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ABSTRACT: The normal and shear forces between adsorbed layers of telechelic associative polymer poly-
(ethylene oxide) end-terminated with octadecyl groups have been studied using a surface force balance.
The normal forces profiles measured for polymer monolayers and surface gels were similar to those
reported for the same polymer in earlier studies. The shear forces between the polymer-covered surfaces
were very weak up to compression of ca. 0.27 of the original thickness of the polymer layers, corresponding
to the effective friction coefficient u < 0.04. Weak frictional forces were attributed to osmotic repulsion
between poly(ethylene oxide) chains and shear thinning of the gelled polymer. At higher polymer
compression the shear forces gradually increased due to compression-forced increase in interpenetration
and entanglement of the macromolecules adhering to the two opposite surfaces and interactions between
the octadecyl groups. Shear thinning was also observed for long-time shear and for shear velocity vs
exceeding 600 nm/s. For strongly compressed polymer and vs < 600 nm/s the dependence of frictional
forces on the shear velocity was weak, caused by a thinning of the interpenetration zone between the

sheared polymer layers and/or a transition of the slip plane to the polymer—substrate interface.

Introduction

Water-soluble polymers bearing hydrophobic groups
find applications in food, paint, paper, cosmetic, and
pharmaceutical industries'2 due to their intrinsic ability
to undergo thermoreversible association in aqueous
solutions. The mechanism of association is best under-
stood for telechelic polymers: linear hydrophilic chains
bearing hydrophobic groups at both ends. Following
increase in polymer concentration in solution, these
molecules generally undergo a sequence of structural
transformations: from the isolated macromolecules to
micelles with a hydrophobic core and a hydrophilic
corona, then to micellar aggregates, and finally to a
physical network formed by the interconnected mi-
celles.®

Network formation leads to a great increase in solu-
tion viscosity, even when polymer concentration does
not exceed several weight percent. Because of the
physical nature of association, viscosity of the system
shows a strong dependence on the shear rate, 7.
Increase in viscosity (shear thickening) occurs in the
intermediate range of y due to a shear-induced increase
in the fraction of chains residing with hydrophobes in
the cores of neighboring micelles, whereas reduction in
viscosity (shear thinning) for high values of y is the
result of network fragmentation due the increase in the
number of chains residing with both hydrophobes in the
core of the same micelle.* In the latter regime, the mean
number of hydrophobes per micelle core is conserved,
and the number of micelles in solution does not change.

The amphiphilic and associative nature of the tele-
chelic polymers leads to polymer adsorption in the form
of multilayers on both hydrophilic and hydrophobic
surfaces. Upon increase in polymer concentration in the
vicinity of the substrate, the individual macromolecules
undergo a sequence of transformations similar to that
in the bulk solution and ultimately form a surface gel.
(We stress that surface gelation may occur when no
association or very limited association occurs in the bulk
system.®) Adsorption of thick layers of associative
polymers can change the properties of a bulk system,
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especially with a large surface area, increasing hydro-
dynamic dimensions of latex beads or bridging of colloid
particles.1a67

Adsorption of associative polymers and surface gela-
tion also have an effect on time-dependent forces acting
between the polymer-covered surfaces as they slide past
each other.89 Shear forces in polymer layers determine
friction, wear, lubrication, and liquid flow past polymer-
covered surfaces. The chemical structure and architec-
ture of the constituent macromolecules, the extent of
cross-linking, the degree of layer compression, the shear
velocity, and polymer relaxation after shear are among
the most important factors that govern friction proper-
ties of surface gels.

