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ABSTRACT: The viscoelastic properties of thin polymer films confined between a sphere and a plane
are investigated by use of a surface force apparatus designed as a rheometer operating at the molecular
scale. Axial oscillatory motions yield a shear field from which a complex elastic modulus of the confined
fluid can be deduced. As the sphere—plane distance is decreased, the fluid made of two adsorbed polymer
layers and the free solution exhibits a liquid-solidlike transition at distance h.. The measured complex
modulus can be split into an elastic modulus G. accounting for the compression of the adsorbed chains
and a complex shear modulus Gy*(w) expressing the draining process at the interface. The elastic modulus
G. is directly connected to the gradient of static repulsive forces, and a compression modulus Ey of the
adsorbed overlapping layers can be deduced from G.. The flow term Gg*(w) is discussed in terms of
viscoelastic parameters (zero-shear viscosity #o, average relaxation time 7o) as a function of sphere—
plane distance 2. For moderately compressed layers, a correlation length & can be defined either from
the compression modulus Ey or from the zero-shear viscosity 7,. Both lengths scale as (b, — h)™4%,

Introduction

The viscoelastic behavior of a polymeric liquid inter-
acting with a surface is different from that of the bulk.
Investigating its properties is fundamental in fields
dealing with interfaces, e.g., adhesion processes, poly-
mer blends, composite materials, and flow in porous
media. One of the most appropriate ways to character-
ize the rheological properties of polymer solutions is to
perform periodic shearing experiments from which the
complex elastic modulus G*(w) is deduced as a function
of frequency.! New techniques make possible rheologi-
cal studies of very thin films confined between two solid
surfaces. The distance & between the two surfaces can
be as little as a few angstroms.

Some attempts have been made to use a modified
surface force apparatus for carrying out microrheology
experiments of confined liquids. The surface force
apparatus designed by Israelachvili and Tabor? has been
widely used for analyzing the static and viscous forces
of very confined media. Two kinds of dynamic deforma-
tions of the gap have been used: normal®—? and
tangentiall®—16 motions of the surfaces relative to each
other. They are appropriate for investigating respec-
tively moderately and strongly confined systems. Lu-
brication experiments deal with either adsorbed or
grafted layers in the presence of pure solvent or unen-
tangled polymer melts. The apparent dynamic viscosity
is analyzed as a function of distance but the elastic
properties are not investigated separately from the
viscous ones. The main findings are (i) an enhanced
viscosity at short distances and (ii) a liquid—solidlike
transition when a finite shear stress is needed for
allowing shear.

Furthermore, as the surfaces are made of thin sheets
of mica glued onto crossed glass cylinders, they are
easily deformed when the interaction forces increase.
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Therefore, that equipment is not suitable for highly
viscous fluids which yield high hydrodynamic forces or
imposes strongly confined systems, for example, over-
lapping layers, which exhibit large repulsive static
forces.

In those cases, as the two surfaces are flattened,
friction experiments are possible by imposing tangential
motions to a surface. The results obtained both on
simple liquids and on unentangled polymer melts are
characterized by a critical shear stress required to
initiate the sliding of the solid surfaces. Thus, the
concept of shear viscosity is no longer appropriate for
describing the rheological properties of such thin films.

The most relevant paper that deals with linear
viscoelasticity of confined polymer melts is by Hu and
Granick.1® For two different molecular weights of
unentangled poly(phenylmethylsiloxane), they found a
purely viscous behavior at large distance and elastic
behavior at short distance. The crossover distance is
of the order of 4R,;. In the compressed state, they
suggest that the elastic effects can be viewed as en-
tanglement phenomena.

The aim of this paper is to comprehensively study the
viscoelastic properties of confined polymer solutions by
means of a surface force apparatus with metallic
surfaces appropriate for measuring large static and
dynamic forces without noticeable deformations. There-
fore, normal oscillatory motions in a large range of
distances and frequencies will provide information on
the dynamics of adsorbed and free chains confined
within a plane—sphere gap. The closest distance A will
cover a large range including the overlapping and
nonoverlapping situation as far as adsorbed layers are
concerned. The ability of that equipment to describe
the viscoelastic behavior of a semidilute solution of a
high polymer in a wide range of frequencies at distances
much larger than the radius of gyration of the chains
has been demonstrated earlier.l?

