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ABSTRACT: We present experimental data of the rheological behavior
of a polymer melt in a confined state. The polymer is adsorbed on the
surfaces of the cell of a dynamic surface force apparatus. We analyze the
variations of the zero-shear viscosity and the steady-state compliance
with the separation of the surfaces by using a model of nonuniform
medium. The viscosity of the adsorbed layers is about three times as
much as in the melt, whereas their compliance increases by a factor of
some thousands. Those results are described in terms of length
distribution of the loops and tails and of their interconnection with
the free chains. The impact of possible sliding motions either at the
surfaces or between tethered and free chains is rejected in our
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1. INTRODUCTION

As far as tethered macromolecular chains are concerned, many
papers have been published which deal with their conformation,' >
their interconnection with free chains* ¢ or the effect of
confinement.”® Some of them have been devoted to their response
to mechanical stimulations: (i) exploration of the elasticity of
individual chains trapped at both ends by using an atomic force
microscope,” > (ii) direct measurements of the interfacial velocity
between anchored polymer chains and polymer melts by fluores-
cence recovery,'® and (iii) investigation of the dynamics of macro-
molecular layers confined between two surfaces by using surface
force apparatuses.'* "7

The dynamic surface force apparatus (DSFA) enables the
rheological properties of liquids to be studied at a length scale
ranging from some nanometers to some micrometers. The
harmonic force of interaction between the surfaces is a measure of
the complex shear modulus G*(@) of the sample. Therefore, the
viscoelastic behavior of solutions of polymer or polymer melts is
investigated at a molecular scale.

Polymer solutions consist of polymer layers adsorbed to the
surfaces and immersed in a solvent. As usual solvents are Newtonian
liquids, the focus is mainly put on the effect of the overlap between
the layers tethered to both surfaces. The behavior changes from being
predominantly viscous at large distances to bein% predominantly
elastic when the two layers overlap each other."®" Both regimes
were described theoretically”® by using a Brinkman flow equation. A
similar approach which uses a step-function concentration Ilaroﬁle is
suitable for grafted brushes in contact with a pure solvent.”

As far as polymer melts are concerned, the majority of the studies
deal with unentangled polymers.”>** The adsorbed layers are
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separated by a viscous fluid made of similar chains. A viscous-elastic
transition is observed from a distance of five to six times the
unperturbed radius of gyration. A tentative explanation®> combines
an enhanced entanglement interaction to a slowing down of mobility
near the surfaces. To our knowledge, very few works have been done
with entangled adsorbed polymer layers.”*** The high level of forces
exerted in the SFA by such samples needs to use a stiffer apparatus
than the mica technique. The way to overcome that weakness of the
traditional SFA has been to force the mica sheets to a parallel plate
configuration and to perform friction experiments. Therefore, the
separation range is restricted from contact to some radius of gyration.

In this paper, we are using a DSFA designed by Tonk et al.*®
and which is more effective for investigating the viscoelastic
behavior of high molecular weight polymer melts. We restrict our
study to nonoverlapped adsorbed layers separated by a melt of
the same nature. In the first section, we present the experimental
procedures and results. The second section is devoted to the
analysis which is based on a description of the variation of the
complex shear modulus with the distance to the surfaces in terms
of a local complex shear compliance J*(w).*”

2. EXPERIMENTAL SECTION

2.1. Description of the Experiments. We have used a surface
force apparatus as a dynamic rheometer by applying an oscillating
strain to the sample, which is confined between a plate and a sphere.
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The sphere of radius R is vibrating in the vertical direction from a ground
position at distance hy from the horizontal plate. The diameter of the
sphere is equal to about 1 mm. The sphere and the plate were metalized
with cobalt to permit conduction within the confined polymer sample
and to obtain a negligible roughness for our measurements which has
been evaluated by atomic force microscopy (AEM) below 1 nm rms.*°
The setup of the system is sketched in Figure 1.6

A drop of polymer is deposited onto the plate and confined between the
plate and the sphere by an axial movement of the sphere imposed by a
piezoelectric crystal. The hydrophobic surfaces of plate and sphere exhibit
good wettability for polymeric samples. The sample is let overnight at large
separation (some micrometers) for complete surface wetting and complete
stress relaxation. The spring stiffness K allows us to measure the normal
forces from 10 ®to 10~ ' N. As the sphere and plate are made of glass and
have been metalized, one can calculate the distance h, from the measure-
ment of the capacitance formed by the plate-sphere capacitor. That distance
ho can be compared to the distance H measured by the capacitance C;.
‘When the two surfaces are not deformed, the two distances exhibit the same
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Figure 1. Mechanical description of the apparatus.