The surface force balance (SFB) with shear capability
is a useful tool in studies of dynamic forces acting
between adsorbed and/or confined polymer layers.1°
It has been successfully used to probe normal and
shear forces acting between the surfaces bearing poly-
mer monolayers (e.g., polymer brushes and adsorbed
polymers!1=14) and in confined polymer melts.1>16 Eiser
and Klein'” and Kumacheva and Kim'® employed the
SFB technique to study the surface properties of tele-
chelic polymers. The first group studied normal and
shear forces in polymer brushes formed by telechelic
polystyrene molecules end-terminated with small zwit-
terionic groups at both ends. This work focused on shear
between the polymer monolayers; thus, loosely attached
(associated) polymer was purposely removed by rapidly
shearing compressed polymer-covered surfaces.” The
second group reported properties of gelled telechelic
polymer poly(ethylene oxide) end-capped with octadecyl
groups at both ends.181° This work, however, focused
on normal forces acting between polymer-covered sur-
faces. It was found that above the critical micellization
concentration, Ccme, the telechelic polymer formed thick
gel-like layers whose unperturbed thickness correlated
with a hydrodynamic size of polymer micelles in the
bulk solution. These findings agreed with the results
of Russel et al.” obtained in studies of adsorption of the
same polymer on latex particles.
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Figure 1. Schematic of the surface force balance used in the
present study. Polymer is adsorbed to atomically smooth mica
sheets mounted on the crossed cylindrical lenses. Lateral and
normal displacements are provided by the piezo-electric tube
(PZT) mounted on two orthogonal vertical leaf springs. The
normal force is monitored via bending of the horizontal spring
and measuring changes in D using multibeam interferometry.
The shear force is measured by monitoring bending of the
vertical spring 0x, via changes in an airgap capacitor.

Here, our objective was to study shear forces acting
between the surface gels formed by flexible telechelic
polymer on hydrophilic substrates. We used poly(eth-
ylene oxide) end-capped with alkyl groups at both ends,
a polymer whose equilibrium surface properties were
studied in earlier works.”'® The shear properties of
adsorbed telechelic polymer were examined as a func-
tion of polymer concentration in solution, compression
of adsorbed layers, and shear velocity. For weak and
moderate polymer compression extremely weak shear
forces were observed (below the resolution of the instru-
ment); this effect was presumably caused by osmotic
repulsion between poly(ethylene oxide) chains and shear
thinning of the surface gel.

For strong confinement, the shear force showed a
marked increase due to compression-forced interpen-
etration of the poly(ethylene oxide) backbones and
interaction between hydrophobic groups.

Experimental Section

Materials. Poly(ethylene oxide) end-terminated with octa-
decyl groups with a formula

C.H,,_,—NH-CO—(OCH,CH,),—O—CO—NH-C H,,_;

where x = 800 and n = 18 was synthesized at Rohm and Haas
Co. The end-termination of poly(ethylene oxide) (MW = 35 000
g/mol, PDI = 1.2) and the purification of ODU-35K are
described elsewhere.”?0 Herein, we refer to the telechelic
polymer as to ODU-35K.

To screen long-range electrostatic double-layer interactions,
the normal force profiles were measured across the solutions
of ODU-35K in 0.1 M solution of KNOs. Since all ODU-35K
solutions contained the same concentration of KNO3, here we
simply refer to them as to “polymer solutions”. Polymer
solutions were equilibrated for least 24 h prior to introduction
into the SFB.

Potassium nitrate (purity >99.99%) was purchased from
Sigma-Aldrich Canada Ltd. The deionized water was double-
distilled prior to solution preparation. Ethanol and toluene
(Fisher Inc.) used for cleaning of the glassware and of the
different parts of the SFB were HPLC grade and spectroscopic
grade (99.5%), respectively. Mica was first grade muscovite
mica purchased from S&J Trading.

Methods. The design of the SFB apparatus with shear
capability used in the present work is described elsewhere.'?2
Two back-silvered mica sheets were mounted opposite each
other onto a horizontal flexible leaf spring (bottom surface)
and onto a four-sectored piezoelectric tube PZT (top surface)
(Figure 1). The normal force, F,, acting between the polymer
layers adsorbed and confined between the surfaces was
measured as F, = kgpAD, where AD is the deflection of a flexible
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Table 1. Hydrodynamic Radii of Polymer Micelles in
Solutions of ODU-35K

Cpol, g/mL Rn, A Rn2 (PEO), A
1.3 x107* 185 61

0.9 x1074 200

0.5 x10~* 179

0.2 x1074 n/a

a Obtained by Chassenieux et al.3*

horizontal leaf spring and kg = 70 N/m is the spring constant.
The bending of the spring was measured using an interfero-
metric technique. The normal force was related to the interac-
tion energy per unit area between the two flat surfaces using
the Derjaguin approximation as F./R = 2zE(D), where E is
the free energy of interaction per unit area between the two
flat surfaces, D is the distance between the surfaces, and R is
the local mean radius of curvature of the surfaces.?? The results
of experiments were presented as the normalized force—
distance profiles Fn/R vs D. A typical error in the measure-
ments of normal forces did not exceed 15%.

