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ABSTRACT

The shear and normal forces between layers of poly-
(ethylene oxide) (PEO), of molecular weights M,, =37
kg/mol adsorbed onto smooth, curved solid (mica)
surfaces across the good solvent toluene have been
determined using a surface force balance (SFB). The
equilibrium F, (D) profiles are closely similar to those
measured in earlier studies between adsorbed PEO
layers. The shearing motion causes the removal of
polymer from within the intersurface gap during sliding.
The recovery of the adsorbing layer has been measured
and the amount of adsorption with time was calculated.
Our findings showed that there is no migration of
polymers on the surfaces and that the recovery of the
layer is controlled by the rate of diffusion of polymer
chains into the gap. Copyright © 2003 John Wiley &
Sons, Ltd.
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INTRODUCTION

Interactions between surfaces bearing surface-
attached polymer layers immersed in a liquid
medium have direct implications for a wide range
of technologies. These include colloidal stabiliza-
tion and destabilization [1,2], adhesion [3], thin-
film stability [4-6], control of surface energies and
biocompatibility [5], and protective (anti-fouling)
surface coatings in filtration applications [7, §].
Such forces have been measured, using a variety
of methods, and are reasonably well understood
[9]. The surface force balance (SFB) technique in
particular has been used to characterize normal and
shear forces between surfaces in a variety of
systems [10-25].

Poly(ethylene oxide) (PEO) has been the subject
of many studies. It is known for its low toxicity and
biocompatibility with the immune system of the
human body [26] and for its chemical inertness and
its solubility both in organic and especially in
aqueous solutions, in contrast to poly(methylene
oxide) and to poly(propylene oxide) and higher
analogues, none of which are water-soluble [27].
Direct measurements of the shear and normal
forces between two atomically smooth mica sur-
faces bearing adsorbed layers of PEO in the good
solvent toluene [25,28] or in water [29-31] were
reported. It was found that when the load and
friction are high, low-molecular-weight (M,,) PEO
is removed from the intersurface gap during shear.



Here we examine in detail the recovery of the
adsorbed layer following its removal by the
shearing motion.

EXPERIMENTAL

Method

The SFB technique and detailed experimental
procedures have been described earlier [25,
32, 33]. The present force balance, incorporating in
particular both normal and shear force measuring
capabilities, is shown schematically in the inset to
Fig. 1. To recall briefly: two half-silvered mica
sheets (thickness ca. 2 pm and atomically smooth on
both sides) are mounted opposite each other on an
upper and a lower cylindrical lens in a crossed-
cylinder configuration (equivalent to a sphere on a
flat). White-light multiple beam interferometry
reveals the distance D between them (to +0.2-0.3
nm) and the geometry of the contact region
(including the mean radius of curvature R =ca.
1 c¢m). Fine motion in both normal (D) and lateral
(x) directions is provided by a sectored piezo-
electric tube. The normal and shear forces F,, and F;
are determined directly from the bending AD and
Ax respectively of the two orthogonal springs, as
F,=K,AD and F, = K;Ax, where K, =100 N/m and
Ks =70 N/m are the respective spring constants.

Materials

The ethanol and toluene used for cleaning were
supplied by Bio-Lab Inc. (Jerusalem) and were
analytical grade. The toluene used for the measure-
ments was hypersolvent grade for HPLC 99.8%
(BDH Laboratory), and used as received. The mica
was ruby muscovite, grade 1, supplied by S & ]
Trading Inc. (New York). The PEO used, termi-
nated with a hydroxyl group and used as received,
was supplied by Polymer Laboratories Ltd (UK). Its
M,, is 37 kg/mol, M,,/M,=1.07, and its unper-
turbed gyration radius (Rg) is 6.2 nm. The molecu-
lar characteristics of the polymers used were
determined by GPC and light-scattering (manufac-
turers’ data).