This study will focus on distances just below and
above the overlapping threshold h. where a dramatic
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Figure 1. Schematic of the experimental setup.

change on the elastic component of the complex elastic
modulus G*(w) occurs. The first part will be mainly
devoted to a description of the equipment and the
relations between the static or dynamic forces and the
complex modulus G*(w). In the second part, we will
describe and analyze the viscoelastic response as a
function of distance in terms of the compression modu-
lus, zero-shear viscosity, and relaxation times.

Experimental Section

(a) Surface Force Apparatus. All experiments presented
have been done with the surface force apparatus designed by
the Ecole Centrale de Lyon. Figure 1 shows a diagram of the
experimental unit, which is described in more detail else-
where, 1771°

A drop of solution is confined between the plate and the
sphere. The sphere of radius R is moved axially by a
piezoelectric crystal. The plate is supported by an adjustable
double-cantilever spring, and the transducer C; measures its
absolute motion Xj.

As the spring stiffness K varies over a wide range, normal
forces can be measured from 1078 up to 10~! N. The closest
separation h between the plate and the sphere is calculated
from the capacitance of the plate—sphere capacitor: the two
surfaces have a thin coating of cobalt on the glass supports.
That distance A& can be compared to the distance H between
the stands of the plate and the sphere given by transducer
C1. When the two surfaces are undeformed, the two distances
exhibit the same variations. Furthermore, a distance-feedback
loop incorporated into the C; circuit allows one to impose and
control the plate—sphere distance. That is a mandatory
condition for stress relaxation experiments after cessation of
flow and mechanical spectrometry at a given distance, e.g., at
a given state of confinement. Stress relaxation is yielded by
stopping the axial motion of the sphere after a drainage
experiment at constant velocity. The relaxation of the hydro-
dynamic forces brings about a decrease of the deflection of the
spring which would modify the plate—sphere distance if the
servo-loop system did not exist. Such experiments will be
described in a subsequent paper.

On the other hand, after complete relaxation of the draining
forces, oscillatory experiments can be carried out around an
average distance ho. The amplitude yh, of the oscillations is
kept small enough—y lower than 1%—in order to stay in the
framework of linear viscoelasticity. In fact, local shear rates
are proportional to yw, and the amplitude is adjusted to the
frequency w, which varies from 1073 up to 10° s~!. In the area
of strong repulsive static forces, low amplitudes are also
needed in order to consider linear variations of the static forces
as a function of distance A. Therefore, the total normal force
exerted on the plate can be analyzed in terms of in-phase and
out-of-phase components by means of two lock-in amplifiers,
and the sinusoidal shape of the signal is checked on the screen
of an oscilloscope. .
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(b) Complex Elastic Modulus. When carrying out dy-
namic experiments by imposing a sinusoidal voltage on the
piezoelectric crystal, the motion of the plane is governed by
the equation

mX + ¢, X + KX +¢,H + F(h,h) =0 (L

where m is the mass of the plate and its stand, ¢; and c; are
the viscous coefficients associated with the related transducers,
the Fr stands for the total force exerted between the sphere
and the plane. It is the sum of the static and dynamic
contributions.

Static Forces. They include all the static interactions
between the sphere and the plane such as wetting forces
created by the liquid meniscus (their variations can be
neglected if the radius of the liquid meniscus is comparable
to the radius of the sphere'®), surface forces such as van der
Waals forces, and steric forces due to the confinement of the
macromolecules.

As the sphere is submitted to small sinusoidal displace-
ments around an average position, linear variations of the
static force F, around its equilibrium position are to be
considered:

dF, dF, o
F,=Fy(hy) + g |nP® — ho) = Fi(ho) + 3* h yhoe" '*(‘;))

with ¢ the phase shift between the motion imposed on the
sphere and the variations of the distance .

Dynamic Forces. It has been shown that the expression of
the hydrodynamic force Fy for a homogeneous viscoelastic fluid
confined between a plane and a sphere is”

2
Fut) = - ¥ [* gue-r)

dh
(@) ar h<R 3

'
7 dr or

where Gu(?) is the relaxation modulus accounting for the past
mechanical history of the sample.

Then for small oscillations compared to the average distance
(y < 1), Fy becomes

F(t) = —6aR%yGy*(0)e/“ @)

where Gy* defines a complex modulus which is the Laplace
transform of jwGyl(?).