To measure the shear forces acting between the surfaces,
oscillatory back-and-forth lateral motion was applied to the
upper surface. The shear velocity varied from 30 to 700 nm/s
by changing the shear amplitude, A, and/or the shear fre-
quency, f, using TTi TG 1010 (Thurlby Thandar Instruments)
function generator. The shear force, Fs, in the polymer layer
was measured as Fs = k;10x, where k;; = 200 N/m is the spring
constant of the vertical spring rigidly coupled to the top surface
and Ox is the spring bending measured with an air gap
capacitor Accumeasure 9000 (MTI instruments Inc.).2® The
shear traces were recorded using a digital oscilloscope (Tek-
tronix TDS 3012B). The sensitivity in measurements of shear
forces was limited by ambient vibrations; thus, to minimize
mechanical noise, an active antivibrational stage (MOD-1,
Gottingen, Germany) was used. The resolution in measuring
shear forces was 0Fs = +£0.2 uN.

In a typical SFB experiment, after measuring the contact
position between the bare mica surfaces in air, verifying the
purity of mica surfaces by measuring normal force—distance
profiles in 0.1 M KNOg solution, and comparing them with
the electrostatic double-layer overlap repulsion expected from
the DLVO theory for 1:1 electrolyte 0.1 M solution,?? the
solution of KNO3; was replaced with a polymer solution. The
normal and shear force measurements were conducted follow-
ing 18 + 1 h surface exposure to the polymer solution. We
report herein the results of four independent experiments.

The hydrodynamic radius, Ry, of micelles of ODU-35K was
measured using photon correlation spectroscopy (DynoPro
MS800, Protein Solutions). The diffusion coefficient, D, of
micellar aggregates was related to their hydrodynamic radius
through Stokes’ equation as D = kgT/6a7sR, where kg is the
Boltzmann constant, T is the absolute temperature of the
solution, and s is the viscosity of the solvent. All ODU-35K
solutions were prepared in 0.1 M KNOj3 solutions.

Results

Bulk Polymer Solutions. Table 1 shows the average
hydrodynamic radii of polymer aggregates in solutions
of ODU-35K. (As a reference system, we show the radius
of gyration of a nonmodified PEO molecule with molec-
ular weight 35000 g/mol.) Following dilution from 1.3
x 107410 0.5 x 104 g/mL, the size of polymer associates
underwent insignificant size change. Because of the lack
of sensitivity of the instrument for cpg = 0.2 x 1074
g/mL, the dimensions of individual macromolecules were
not measured.

Normal Forces. Figure 2 shows the repulsive force—
distance profiles measured on the first approach of the
mica surfaces equilibrated in 0.2 x 1074, 0.5 x 1074,
and 1.3 x 107* g/mL ODU-35K solutions. (Repulsion
forces measured in polymer-free 0.1 M KNO3 solution
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Figure 2. Equilibrium normalized force—distance profiles
measured upon compression of the mica surfaces exposed to
0.1 M KNOs solution (x) and to ODU-35K solutions at Cpq,
g/mL: 0.2 x 107 (a), 0.5 x 10™* (M), and 1.3 x 10 (®). The
time of exposure is 18 + 1 h. Inset: normal force—distance
profiles between ODU-35K layers measured in compression
(m) and rapid decompression cycle (A), cpo = 1.3 x 1074 g/mL.
commenced at D = 150 A, consistent with our previous
results reported in ref 18.) When cyo increased, the
surface separation at which repulsion commenced shifted
toward larger distances. First, a strong increase in the
force onset (from 300 to 1100 A) occurred when polymer
concentration increased from 0.2 x 107 to 0.5 x 10~
g/mL. A more gradual shift in the onset of repulsion to
1600 A occurred when cpo Was increased to 1.3 x 1074
g/mL. The magnitude of repulsion force between the
surfaces showed the same trend. The force profiles
measured on compression and rapid decompression of
the polymer-covered surfaces are shown in the inset to
Figure 2. Weak force hysteresis is apparent from the
shift of the decompression force profile toward shorter
distances. The original force profile was measured after
equilibration of the polymer layer for several hours. The
results of normal force measurements and photon
correlation spectroscopy (PCS) experiments were in
agreement with our previous findings:8 for cpo = 0.2 x
1074 g/mL the short force—distance range corresponded
to repulsion between the monolayers of ODU-35K
(resembling the repulsive forces between the monolayers
of PEO with close molecular weight), whereas for Cpo =
0.5 x 1074 g/mL, thick polymer layers adsorbed from
micellar polymer solutions.