Procedure

The surfaces are brought into contact in air to
determines the D = 0 position. The surfaces are then
separated (to ca. 2 mm) and the box is filled with
toluene. After allowing 1 hour for thermal equi-
libration a normal force-distance profile, F,(D), is
taken. PEO solution, in concentrations of 40 £+ 5 pg/
ml, was introduced by replacing the pure solvent
with the polymer solution, while keeping a gap of
2 mm between the surfaces within which a liquid
meniscus was maintained. Polymer was allowed to
adsorb onto the surfaces for an incubation time of
12-16 hours (at 2 mm separation) following which
F.(D) profiles were determined. Uniform back and
forth shear motion was then applied to the top mica
surface and the lateral force Fy(D) between them
was recorded over a range of surface separations D.
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F.(D) profiles were measured following shear
measurements in order to check the effect of shear
on the adsorbed layer and to study its recovery. The
results described below are based on four separate
experiments (different pairs of mica sheets).

RESULTS

Pure Toluene

In each experiment, prior to introducing the PEO
solution, normal F,(D) profiles were measured
between the bare mica surfaces immersed in pure
toluene, to check for absence of contamination as
noted. Results measured on both compression and
decompression are shown in Fig. 1, where the force
axis is normalized as F,(D)/R: in the Derjaguin
approximation (for R > D) F,(D)/2nR is the corre-
sponding interaction energy E(D) per unit area
between two flat parallel surfaces, a distance D
apart, obeying the same force-distance law [34].
This normalization enables comparison of
F.(D)/R profiles from different experiments and
is used in all subsequent normal and shear force
profiles. No forces were detected for D >5nm
below which the surfaces came into adhesive
contact (D =1+ 1 nm), in agreement with previous
studies [28]. On separation the surfaces jump out
(to a position where no forces are acting between
them), owing to a mechanical instability expected
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FIGURE 1. Normal force (F,)-distance (D) profiles
between curved mica surfaces in pure toluene, where the
force axis is normalized as (F,/R) (R = mean radius of
curvature of the mica) to yield the interaction energy per unit
area between flat parallel plates obeying the same F,(D)
law, in the Derjaguin approximation [39]. Different symbols
indicate different sets of experiments. Solid symbols are
used for force profiles measured during compression of the
two surfaces, while open symbols indicate force profiles
measured during decompression. The inset shows
schematically the main features of the SFB used [33],
indicating the two orthogonal springs K and K, whose
bending measures directly the shear and normal forces F;
and F, %etween the surfaces as the upper surface is moved
laterally parallel (+AXo) or normal to the lower surface
respectively.
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whenever OF,(D)/0D > K,, the constant of the
normal forces spring. The form of the interaction
may be suggestive of some water condensation
between the surfaces; we did not examine in detail
the possible presence of structural forces [35],
though the scatter of both repulsive and adhesive
forces may indicate the presence of such effects.
The main point is that the attraction indicated the
absence of contaminants in the polymer-free
system, while its range is small compared with
the range of interactions once polymer had ad-
sorbed. This simplifies subsequent interpretation of
the results.

Normal and Shear Forces after the Addition of
PEO

Following addition of the PEO solution at concen-
trations of 40 & 5 pug/ml, the surfaces were allowed
to incubate in the solution overnight at separation
of 2mm. Normal force profiles, shown in Fig. 2,
were then determined prior to the shear measure-
ments to ensure absence of contamination.

These profiles are very similar to those observed
in earlier studies for the almost identical system of
PEO (M,, = 40 kg/mol) adsorbed from toluene onto
mica [28], which are shown for comparison, in Fig.
2 as solid lines (best fit to the results); the
quantitative agreement is quite close. The main
features are as follows: on initial compression a
monotonic repulsion commences at a range of
73+08 R, this defines the onset separation
D =2, where L is the equilibrium thickness of the
adsorbed layer. On decompression immediately
following close approach, the forces are consider-
ably shorter-ranged, probably indicating the forced
adsorption of more segments onto the mica surface
and a transient compressive distortion of the
adsorbed layers. On subsequent recompression
the layers relax back to their original (equilibrium)
structure within 10 minutes following the first
approach run (Fig. 2).