Therefore, using eqs 2 and 4 and assuming that the
equilibrium force Fy(ho) is offset by the average spring force
KX, of the cantilever, the motion equation of the plate can be
cast into

X(t_)"fﬂ[- 245 + K]+ =__5
"o —H, me® + joc, Jower = ko
2
%GH*(w) )
0

X(t) and H(t) are respectively measured from transducers Cs
and C;. Then the combined contributions of the static and
dynamic forces to an overall complex modulus G*(w) can be
calculated from experimental data and written from eq 5 as

hy dF
*, = * -0 ¢ 6
GH@) = Gy @) ~ —25 (®)

The hydrodynamic term is dominant when the variations
of the static interactions are weak as happens at distances
much larger than the radius of gyration of the macromolecules.
On the other side, strong repulsive forces occurring at short
distances will lead to a major contribution at low frequencies
where the hydrodynamic component vanishes.

(¢) Materials. The sphere and the plate consist of fused
borosilicate glass covered by a thin deposit of cobalt (=500 A)
to make the surfaces conducting. A detailed analysis of these
surfaces has already been published.’® The average peak-to-



1992 Pelletier et al.

Table 1. Main Features of the Samples®

R (mm) 1.64 1.32 1.49 1.45 1.40 1.32
C (%) 3.6 2.0 1.2 0.7 0.3 0.2
ho(A) 490 355 340 585 295 290

¢ R, radius of the spheres; C, weight polymer concentration of
the solutions; h., crossover distance of compressed layers which
defines an “elastic” thickness L of the adsorbed layers (. = 2L).
ﬁ is comparable to the radius of gyration of the chains, Ry ~ 215
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Figure 2. Complex shear modulus of the solvent at different
distances as a function of frequency: storage modulus G’ (#)
80 AA(-) 196 A; (x) 203 A) and loss modulus G” ((®) 80 4&; (+)
196 A).

peak roughness is around 10 A, and the reduced Young’s
modulus measured by microindentation of the covered surfaces
is 8 x 1010 Pa. The radius of the spheres is typically 1.4 mm
(Table 1).

The linear polybutadiene sample (Polymer Laboratories) has
a narrow molecular weight distribution: weight-average mo-
lecular weight M, = 330 000 g'mol~! and polydispersity index
M. /M, = 1.04.

As the average molecular weight between entanglements
M. is estimated at 1900 g'mol%,%° the melt is highly entangled.
In solution, different crossover concentrations can be defined.

As we are interest in viscoelastic properties, we use the
crossover molecular weight for viscosity M. = 2M., which
defines a crossover concentration C* = MJ/M, = 1.1%. Dif-
ferent concentrations above and below C* are used (Table 1).
The polybutadiene sample was diluted in a nonvolatile hydro-
carbon oil solvent provided by Exxon (Flexon 391). This
condition is imposed by the fact that the plate and the sphere
are in open air and not enclosed in a box. Furthermore, a
previous comprehensive study of the viscoelastic bulk proper-
ties of the same solutions?! will help us to compare them to
their behavior in a confined space. The experiments are
conducted at room temperaure (T = 24 °C), which is far above
the glass transition temperature of the polymer (T, = —101
°C%) and of the solvent (T = —39.5 °C?1).

A drop of solution is introduced between the sphere and the
plate. Then the solution is left for about 20 h to equilibrate
at very large separation in order not to disturb the chain
diffusion between the solution and the surfaces. The incuba-
tion distance is about 1 um, which is much larger than the
radius of gyration of the macromolecules (R, = 215 A).2
Adsorbed layers of polybutadiene are expected to be formed
in contact with high-energy cobalt surfaces. As the static force
profile does not change during the experimental period (around
3 days),?* we can assume that the surface coverage is constant.
After incubation, the surfaces are brought closer and oscilla-
tory experiments are carried out at different distances Ag
where the adsorbed layers overlap or do not overlap each other.

Dynamic Experiments

Solvent. The complex shear modulus of the pure
solvent measured at different distances (Figure 2) shows
that for ho greater than 80 A, the loss modulus G”
exceeds the storage modulus G’ by more than 2 orders
of magnitude for frequencies lower than unity. Fur-
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Figure 3. Static force profile for pure confined solvent.
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Figure 4. Storage modulus G’ versus w for different dis-
tances: (+) 390 A; (a) 451 A; () 464 A; (0) 475 A; (v) 501 A;
(O) 586 A. The concentration of the solution is C = 3.6%.

thermore, as the loss modulus scales as w, the solvent
can be considered as a Newtonian fluid with a constant
viscosity of about 6 Pas whatever the distance. A

ronounced non-Newtonian behavior is seen around 80

, which is the distance where static repulsive forces
appear (Figure 3). That reveals a modification of the
film structure when the distance ko is of the same order
of the molecular dimensions. Both theoretical?s and
experimentall® studies of liquids made of spherical or
short-chain molecules have interpreted their static and
dynamic properties in terms of ordering or layering
occurring at distances commensurate with the molecu-
lar dimensions. As we are going to deal with confined
solutions of polybutadiene with moderately compressed
polymer layers, the range of distances will exceed about
200 A, where the behavior of the solvent is purely
viscous.

