taken from Table 2 and the
PEO density isF ) 1.12 gr/cm3): with PEO/0.1 M KNO3 (to calculate
σs we used normal and shear forces from Figures 1 and 3, respectively
and the symbols correspond to those of Figure 3) and with PEO/toluene
(normal and shear forces were taken from ref 39, Figures 4 and 8
respectively, with symbols corresponding to those from Figure 8; one
exceptional data point from Figure 8 was omitted). Solid and dashed
lines are used as a guide to the eye.

E(D) ≈ const× ∫D1

D2 ∏ (φ(D)) dD ≈

const× (2Γ

F )2[ 1

D2

-
1

D1
] (1)

Figure 8. Schematic illustration of the proposed shear mechanism for
the mica-adsorbed PEO, whereD1 > D2 > D3: (a) For both the aqueous
(present study) and the toluene media, viscous dissipation takes place
at low enough shear forces (weak compression or low shear rate) across
the interfacial interpenetration region (cross-hatched). The slip plane
is at the mid-plane, shown as a broken line. (b) At shear stresses beyond
some value, the slip plane (broken lines) crosses over to the polymer/
substrate interface, where the black circles (b) represent segment/mica
attachments, either via ion-ligand binding (LH of part b, in 0.1 M
KNO3)) or van der Waals binding (RH of part b, in toluene). (c) At
higher compressions the ion-ligand attachment density (LH of part c)
remains unchanged as it is already saturated in part b, but more van
der Waals attachments form in the toluene medium (RH of part c).
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with shear rate27). If nonetheless we make the assumption that
the entire region of compressed adsorbed layers within the gap
is undergoing shear when the surfaces slide, we may define an
effective viscosityηeff such that in the low shear rate regime:

From a best fit of eq 2 to the plot in the linear (lowγ̆) part
(Figure 5, inset), we may extract a value for the effective
viscosity,ηeff ) 1000( 100 Pa s. This value is, interestingly,
comparable to that expected from entangled bulk PEO solutions
using the empirical relation56 ηbulk ) (const)φ5 M3.4: Putting
ηbulk (5% water solution, M) 2 × 105 PEO)) 0.055-0.095
Pa s,57 we find ηbulk (φ ) 0.35, M ) 1.7 × 105) ≈ 0.5-1 kPa
s.

At the higher shear rates shown in Figure 5 (γ̆c > ca. 30
s-1), the magnitude of the shear force (or shear stress) appears
to saturate and becomeswithin the scattersonly weakly de-
pendent onγ̆. This may be readily understood in terms of a
shift to polymer/substrate sliding in similarity with the earlier
discussion of saturation at increasing compression, though with
a different mechanism whereby the shear stress increases with
γ̆ rather than with compression: As the shear force increases
at higher shear rates, there comes a point (what we termed the
critical shear rateγ̆c when describing Figure 5) where the shear
stressσs (eq 2) exceeds the yield stress at the polymer/mica
interface, and the interface of weakest resistance to the shear
shifts from the midplane to this (polymer/mica) interface.

Summary and Conclusions

We studied the shear properties of mutually compressed poly-
(ethylene oxide) layers adsorbed onto a solid charged surface
(mica) from 0.1 M KNO3 aqueous solution. The main difference
in the adsorption behavior from an aqueous relative to an organic
solvent arises from the ion-ligand attachment of the PEO chains
to the mica surface from the aqueous electrolyte, as opposed to
van der Waals adhesive attachment of PEO adsorbed from
organic solvent. The long-ranged repulsion arising from steric
interactions as two such adsorbed layers were compressed
showed force profiles in line with literature behavior. The shear
forces on sliding the surfaces past each other revealed that at
low compressions or shear rates the frictional stress increased
(with compression or shear rate), an effect attributed to viscous
dissipation as the layers slid past each other across the midplane
between them. At the highest shear rates or compressions the
frictional stress saturated, reaching a value that, within the
scatter, appeared essentially independent of both shear rate, and
of compression (or equivalently, of the confined monomer
volume fraction). This saturation is attributed to shift of the
slip plane from the midplane to the polymer/mica interface. The
unexpected independence of the limiting frictional stress from
the confined monomer volume fraction is attributed to the fact
that the ion-ligand attachment, by which PEO adsorbs, is
saturated as the relatively few negatively charged surfaces sites
are filled up by PEO attachment. Thus, further compression
results in no additional surface attachment of the PEO, and
therefore little additional shear stress as the adsorbed layers slide
past the surface. In this the PEO/aqueous solution system differs
qualitatively from the PEO/toluene one, where a weak but
marked increase in the shear stress occurs at higher monomer
volume fractions (higher compressions). In view of the ubiquity
and importance of PEO in research and applications, this
manifestation of its different surface behavior at a charged
substrate, due to its unusual ion-ligand binding, may have
interesting and widespread implications.
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