Shear forces between the compressed PEO-
covered surfaces in the respective polymer solu-
tions were measured by applying uniform back-
and-forth shear motion, amplitude ca. 300 nm, at
frequency 0.5 Hz, to the top surface, and monitor-
ing the resultant bending of the shear spring on
which the lower surface is mounted. Measurements
were carried out, starting from the onset of normal
repulsion and at decreasing separations, D, down
to strong compressions. Figure 3 shows the shear
forces F, transmitted to the lower surface in
response to the applied lateral back-and-forth
motion Axy of the top surface, as the surfaces
approach to smaller separations, for the adsorbed
PEO layers. The traces are reproduced directly
from the XYt recorder.

Qualitatively, up to moderate compressions, no
frictional forces are measurable above the noise
level éF; in the signal as the surfaces are com-
pressed down to separations that are substantially
smaller than 2L. The initial regime where F;
becomes measurable is shown in Fig. 3A: shear
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FIGURE 2. Normalized force-distance profiles (Fn/Rg
versus D following overnight incubation of the mica surtaces
in 40 pg/ml solution of PEQO in toluene. Measurements
during compression and rapid decompression of the two
surfaces are shown in different sets of experiments. Different
symbols refer to different contact positions at different mica
sKeets. Solid symbols indicate forces measured during
compression and open symbols indicate forces measured
during decompression. We note that the profiles on a
recompression immediately following a decompression are
identical — within the scatter — to the original compression
profile. The results are compared with curves summarizing
the results of Luckham and Klein for PEO (M,, = 40000) in
similar conditions [28].

forces are first detected at compression ratios (2L/
D) greater than about 4, that is at D <10 nm. At
higher compressions the shear forces transmitted to
the lower surface, as the top surface moved back
and forth, progressively increased.

The protocol for the shear force measurements
is as follows. A normal compression-decompres-
sion run was carried out to ensure integrity of the
layers just prior to the shear measurements. The
surfaces were then enabled to approach slowly by
thermal drift as the top surface moved laterally,
while D was monitored simultaneously from the
position of the interference fringes. As seen in Fig.
3, the initial response to shear is a rise in F (regions
a or ¢ in the shear traces), followed by a plateau
region (b or d in the traces). In general, the applied
lateral motion Axj is related to the sliding between
the surfaces, of extent Axgjiging, and to the bending
of the lower shear spring, of extent Ax, as
Axo = AXgliding + Ax (we recall that the traces show
Fs = KAx). In the rise regions (2 and c in the traces),
Axgliqing Tepresents the extent to which the oppos-
ing PEO layers slide past or disentangle from each
other as the top surface rubs past the lower one; it is
of order 80% of Axg when F, first becomes
measurable (lower compressions), decreasing to
ca. 20% of Axy at the higher compressions. The
extent of sliding increases towards the top of the
rise region. At the top the shear force equals the
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FIGURE 3. A and B: Shear forces between mica sheets
bearing adsorbed PEO in PEO37 /toluene solution, as the
surfaces slide past each other, at different surface
separations, D, as indicated. Each pair of fraces monitors
the uniform back-and-forth lateral displacement applied to
the upper surface, as a function of time (top trace within
each poi? together with the shear force transmitted to the
lower surface (bottom trace within each pair). We show
data collected at different contact positions from two
different mica sheets. We present only one period of the
shear response at each separation, but we note that each
one of the responses repeated itself several times as long as
D remained tﬁe same. In the a and c regimes there is both
bending as well as sliding of the shear spring (see text). In
the b and d regimes the surfaces are sliding freely past each
other, while the magnitude of the forces in these regimes,
which are due to bending of the shear springs (lower traces
within each pair) represent the sliding or kinetic friction
force. Scales of time, shear forces and lateral displacement,
are indicated on the traces.

frictional resistance, and steady sliding takes place
(regions b and d in the traces): the magnitude of Fj
in this plateau region at the different compressions
is the kinetic friction force for this shear velocity.