Solutions of Polybutadiene. The complex modulus
G*(w) of the solutions listed in Table 1 has been
measured at distances shorter than a few thousand
angstroms. At large distances, the viscoelastic behavior
is exactly the same as for the bulk solutions.?! The
terminal zone of the relaxation spectrum accounting for
the chain diffusion is explored and the usual viscoelastic
parameters—zero-shear viscosity 7o, steady-state com-
pliance J.°, and average relaxation time 7q = 7¢J,°—can
be analyzed in terms of concentration dependence.

However, the rheological behavior of more confined
solutions exhibits a sharp transition when the distance
is of the same order of magnitude as the radius of
gyration of the macromolecules. As an example, Figures
4 and 5 show the crossover region between 306 and 259
A for a dilute solution (C = 0.2%). Within 5 A, the
storage modulus G'(w) increases dramatically at low
frequencies and it varies as a function of frequency from
the usual square law toward a constant value. At the
same time, the loss modulus G”(w) increases steadily
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Figure 5. Loss modulus G” versus w for the same thicknesses
as in Figure 4. The concentration of the solution is C = 3.6%.
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Figure 6. Schematic representation of the viscoelastic be-
havior of confined solutions according to the closest separation
ho between the two surfaces (L = hy/2 ig the thickness of the
adsorbed layers): (a) at large distances, A¢ > A, the dynamic
lubrication forces dominate and give rise to the complex shear
modulus of a viscoelastic liquid; (b) when the adsorbed layers
overlap (o < h.) at low frequencies, the elastic modulus
accounts for the axial deformation of the network formed in
the central area.

and does not exhibit the sharp transition shown by the
storage modulus.

Then we can define with a good accuracy a critical
distance A, (i) above which the confined solution globally
behaves as a viscoelastic liquid consisting of two ad-
sorbed polymer layers separated by a solution of free
chains (Figure 6a) and (ii) below which the adsorbed
layers are overlapping each other (Figure 6b). There-
fore, the viscoelastic behavior is a combination of two
phenomena: (i) the elastic response of the tethered
chains which are compressed in the central area and
are responsible for the constant storage modulus at low
frequencies (its value will be denoted G.) and (ii) the
diffusion of the free chains in the outer region of the
interface. Hence, the critical distance %, defines the
compression threshold of the adsorbed layers. In other
words, A/2 is an average thickness of the layers relative
to dynamic properties. As illustrated in Figure 7, the
value of G. is zero at large distances and increases
steadily with the confinement. Therefore, an extrapola-
tion of the experimental curve allows us to define k. with
a very good accuracy.

Compression Modulus Ex and Static Force F,.
For distances shorter than A, the main contribution to
the overall complex modulus G*(w) is, at low frequen-
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Figure 7. Static force Fs (o) as a function of distance Ao
(polymer fraction C = 3.6%). The crossover distance k. at
which the overlapping layers give rise to a normal stress G.
(®) response is roughly the same as the minimum of the static
force curve.
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Figure 8. Plot of the derivative or the static force as a
function of distance (full line). Values calculated by eq 7 from

the plateau modulus G. (a) fit the experimental curve.
Polymer fraction C = 3.6%.

cies, a constant storage modulus G.. The confined
solution behaves as a viscoelastic solid.

We postulate that it is due to the compression of the
adsorbed chains. This assumption is in agreement with
the fact that the static forces do not vary over a period
of several days. The exchange processes between the
layers and the solution are extremely slow. As a
consequence, the number of chains involved in the
adsorption process is constant. That is the situation of
restraint equilibrium? during which the overlapping
layers must be compressed; the tethered chains exhibit
a nonequilibrium conformation and should result in
repulsive restoring forces between the two surfaces. This
is confirmed by the static force curve in Figure 7, which
shows that the storage modulus G, appears when the
static forces are repulsive. More precisely, the threshold
h. roughly matches the distance at which the repulsive
forces start to compensate the attractive ones, near the
minimum of the static force curve.