Shear Forces. Following normal force measure-
ments, we examined the shear forces acting between the
adsorbed layers of ODU-35K by applying back-and-forth
lateral displacement to the top surface. The shear
experiments were carried out only for thick gelled
polymer layers, i.e., for ¢y = 0.5 x 107 g/mL. Shear
force measurements were conducted for a different
extent of compression of the polymer layer under
different shear velocities.

Effect of Compression. The shear measurements com-
menced at large surface separations substantially ex-
ceeding the onset of normal forces between the surfaces.
The experiments were conducted in two ways: (a) the
surfaces were slowly approached under oscillatory
shear, or (b) the surfaces were brought together to a
particular surface separation D without shear, then
shear was applied, the surfaces were separated, equili-
brated for several hours, and the shear cycle was
repeated. In both cases, the characteristic features of
the shear behavior of adsorbed ODU-35 were similar.

In Figure 3 the top traces show a periodic displace-
ment Axq(t) applied to the top surface, leading to its
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Figure 3. Shear traces recorded for ODU-35K layers adsorbed
from polymer solution at cps = 0.5 x 10~* g/mL at different
surface separations D. The top traces show the back-and-forth
lateral motion applied to the upper surface as a function of
time; the bottom traces show the shear response translated
to the lower surface. Only one period of the shear response at
each separation is shown. Control shear experiments con-
ducted in polymer-free 0.1 M electrolyte solution at D = 102
A revealed that no shear stress was transmitted to the bottom
surface.
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Figure 4. Variation in critical shear force extracted from its
plateau value in shear traces (as in Figure 2) as a function of
surface separation D for the polymer layers adsorbed from 0.5
x 1074 (#) and 1.3 x 10~* g/mL () ODU-35K solutions. Shear
velocity vs = 30 nm/s. Filled symbols: polymer layers were
sheared for t < 30 s; open diamonds: polymer layers adsorbed
from 0.5 x 10~ g/mL solutions were sheared for 120 s.

uniform back-and-forth lateral motion. The bottom
traces show the variation in the shear force, Fs, gener-
ated in the layer. Upon progressive surface confinement
(from left to right) the shear traces changed, reflecting
the change in the shear properties of the polymer layer.

From large surface separations where no normal
forces were observed down to D ~ 425 A, no shear
response distinguishable from the mechanical vibrations
was detected. For surface separation D = 425 + 10 A,
the mechanical noise somewhat decreased; however, no
shear response was noticed above the noise level. For
D = 305 + 10 A the first indication of the shear force in
the layer was obtained. Then, from D ~ 305 A down to
D ~ 103 A, the bottom traces featured an initial strong
increase in the shear force followed by a plateau region,
corresponding to sliding of the polymer-coated surfaces.
The magnitude of the shear force, Fs¢r, corresponding
to the plateau value increased with polymer compres-
sion. For D < 103 A the response of the layer changed
qualitatively: over the time scale of experiment the
shear trace followed the change in lateral displacement
of the top surface; that is, the plateau was not developed
(Figure 3, right bottom trace).

Figure 4 shows the variation in Fs¢ at different
surface separations when the polymer layers were
sheared for 30 s. (We note that only shear traces in
which a plateau region in the shear force was reached
could be used for extracting any useful information
about the shear properties of the layer.) For the layers
formed from 0.5 x 104 g/mL polymer solutions the
shear force was below the resolution of the SFB for D
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Figure 5. Normalized force—distance profiles measured prior
to shear (®) and immediately after shear run carried out under
confinement D = 320 A (®) and D = 150 A (<). vs = 60 nm/s,

t =30 s. The normal force profile measured after compression
without shear is given for comparison (a).