At the higher compressions (Fig. 3B), the force
increases strongly and monotonically, and the
surface separations, D, become smaller than the
closest approach attainable on normal compression
alone. At the closest separations, D =1 + 0.5 nm or
s0, the static frictional force exceeds the shear force
and there is no sliding between the surfaces: they
remain in rigid contact as the top surface moves
laterally (right-hand trace in Fig. 3B). This approach
almost to contact is an indication that at the highest
compressions the PEO has been removed from the
contact zone by shear, as directly confirmed by
F.(D) profiles taken subsequent to the shear. In Fig.
4 the plateau values of F; (the kinetic friction) are
plotted against surface separation, based on traces
as in Fig. 3. We find that F, increases monotonically
and exponentially with decreasing D.

As noted, the shear profiles were measured
while approaching the surfaces following a com-
pression run and separation. Because the shear
itself changes the nature of the normal interactions
(see below), the normal forces before shear serve as

Copyright © 2003 John Wiley & Sons, Ltd.
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FIGURE 4. The variation of the shear forces F(D)
(normalized by R) between curved mica surfaces bearin
adsorbed PEQ in PEO/toluene solution, sliding past eoc%
other and taken from traces as in Fig. 3 (at sliding velocity v,
corresponding to that in Fig. 3), as a function of D. The
magnitude of F; shown is in all cases from the freely sliding
region of each trace. Different symbols refer to dif?lerem‘
contact positions or experiments. The shear forces are
below the detection limit for D> 10 nm.

a reliable guide to the load, once shear measure-
ments have been made, only for the regime of
moderate compression (prior to the onset of large
shear forces). We may define an effective kinetic
friction coefficient g = F5(D)/ Fn(D). If we take the
magnitude of F,, just at the onset of measurable F to
be its value from the F,(D) profiles, and the
magnitude of Fj at that point to be AFs~ 0.1 uN at
most, we find that at the onset point, peg = 0.003.

Normal Forces Following Shear

At the end of each of the shear runs (which lasted
some 15 min from start to finish) the surfaces were
taken apart. The surfaces were strongly adhered at
the end of the shear run (D ~ 0.5-1 nm) and jumped
out on separation to some 2-3 pm. To obtain further
insight, we carried out a number of controls. F,,(D)
profiles taken immediately subsequent to the shear
runs reveal the state of the adsorbed layers, and are
shown in Fig. 5.

As clearly seen in Fig. 5, the F,(D) profile for is
very different to its form prior to the shear: it shows
a short-ranged repulsion (at D < 3 nm) on approach
of the surfaces, and a marked attraction is observed
on separating the surfaces following compression,
when jump-outs occur-as shown in the inset. The
magnitude of the attraction is greater than for bare
mica surfaces in the toluene (Fig. 1), and we also
note that it increases with the time of compression
and to some extent with the magnitude of the
compression itself (inset to Fig. 1). Comparison of
the before-shear and after-shear F, (D) profiles, Fig.
2 versus Fig. 5, clearly shows that much of the PEO

Polym. Adv. Technol., 13, 1032-1038 (2002)
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FIGURE 5. Normalized force-distance profiles (F,/R)
versus D following shear measurements between PEO-
bearing mica surfaces. Measurements from different sets of
experiments taken during compression and decompression
of the two surfaces are shown. Different symbols refer to
different contact positions on different mica sheets. Solid
symbols indicate forces measured during compression and
open symbols indicate forces measured during
decompression. We indicate with the arrow (and show in
the inset over a wider range of data) that on separation the
surfaces jumped out to a far distance (zero force region).
For comparison, normal force profiles, before shear, are

resented as the top solid curve (based on the profiles in
Fig. 2). The lower solid line is the force~distance profile
ccﬁculqted [38] for adsorbing PEO in water at 10% surface
coverage and the dashed line is for 20% surface coverage
(see text). The broken upper curves correspond to 30% and
40% surface coverage and fit the compression F,(D)
profiles. Inset: The same force profiles with identical
symbols, but here we included the range to which the
surfaces jump out, when the pull-off force exceed the
adhesion. At each of the force—distance profiles the
maximum applied load under compression was different:
the extent oFthe jump-out — proportional to the adhesive
force — increosec& with increasing maximum load or load-
time prior to pull-off.