This observation implies a direct connection between
static dynamic measurements. Using eq 6, one can
straightforwardly write

G, = - & I )
¢ hy, dh

which is consistent with the fact that G, appears at the

minimum of the static curve. The above relation is

quantitatively verified as illustrated in Figure 8.

We must also notice that eq 7 holds for all distances.
When A is larger than A, the derivative is positive and
the storage modulus should be diminished. Meanwhile,
in this range of distances, the derivatives are weak and
are multiplied by a geometrical factor h¢/R2 (R ~ 1 mm,
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Figure 9. Compression modulus, Ex, for different polymer
concentrations: (x) 0.2%; (+) 0.3%; (®) 0.7%; (a) 1.2%; (M)
2.0%; (@) 3.6%.

ho ~ 100 A, h¢/R? ~ 1072 m~!). Then the attached
negative term is negligible when included in the global
modulus G*(w).

Fredrickson and Pincus?? have theoretically investi-
gated the dynamic behavior of grafted polymer layers
submitted to oscillatory squeezing between a sphere and
a plane. They have shown that in a compressed
situation an elastic term has to be added to the flow
component, which accounts for the axial deformation of
the polymer chains. This dynamic normal force Fy is
the incremental change of the osmotic pressure associ-
ated with the displacement and integrated over the
contact surface between the layers. It is defined as

8
FN = - §ﬂR}/h0EN(ho) (8)
where Ex is an elastic compression modulus which
scales as the osmotic pressure:

kT

£

where & stands for the mesh size of the polymer network
created in the confined medium and K, is a numerical
factor. Grafted layers are supposed to exhibit brush
conformations with a constant monomer concentration
whereas that concentration should decrease with the
distance from the surface in a power law fashion for
adsorbed layers.28 That difference does not change the
distance dependence of the normal force Fy and accord-
ingly the compression modulus En.

Therefore, the compression modulus Ey can be easily
related to the storage modulus G. for infinitesimal
oscillations. In that case, the normal force amplitude
Fy is connected to the gradient of the static repulsive
forces by

dF
FN = yhO ES ho (10)

Then using relations 7 and 8, we obtain

Eyhy) = % hﬁac(ho) 11)
0

The compression modulus Ey plotted as a function of
separation A (Figure 9) for all concentrations shows
that there is no power law dependence for moderately
compressed layers. From A, there is a steep increase
of En followed by a slower variation. At distances of
about A, — 10 A, Ex has the same value as the rubbery
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versus the penetration length, A, — A, of the adsorbed layers.
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plateau modulus of polybutadiene meits (~3 x 10¢ Pa)
and might reach the value of the glassy modulus (~10°
Pa) in strongly confined states. For unentangled con-
fined melts, Hu and Granick!® measured a plateau
modulus which is about twice the rubberlike plateau
modulus Gx° of bulk entangled melts at distances
around 3—5Rg. They suggest that the elastic effects
observed can be viewed as entanglement phenomena.
Measurements at shorter distances should ascertain
whether the observed plateau modulus levels off or
increases toward a glassy state. A master curve is
obtained (Figure 10) when the compression modulus Ex
is plotted as a function of some kind of penetration
length, i.e., A — ho. For all concentrations, Ex scales
as (he — ho)¥3. Therefore, according to eq 9, the mesh
size of the interfacial network scales as & ~ (h, — ho)~*°.

To our knowledge, no theoretical predictions have
been made in the case of adsorbed layers in the presence
of free chains in solution. Fredrickson and Pincus?’
dealt with grafted layers in contact with a pure good
solvent. For moderately compressed layers, the volume
fraction of polymer remains small and the layers should
be considered as semidilute layers. The hydrodynamic
screening length for semidilute solutions (with good
solvents) scales with monomer concentration C as &g ~
C-¥4, As the static correlation length £ related to the
osmotic pressure is expected to be proportional to &g,
they predict £ ~ h¢*4, Even though the free chains
which are in the vicinity of the adsorbed layers should
perturb the local monomer concentration, we can expect
that more confined solutions leading to strongly com-
pressed layers will yield a constant concentration within
the layers. Therefore, the above theory should be
appropriate.