> 305 A, whereas from 305 to 128 A the magnitude of
Fscr gradually increased from 0.5 to 2.9 uN (Figure 4,
filled diamonds). In several measurements long-time
shear (t > 90 s) was applied for D =292 A and D = 160
A (Figure 4, open diamonds), which led to a notable
reduction of Fgr.

A qualitatively similar shear response was observed
for ODU-35K adsorbed from 1.3 x 10~ g/mL solution.
When oscillatory lateral motion was applied to the
polymer layer, from large surface separation exceeding
D = 1600 A (at which the normal repulsive force
commenced) to ca. 575 A no shear force in the layer
above mechanical noise was resolved. For 575 + 10 A
the mechanical vibrations significantly reduced. The
shear force between the surfaces became measurable
for D < 420 A. For 160 < D < 420 A the critical shear
force gradually increased to have the magnitude of up
to ca. 5 uN, and for D < 150 A the surfaces were
practically coupled through a rigid polymer layer. The
variation in Fg¢ is shown in Figure 4 (filled squares).
The distance range and the magnitude of Fs, for the
polymer layers are substantially larger than for those
formed in the 0.5 x 10~* g/mL solution.

Normal Forces following Shear. The force—distance
profiles measured after shear experiments were strongly
influenced by polymer compression during shear, by the
duration of shear experiments, and by the shear veloc-
ity. Figure 5 shows the normalized force profiles mea-
sured prior to and following shear experiments for the
layers formed from 0.5 x 10™* g/mL polymer solution.
When the surfaces were compressed to D ~ 320 A and
sheared for 30 s, the subsequently measured normal
forces commenced at D, = 850 A (Figure 5, filled
squares), in contrast to 1100 A measured before shear.
This force—distance range was similar to that measured
immediately after the first compression (without shear),
also given in Figure 5 (filled triangles). In both cases, a
complete recovery of the layer occurred after ca. 3—4 h.
The insignificant difference between these profiles
indicated that no substantial polymer expulsion from
the gap between the surfaces occurred during shear and
that hysteresis in adsorbed ODU-35K was caused by the
structural rearrangements in the polymer layer during
shear and/or compression. However, when the polymer
layer was compressed to D = 150 A and then subjected
to shear, the subsequently measured Fn(D) profiles
underwent a more marked shift inward, with onset
commencing at Do = 600 A (Figure 5, open diamonds).
A complete recovery of the layer occurred only in ca. 18
h (for the gap between the surfaces ca. 1—2 mm).
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Figure 6. Variation in as-recorded oscilloscope shear traces
for the polymer layers adsorbed from 1.3 x 104 g/mL ODU-
35K solution following increase in shear duration. D = 190 A,
A = 300 nm, and vs = 60 nm/s.

Effect of Long-Time Shear on Shear Forces. When the
polymer-covered surfaces were sheared for a long time,
e.g., exceeding 90 s, the magnitude of the shear force
and sometimes the shape of the shear traces underwent
changes. Figure 4 shows the first effect: when the ODU-
35K layers were sheared with vs = 30 nm/s for 120 s,
the magnitude of the critical shear force changed from
2 to 1.2 uN (D = 160 A) and from 1.3 to 0.7 uN (D =
292 A).

The second effect is demonstrated in Figure 6. Poly-
mer layers adsorbed from 1.3 x 107* g/mL ODU-35K
solutions and compressed to D = 190 A were sheared
with v = 60 nm/s. Originally, the critical shear force
corresponding to sliding (the plateau region of Fs) could
not be extracted, suggesting that it was higher than 2.6
uN (Figure 6, left trace). After shear was applied for 60
s, a plateau appeared on the shear trace with Fs = 1.7
+ 0.2 uN, shown in Figure 6, right trace. Additional
decrease in Fs¢ could be observed when the shear
velocity increased.

In the course of shear experiments, up to extremely
strong confinement to D = 80 A, for large shear
amplitudes up to 600 nm, shear velocity up to 600 nm/
s, and duration of shear up to 300 s, we have never
observed that the polymer was completely removed from
the gap between the surfaces and they came in contact.