has been removed from between the surfaces by the
shear. The dependence of the adhesive strength on
the compression time prior to separation further
suggests that the adhesion is due to residual
polymer chains bridging the gap, and that with
time of compression more segments are forced onto
the surfaces, resulting in stronger bridging. The
solid and broken lower curves in Fig. 5 are the
theoretically predicted bridging attractions-dis-
cussed in the following section-for interaction
between surfaces bearing 10% and 20% of the
equilibrium adsorbance of PEO in a good solvent.
The broken upper curves which fit the compression
force profiles, correspond to the theoretically
predicted forces at 30% and 40%. Both the much-
reduced separation for onset of repulsion on
compression (2.5+ 0.5 nm) and the marked brid-
ging adhesion thus indicate that a substantial part

Copyright © 2003 John Wiley & Sons, Ltd.
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FIGURE 6. Normalized equilibrium force-distance
rofiles (F./R) versus D measured on compression, 10 min
ollowing shear measurements between PEO-bearing mica
surfaces, and after incubation of 1 to 5 days in the PEQ/
toluene solution as indicated, while keeping a gap of
20 + 5 um between the surfaces. The broken curves are the
corresponding force—distance profile calculated [38] for
adsorbing PEO in water at 30% to 100% surface coverage.
The equilibrium F,/R before shear, referred as the 100%
coverage, is indicated with the solid curve and is similar to
that measured 5 days after shear.

of the PEO has been removed from the surfaces
during the shear run.

Recovery of the Adsorbed Layer

The PEO solution was replaced with pure toluene
(save for a meniscus between the surfaces), diluting
it by factor of ca. 1000, and F,(D) profiles were
determined to confirm equilibrium behaviour.
Shear motion was then applied as before, following
which normal force profiles were again measured.
These were identical (within the scatter) to the
F(D) profiles taken after shear in the solution (Fig.
5). Then the surfaces were kept at a separation of ca.
20+5pum for two days to enable relaxation of
chains on the surface. F,(D) profiles taken at
various points during this period were similar to
the F,(D) profiles measured immediately after
shear. This sequence of measurements demon-
strates directly that in the pure toluene, once the
PEO chains had been removed by shear, there was
little recovery of the adsorbed layer at the contact
position, even after two days, suggesting that
polymer from adjacent parts of the mica did not
migrate along the mica to heal the sheared region.

The pure toluene was then replaced with the
PEO solution, and the surfaces held at separation of
20 =5 pm for 5 days, to diffusion-limit the rate of
arrival and adsorption of polymer at this region of
interest (i.e., where F,(D) is measured) [36]. Normal
force profiles measured at various times during this
period are presented in Fig. 6 and show gradual
recovery of the PEO adsorbed layer, clearly due to
adsorption of new PEO chains from the solution.

Polym. Adv. Technol., 13, 1032-1038 (2002)



The solid curve is the normal forces before shear
and the broken curves in Fig. 6 are the theoretically
predicted forces-discussed in the following sec-
tion-for interaction between surfaces bearing 30%
and up to full equilibrium adsorbance coverage of
PEO in a good solvent.

DISCUSSION

The new finding in this paper concerns the
recovery of the adsorbed layer in the contact region
following the removal of PEO at high compressive
loads by the shearing motion. The normal and
shear forces have been analysed and discussed in
detail elsewhere [25, 28-31; see also Raviv, Klein
and Witten “The polymer mat: arrested rebound of
a compressed polymer layer” (submitted)] the
focus of this discussion is on the recovery of the
adsorbed layers at the contact region, following
shear, in a 20 & 5 pm gap.