Hydrodynamic Complex Modulus. For % < A, the
measured modulus G*(w) is the sum of an elastic
modulus G. and a complex shear modulus Gu*(w)
accounting for the diffusion processes of the solvent and
the free chains. That contribution can be isolated by
subtracting G. from the measured storage modulus
G’'(w). As an example, Figure 11 shows that the
hydrodynamic storage modulus G'u(w) scales as w2
which is characteristic of the terminal zone of relaxation
for viscoelastic liquids.

Another way to point out the change which appears
in the terminal zone when G, is removed from G*(w) is
to use a complex representation of the viscosity 7*(w)
= (*/w. Figure 12a shows that plotting #” as a function
of 7' enables one to discriminate different relaxation
modes.

When h¢ > h,, the curve exhibits only one domain as
expected for a bulk solution of homopolymer. The shape
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Figure 11. Measured storage modulus, G'(w), and hydrody-
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Figure 12. Cole—Cole plot of the complex viscosities: (a)
experimental viscosity #* = G*/w; (b) hydrodynamic viscosity,
nu* = (G* — G.). The different distances are (®) 556, (a) 570,
(+) 580, and (x) 611 A. Same solution as in Figure 11.

is different below A.. The Cole—Cole plot exhibits two
relaxation areas: the main one is due to the same cause
as above, and a second relaxation process appears at
low frequencies. The relaxation times involved in this
process are very long and not accessible experimentally.
Nevertheless, that is evidence for very slow relaxation
processes due to hindered motions of the adsorbed
chains. As the attached domain in the Cole—Cole plot
is not entirely described, a first approximation is to
consider it as an elastic term. Thus, removing the
elastic modulus G. from the overall complex modulus
G*(w) leads to the complex viscosity 7y*(w) = (G*(w) —
G.)/w, which defines the first domain (Figure 12b).

Then we are able to define viscoelastic parameters
which describe the main features of the relaxation
mechanisms involved in the confined solutions: zero-
shear viscosity 7o = lim,—o #'n, steady-state compliance
Je° = (1/102) lim,—o(G'/w?), and average relaxation time
7o = node’.

Zero-Shear Viscosity. The plots of 7, as a function
of separation Ao (Figures 13 and 14) show a sharp
increase of viscosity near h.. However, at large dis-
tances, distinct behaviors appear according to the
concentration. Dilute solutions (Figure 13) show a
monotonous increase of viscosity at all distances in
contrast with semidilute solutions, which present a
minimum of viscosity above A, (Figure 14). This mini-
mum should be consistent with a global decrease of the
concentration in the gap due to the ejection of free
chains or with slipping motions at the solution—layer
interface. Such motions have been investigated theo-
retically.2?
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Figure 14. Zero-shear viscosity 7, versus distance hq for
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Let us focus on dilute solutions where the long-
distance zero-shear viscosity is very close to the pure
solvent viscosity. This means that the contribution of
free chains is negligible as far as viscosity is concerned.
For overlapping polymer layers (ho < h.), Fredrickson
and Pincus?? assign the viscosity term to the draining
of solvent molecules through the network made of the
grafted chains. They use Brinkman’s equation for
describing the solvent velocity field by means of a
hydrodynamic screening length £y and predict a viscos-
ity coefficient in the form

_2 hy \2
=l 1

Figure 15 shows that, despite an unexplained shift of
the curves, the hydrodynamic screening length deduced
from viscosity measurements of moderately compressed
layers scales in the same way as the mesh size of the
network: &y o (he — ho)~*2. The values are consistent
with the average distance a between entanglements for
polybutadiene melts® (¢ ~ 60 A). Furthermore, recall-
ing that the Young’s modulus Ey can be related to the
mesh size & (relation 9) which plays the role of a static
correlation length, one could estimate the ratio &w/é.
That can be done if we know the value of the prefactor
K, in relation 9. Rault®® has shown that a melt of
entangled polymer can be compared to a number v of
interpenetrating networks with a mesh size &, leading
to a rubbery shear plateau modulus Gy = vET/E%. As
he found a universal value of v (v = 25) and assuming
the incompressibility condition, the Young’s modulus is
En = 3Gy, leading to K = 75. Thus, the value of &
deduced from relation 9 is exactly the same as &y for
the most dilute solution (C = 0.2%) and &w/E = 2 for the
other concentrations as shown in Figure 15. That first
attempt for estimating the ratio &y/& from nanorheo-
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Figure 15. Hydrodynamic screening length &y for compressed
layers (ho < h.) as a function of distance ho for solution
concentrations lower than C*: (@) 0.2%; (W) 0.3%; (a) 0.7%.
The values of &y are calculated from viscosity data (relation
12). The full lines are obtained from the master curve of the
compression modulus Ex (Figure 10) and relation 9 defining
a static correlation length £ The scaling laws as a function
of distance are the same for both lengths. From an evaluation
of the prefactor K, = 75, we can estimate the ratio &w/£ at unity
for C = 0.2% and 2 for the other concentrations.
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Figure 16. Mesh size £ of the network made of bridging
chains for nonoverlapping layers and polymer concentrations
C < C*: (@) 0.2%; (x) 0.3%; (+) 0.7%.