Effect of Shear Velocity. The shear velocity, vs, was
varied by changing the amplitude or frequency of
oscillatory lateral motion applied to the top surface
(Figure 1). Since the structure of the polymer layer was
sensitive to large shear amplitudes, here we show the
results obtained by varying the shear frequency (keep-
ing the amplitude at 300 nm). Figure 7a shows portions
of the representative shear traces obtained for the layers
adsorbed from polymer solution at cpy = 0.5 x 1074
g/mL. Following a 20-fold increase in vs, all traces
showed a typical region of rapidly increasing shear force
for Fs > Fs¢r and a plateau region corresponding to free
sliding of the surfaces. All traces featured similar Fsg,
which is further demonstrated in Figure 7b: for vg
varying from 30 to 600 nm/s the magnitude of Fs ¢ did
not noticeably change. (A small increase in Fs¢ for vs
= 600 nm/s was caused by the decrease in surface
separation during shear from D = 220 to D = 200 A)
Shear of ODU-35K layers adsorbed from 1.3 x 10~
g/mL solution featured a similar trend.

In several experiments, shear with v = 700 nm/s led
to decrease in the magnitude of Fs¢. However, when
shear with vs = 30 nm/s was applied again, the original
magnitude of the critical shear force was obtained,
indicating that for moderate compression the shear
response of the layer was reversible with respect to the
variation in shear velocity.

For strong confinement, shear with large amplitudes
resulted in changes similar to those shown in Figure 6:
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Figure 7. (a, top) Effect of shear velocity on shear of
moderately compressed polymer adsorbed from 0.5 x 107
g/mL polymer solution and compressed to D = 220 A. t < 30
s. Shear traces recorded for adsorbed polymer layers, at
different shear velocities. (b, bottom) Variation in the critical
shear force as a function of shear velocity. For vs = 600 nm/s,
the surfaces instantaneously moved to D = 200 A.

it changed the shape of the shear traces from a “solid-
like” response with no sliding to a sharp initial increase
in the shear force followed by a clear plateau region
indicative of sliding. The original shear response was
obtained only after long-time equilibration of the poly-
mer layer.

Discussion

It is crucial to analyze the surface properties of ODU-
35K molecules in conjunction with their properties in
the bulk solution in the range of cp studied. Using the
photon correlation spectroscopy technique, we were
unable to determine the size of individual macromol-
ecules of ODU-35K for ¢y = 0.2 x 1074 g/mL; however,
this concentration was, clearly, below c¢me ~ 0.4 x 1074
g/mL, determined for ODU-35K by static fluores-
cence.2324 Two other concentration regimes studied were
above ccne. The average hydrodynamic diameter of
ODU-35K micelles of ca. 380 A was close to ca. 420 A
reported by Russel et al.?® for the same polymer.
Polymer dilution to cps = 0.5 x 107* g/mL did not
noticeably changed the average size of micelles. Thus,
it was concluded that polymer adsorption in both
concentration regimes occurred from the micellar solu-
tions.

In the surface forces experiments, the onset of long-
range osmotic repulsion, Do, gave approximately the
thickness, L, of the polymer layer adsorbed on each
surface (L = Do/2). For the surfaces exposed to 0.2 x
1074 g/mL polymer solution the onset of repulsive
interaction at Do = 300 A suggested that following 18
+ 1 h adsorption the telechelic polymer formed a 150 A
thick monolayer, close to ca. 170 A obtained in our
earlier work for ODU-35K!8 and to ca. 140 A measured
for poly(ethylene oxide) end-terminated with dodecyl
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groups adsorbed at cpoi < Ceme.2® Thus, we conclude that
when ODU-35K molecules existed as unimers in the
bulk solution, the equilibrium surface structure was a
monolayer, despite the associative nature of the poly-
mer.26

The absence of attraction on approach of the polymer
layers adsorbed on the opposite surfaces shed light on
the conformation of macromolecules on the surface.
Attraction could be expected between the dangling
bridging groups exposed to the aqueous phase. For
example, weak attraction was observed for telechelic
polystyrene brushes end-capped with small zwitteronic
groups, which were physically grafted to mica from
toluene solution.'” In contrast, in the present work the
polymer layer had a more compact structure: poly-
(ethylene oxide) backbone adsorbed to the hydrophilic
mica surface and the hydrophobic octadecyl groups were
presumably hidden inside the layer (to avoid unfavor-
able contacts with water or hydrophilic mica).