The amount of polymer adsorbed at equi-
librium on the interacting surfaces, I';, cannot be
evaluated from refractive index measurements
because the refractive index of PEO is very similar
to that of toluene. However, it may be estlmated
from the force profiles to be I'g ~ 0.9 0.2 mg/ m?,
as was done in the earlier PEO/mica/ toluene
studies [25, 28]

The layer thickness at equilibrium L=~ 4R,,
suggesting that the chains are swollen. Thls
together with the clear evidence for the removal
of the polymer chains by the shearing motion,
indicates that the chains are weakly adsorbed to the
mica surfaces (for PEO segments adsorbed onto
mica from aqueous solution the net segment
sticking energy in ca. 0.06 kT [37]). As a result, the
lateral forces on the PEO chains are sufficient to
desorb them from the adsorbing substrate so that
under the strong compression they are squeezed
out from between the region of closest approach.
The final situation is one where the few PEO chains
that remain on the surface are strongly bridging,
resulting in the marked adhesion between the
surfaces manifested in F,(D) profiles following
shear (Fig. 5). An upper limit for the amount of
polymer remaining following shear is obtained
from the range of interactions on approach and
compression, where the surfaces approach to
separations of ca. 1+0.5nm at the highest com-
pressions, indicating a maximal adsorbance of ca.
30 £ 10% of its value prior to shear.

We may try to estimate roughly the adsorbance
remaining on the surfaces following shear and its
increase with time by fitting to the prediction of a
recent model [38] on interactions between surfaces
bearing a sub-equilibrium adsorbance of chains in a
good solvent. This model enables the forces
between surface-adsorbed polymers in a good
solvent to be calculated in terms of experimentally
observable parameters, such as bulk osmotic
pressures in the corresponding polymer solution,
and the single surface segment-density profile
(determined for example by neutron scattering).

Copyright © 2003 John Wiley & Sons, Ltd.
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Using appropriate parameters (to calculate the
curves in Figs 5 and 6 we used parameters
corresponding to the water/PEO system taken
from [38]) we generated the two lower attractive
profiles in Fig. 5 corresponding to adsorbances of
10% and 20% of the equilibrium value, the two
upper broken curves in Fig. 5 corresponding to
adsorbance of 30% and 40% and the broken curves
in Fig. 6 corresponding to adsorbance of 30-100%.
The attraction for an adsorbance of 10-20% of its
equlibrium value is basically due to bridging by the
polymer dominating the interactions at low ad-
sorbance. While these profiles do not describe the
short-range repulsion on approach (filled data
points in Fig. 5, which are described by the broken
curve corresponding to absorbance of 30-40%, see
also lower broken curves in Fig. 6), suggesting
equilibrium bridging is not fully developed, they
are roughly in the range of the adhesive forces on
separation, once bridging has taken place following
the compression.

The slow time for build-up of an adsorption
layer in a narrow gap has been found and analysed
for the case of adsorbed polymers in theta condi-
tions [36]. It was found that the chains have to
diffuse about 1-2 mm in the narrow 20-100 pm gap
created between the mica surfaces to reach the
region of closest approach. The characteristic time t
for the surfaces at the region of closest approach to
attain the limiting full adsorbance was estimated to
be of order 5 x 10° sec (some days) in conditions
very similar to our experiments. This supports our
finding of slow recovery of adsorbed layer and
indicates that the recovery is diffusion-limited.

Finally we note that higher M,, PEO behaves in
a different way [25]. This is because its total
adsorption is stronger and its surface layer is more
entangled, and therefore it is less likely to desorb by
the applied lateral force.

CONCLUSIONS

We have shown that the adsorbed PEO chains of
M,, =37 kg/mol adsorb weakly on mica surfaces
from PEO/toluene solution and that the lateral
force applied in the SFB under strong compression
is enough to desorb 80 & 10% of the chains from the
contact region. The remaining chains can bridge
between the two surfaces when they are close
enough. We studied the recovery of adsorbed
polymer layers in a narrow gap and dilute solution.
Our results reveal that no migration occurs on the
surface and that the adsorbed layers recover within
a few days only by adsorption of polymers that
diffuse slowly into the narrow gap.
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