logical measurements is very encouraging and needs
further careful experiments conducted with well-defined
systems. Lubrication experiments conducted on com-
pressed polymer brushes by Klein et al.? have also been
interpreted in terms of an effective viscosity 7. given
by eq 12 and a correlation length scaling as A% likein a
semidilute regime. The related fit of the experimental
function £ = h/7.s does not allow one to confirm the
above scaling law.

On the other hand, at distances larger than A, the
static forces are attractive. That has been interpreted
by bridging effects: segments of chains adsorbed on one
surface penetrate into the opposite layer and are ad-
sorbed onto the other surface. The chains pinned on
both surfaces are stretched at large distances and exert
an attractive restoring force. Assuming that they create
a network with a mesh size £ of the same order of
magnitude of the distance A — A, between the adsorbed
layers and that the main dragging force is due to the
draining of the solvent within that network, we can also
estimate the mesh size & from viscosity measurements
(relation 12). The experimental law (Figure 16) is given
by & — & = (ho — h.)/2 with values of £ lower than Ay —
k¢, in agreement with our assumptions. Moreover, the
value of the mesh size & at the crossover distance A (&,
= 60 A) is consistent with the distance between en-
tanglements in polybutadiene melts.
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Figure 17. Steady-state compliance J.° versus distance ko
(C =0.2%).

Steady-State Compliance. The asymptotic behav-
ior of Gy’ at low frequencies provides an elastic param-
eter, the steady-state compliance J.°, which accounts
for the elastic deformation during steady flow. It also
represents elastic energy storage which is recoverable
after the stress is removed.

The experimental results (Figure 17) show that, at
large distances, even for very dilute solutions, a high
value of J,.° reveals the presence of a few chains in the
free solution. It has been demonstrated that the
concentration dependence of the steady-state compliance
of dilute solutions scales as C~! 2 and that J,° increases
dramatically with the relaxation time distribution.’!
These main features can explain the variation observed
in Figure 17. As the two surfaces are moved closer, the
average concentration of chains in the intermediate
solution increases, mainly because of a few chains
trapped within the loops of the adsorbed layers. There-
fore, J.° should decrease according to the above law, But
this effect is overwhelmed around and below A, by the
fact that the diffusion mechanisms of the trapped chain
and the overlapped loops lead to an increase of the
relaxation time distribution and subsequently of the
compliance. In fact, the steady-state compliance re-
veals, in a very sensitive way, the changes occurring in
the relaxation mechanisms involved in the confinement
process. However, a quantitative analysis of experi-
mental results needs to identify those mechanisms.
Furthermore, the presence of free chains is perturbing
and to some extent it could generate mechanisms such
as radial deformation of the adsorbed layers in the
solvent flow.

Relaxation Times. An average relaxation time 7
can be defined as the product 7¢J.°. For dilute confined
solutions, the relaxation time increases with confine-
ment from 1072 to 10 s when the ratio h¢/h. varies from
10 to 0.8 (Figures 13 and 17). At large distances, the
values of 74 are consistent with those of free solutions?!
whereas the highest value is the same as for a melt.
This observation can be related to the fact the correla-
tion length £ in the moderately compressed situation is
comparable with the distance between entanglements
(~60 A). Those results have to be interpreted in terms
of free chains trapped inside the loops of the adsorbed
layers and reptating like in a melt.

For strongly compressed layers, we expect a steady
increase of the average relaxation time of trapped chains
according to the scaling law of the correlation length
but that diffusion process should be overwhelmed by the
friction of the adsorbed chains belonging to the opposite
surfaces and which are overlapped.’? In that case, an
exponential variation of the relaxation times is expected,
as exhibited by entangled star polymers:
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7 = 7,N? exp(oeV/N (c)) (13)

where 71 is a microscopic time, N is the total number of
monomers per chain, and N, is the number of monomers
between entanglements in the adsorbed layers.