A significant increase in the layer thickness L oc-
curred for Cpol > Ceme (Cpot = 0.5 x 1074 g/mL). (Adsorbed
layers of telechelic polymers in selective solvents show
a trend to thicken due to the associative nature of these
polymers.) The equilibrium thickness of the polymer
layer of L = 550 A was in agreement with adsorption of
380 A large ODU-35K micelles on the top of 150 A thick
monolayer. However, this oversimplified picture did not
take in account the polydispersity of ODU-35K mi-
celles?0 adsorption of individual macromolecules and the
interactions between the micelles in the adsorbed layer.
Indeed, following adsorption of micelles, a “loop-to-
bridge” transition of macromolecules originally residing
with two hydrophobes in the same micelle led to the
formation of a two-dimensional physical gel, in which
the macromolecules linked two neighboring micelles.
Because of the local increase in polymer concentration
on the substrate, surface gelation occurred at polymer
concentrations significantly lower than cyo ~ 1072 g/mL
observed in bulk polymer solution.

Since the magnitude of repulsive forces driven by
osmotic repulsion is directly related to the mean mono-
mer concentration in the gap between the surfaces, we
estimated the equilibrium adsorbance of ODU-35K
using the equation?’

{F(Dy) — F(D}R =
—27akgN,T/v {(D, — 2I'v) In(1 — 2I'v/ D,) —
(D; — 2T'w) In(1 — 2I'w/D,) + %(2T'v)*(1/D, — 1/D,)}

derived for strong polymer confinement where T is
equilibrium polymer adsorbance, F(D;) and F(D) are
equilibrium normal forces at distances D; and Dy, R is
the radius of curvature of the surfaces, kg is the
Boltzmann constant, N4 is the Avogadro number, T is
the temperature, v; is the molar volume of water (18
cmd/mol), v is the specific volume of poly(ethylene oxide)
(v = 0.89 cm3/g), and y is the water—PEO segment
interaction parameter (y = 0.47).%8

Using the experimental data, we found that equilib-
rium polymer adsorbance was 1.7 £ 0.1, 6.0 &+ 1.3, and
8.1 &+ 1.7 mg/m? for cpg = 0.2 x 1074, 0.5 x 1074, and
1.3 x 107* g/mL, respectively, reasonably close to
equilibrium adsorbance of ODU-35K obtained on the
basis of refractive index measurements.®

The main finding of this work is a very low magnitude
of shear force in the moderately compressed polymer
layers. This effect is clearly shown in Figure 8, in which
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Figure 9. Schematic illustration of the structure of the

sheared surface gel under moderate (a) and strong (b) com-
pression (see text).
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both normal and shear forces (normalized by the surface
radius of curvature R) are plotted vs surface compres-
sion ratio, a, defined as a = 2L/D (=Do/D). For Cpo =
0.5 x 10 g/mL the first detectable shear response
appeared when the polymer layer was compressed to a
~ 3.6 (D =305 A, Dy = 1600 A). Similarly, for the ODU-
35K layer adsorbed from 1.3 x 10~* g/mL polymer
solution, the first measurable shear force was obtained
for o = 3.8 (D = 420 A, Dy = 1100 A). We note that the
normal repulsion forces became apparent for oo = 1 and
upon further compression had a much higher magni-
tude.

We ascribe a very low magnitude of friction force in
the moderately compressed polymer layers to osmotic
repulsion of PEO fragments and shear thinning of the
micellar gel: for 1 < a < 3.7 &+ 0.1 and vs = 30 nm/s,
the surfaces slid on top of each other through a fluidlike
layer, as shown schematically in Figure 9a. In this
surface separation range, shear-induced removal of the
loosely attached polymer from the gap between the
surfaces was unlikely: hysteresis in the normal forces
measured before and after shear was very similar to
hysteresis observed in a compression—decompression
cycle without shear (Figure 6a). A similar shear-induced
fragmentation of the bulk network structure above the
critical shear rate was observed by several groups.29-3!
The micellar gel yielded and the telechelic chains
underwent bridge-to-loop transitions yielding individual
micelles.