On the other hand, Fredrickson and Pincus?? define
a characteristic time (k) from the relaxation modulus
Gu(t). That time is associated with the radial deforma-
tion of the brushes in the solvent flow. It is the Zimm
relaxation time for a blob to diffuse between the two
surfaces:

2
o(h) ~ %’ﬁ- (14)

In our experiments the order of magnitude of z(h)
around 4. is close to 10755, That value is far lower than
the observed relaxation time. The usual frequency
range is appropriate for slower relaxation processes
which are not described by the Fredrickson—Pincus
approach.

A realistic model to apply for semidilute solutions
should consider the reptation of the free chains through
the polymer network between the surfaces. Such a
model has not been built yet despite that de Gennes3
has already considered the reptation of a free chain
inside a self-similar layer in a direction parallel to a flat
surface.

Conclusion

The analysis of oscillatory lubrication forces between
polymer surfaces yields a simultaneous knowledge of
the viscous and elastic responses of the confined me-
dium accounting for the specific behavior of squeezed
polymer layers. Experiments have been conducted in
the largest range of frequencies compatible with the
design of a surface force apparatus capable of operating
with surface forces without noticeable deformations. The
frequency range could be extended if the time—tem-
perature superpositin principle is applicable when vary-
ing the temperature. We have explored the crossover
regime where the adsorbed layers first begin to touch
and interpenetrate (h ~ h.). A sharp transition ob-
served on the elastic part of the complex modulus G*-
{w) defines the crossover distance k. with a very good
accuracy (~5 A).

Whatever the distance, the dynamic lubrication force,
i.e., the hydrodynamic component of the complex modu-
lus, varies continuously and the viscoelastic param-
eters—the zero-shear viscosity, the steady-state compli-
ance, and the average relaxation time—account for the
diffusion of solvent molecules and free chains. The
enhancement of those quantities with confinement is
due to the decreasing mesh size of the network created
by the polymer layers related to the hydrodynamic
correlation length &y. The distance scaling predicted
by Fredrickson and Pincus for moderately compressed
layers, &g < ho < h, is supposed to be independent of
whether the layer is grafted or adsorbed to the surfaces.
It rests on the assumption that the volume fraction of
polymer in the layer is comparable to a semidilute
solution. In good solvents, the scaling law &g = ho¥4 is
expected, and the prediction for ® solvents is &y = Ay.
The experimental correlation we have found, &g ~ (h.
— ho)™¥9, could be related to the weak-compression
situation (0.8 < ho/h. < 1) whereas Ey/h. =~ 0.1 allows
us to explore more compressed regimes. Furthermore,
Fredrickson and Pincus predict a complex modulus with
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an unusual scaling for the storage modulus in the low-

-frequency limit, Gy'(w) ~ w31, Experimentally, the

usual law, Gu'(w) =~ w?, is verified and agrees with Sens’
predictions® for adsorbed layers where the monomer
concentration in the layers is assumed to vary as C(z)
= z2~%3, Sens attributes the anomalous behavior pre-
dicted by Fredrickson and Pincus to the fact that, for
grafted polymer, the flow does not penetrate inside the
polymer layer over the whole thickness but only over a
size equal to the blob size &.

Another experimental finding is the elastic plateau
modulus G, emerging at low frequencies and for a well-
defined distance A.. That behavior is related to the
direct interaction between the adsorbed layers, and A,
is a measure of the layer thickness.

Furthermore, there is a tight connection between the
value of the plateau modulus G, and the gradient of
repulsive static forces. That is experimental evidence
that the normal forces due to oscillatory compression
of overlapped layers have the same origin as the static
forces. A compression modulus Ex(ho) can be calculated
from the measured modulus G.. The values of En are
between the rubbery and the glassy moduli of melts and
suggest that the tethered chains have hindered motions
when they are compressed and overlapped. At very low
frequencies, relaxation processes similar to the tube
retraction mechanism for branches of star polymers3?
could be exhibited by the loops and tails of adsorbed
chains. At higher frequencies, the internal modes are
excited and concern portions of chain of size £ This blob
size is lower than the average distance between en-
tanglements in a melt and suggests that the “semidilute
solution” picture of the layers has to be revised.

In order to address the questions raised by the present
work, experiments are in progress on well-defined
systems. The main challenge is to identify and char-
acterize the relaxation mechanisms within the layers,
in both the compressed and uncompressed situations.
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