For strong layer compression a > 3.7 + 0.1 an
increase in interpenetration and entanglement of the
macromolecules adhering to the two opposite surfaces
and compression-forced interactions between the octa-
decyl groups (Figure 9b) led to increase in viscous
dissipation in the polymer layer and, as a result, to a
graduate increase in Fs¢. Further compression (down
to ca. 10% of the original thickness) led to a slow
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Figure 10. Variation of the effective kinetic friction coefficient
uett (Fers/Fn) with extent of surface compression o for ODU-
35K layers adsorbed from 0.5 x 10~* g/mL solution (#) and
1.3 x 107* g/mL solution (). Values of Fs and F, are taken
from profiles in Figure 8. The variation in effective kinetic
friction coefficient for PEO (MW = 112 000) monolayers
adsorbed from toluene solution to mica surface (a) is adapted
from Figures 4 and 14 in ref 13.

increase in the shear force, in contrast with rapid
increase in normal forces, shown in Figure 8. Additional
characterization of friction between the micellar surface
gels was conducted by plotting the effective friction
coefficient, uers = Fso/Fn, @s a function of compression
ratio of the ODU-35K layers. The value of ues for the
sheared ODU-35K layers gradually increased from 0.03
t0 0.072 for 3.6 < a < 9.1 (Cpor = 0.5 x 1074 g/mL) and
from 0.04 to 0.075 for 3.75 < o < 9.2 (Cpa = 1.3 x 1074
g/mL). To extract the contribution of hydrophobic groups
vs viscous dissipation between the rubbing PEO chains,
we plotted the variation in e for the sheared mono-
layers of PEO (MW = 37 000) adapted from ref 13.
Although PEO was adsorbed from toluene, a better
solvent for this polymer than water (y is 0.39 and 0.47
in toluene and water, respectively®?), a qualitative
conclusion can be made on the basis of such a compari-
son. For the PEO layers in the same range of compres-
sion ratios, the effective friction coefficient remained
below 0.01. Second, the variation in effective friction
coefficient for PEO layers scaled as e [ D3 (0r pess O
a~13), whereas ODU-35K layers up to o &~ 6.5 showed
a more marked dependence of ues VS . A stronger shear
response of the ODU-35K layers could be due to the
interactions between the hydrophobic end groups and/
or a more substantial interpenetration of the micellar
gel layers upon compression.

In strongly compressed layers long-time shear and
large sliding velocity (=600 nm/s) led to the same
effect: the defragmentation of the surface micellar gel
and thus the reduction in shear forces. While for
moderate surface compression such defragmentation
was reversible and the surface gel rapidly restored its
structure when vs was reduced, under strong compres-
sion the recovery of the sheared layer was hindered.

A very weak velocity dependence of the shear force
resulted from the decreasing interpenetration of the
polymer layers (when shear velocity increased) and/or
from the slip at the polymer—mica interface. (In the
former case, increase in viscous dissipation in the
interpenetration zone between the polymer layers was
compensated by the smaller zone thickness.13) The
transition from the first to the second regime was
possible, as follows from Figure 10: increase in surface
compression ratio oo could shift the slip plane to the
polymer—substrate surface.
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In conclusion, we have conducted a study of frictional
forces between the adsorbed layers of associative poly-
mer poly(ethylene oxide) end-capped with octadecyl
groups. The micellar surface gels of this telechelic
polymer showed a complicated behavior dependent on
the extent of the layer compression, the duration of the
shear experiments, and the shear velocity. We found
that under low pressures the surface gels showed very
weak friction forces caused by polymer shear thinning.
At high surface pressures the shear force increased.
Compression of the polymer layers to ca. 27% of their
original thickness led to increased frictional interactions
between the surfaces, strongly influenced by the inter-
actions between the hydrophobic groups. These results
have at least two important implications for under-
standing and controlling the frictional properties of
thermoreversible gels. First, shear thinning can be an
important mechanism in biolubrication, since many
biopolymers such as proteins and polysaccharides have
an associative nature.3® Second, to enhance lubrication,
hydrophobic interactions between the nonpolar groups
can be compensated by e.g. chemically modifying tele-
chelic polymers with functional groups repelling each
and thus reducing mutual interpenetration of the
polymer macrochains upon compression.
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