Table 1. Parameters of the Polybutadiene Sample (PB10000)

variations. Furthermore, a distance-feedback loop incorporated into the C;
circuit allows one to impose and control the plate-sphere distance. This last
point is crucial for compensating all mechanical and thermal drifts. The
normal forces were calculated from the deflection of the support of the plate
which is measured precisely from the variation of the capacitance of the
transducer C,. The distance h, between the sphere and the plate will vary
from about 10 nm to 10 #m. At each distance, the polymer is let until total
relaxation of the sample (some hours, normal force returns to zero). The
amplitude a of the sphere oscillation is of the order of 1 to 2 nm. We checked
that the polymer was solicited in the linear domain by a strain sweep before
the spectromechanical analysis. During the oscillation in the frequency
range (107> and 10> s ), 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. The experiments have been conducted at
room temperature. The plate-sphere separation depends strongly on
temperature. Therefore, the DSFA has been confined in a homemade
box which exhibits a temperature stability of about 0.01 °C at room
temperature.

Chan and Horn expressed the lubrication force exerted by a fluid of
viscosity 77 when the sphere is moved axially at velocity V'in the case of
no-slip conditions (eq 1).%®

6TR*V
Flh) = — 5217 (1
0
For harmonic oscillations, Montfort et al. demonstrated that one can report
the variation of the complex shear modulus as a function of frequency by
measuring the force resulting from the vertical oscillation of the sphere."”
For quasi-static vibrations of amplitude a (a << hy) and frequency w, the
extension of eq 1 is given by eq 2 where F is the measured force, R the radius
of the sphere, and G* the complex shear modulus.
6.7TR2G*((U, ho)a

F¥(w, ho) = B — ()

2.2. Polymer Characterization. We use a narrow entangled
polybutadiene. Its main structural parameters are indicated in Table 1.
The bulk complex shear modulus obtained on a classical dynamic
rheometer and its evolution as a function of the separation hy measured
with the DSFA are represented in Figure 2. The terminal viscoelastic
parameters derived from the properties of the bulk are listed in Table 2.

molar mass molar mass between radius of . i
) ) ) Table 2. Bulk Viscoelastic Parameters of PB10000
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Figure 2. log(G) (a) andlog(G") (b) asa function of the logarithm of the circular frequency measured on the DSFA, T =20 °C. Solid black line, 6.7 nm; black
short dashed line, G’ (6.7)—G,; solid dark gray line, 89 nm; solid medium gray line, 371 nm; solid light gray line, 448 nm; black long dashed line, bulk.
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Figure 3. Experimental evolution of 77, (a) and J? (b) as a function of . The points are reported from the experimental data. The full lines correspond

to the calculation explained in the last part.

2.3. Nanorheological Data. The complex modulus was measured
at 18 different distances within the distance range explored and goes
from 6.7 to 488.4 nm (0.5 nm). Some viscoelastic data are reported in
Figure 2. In the higher frequency domain, the transition toward the
rubbery plateau is very different from one distance to another. The
resolution of the apparatus do not allow us to perform reliable
measurements for frequencies higher 100 s~ for amplitudes soliciting
the sample in the stress—strain linear domain. In the present paper, we
will focus on the results obtained in the terminal zone. Each experiment
covers this terminal zone of relaxation: slopes 2 and 1 are respected on
G'(w) and G”(w), respectively.

We observe that the rheological behavior varies with f. The main trend
is a shift of both curves toward low frequencies when the distance hy is
decreasing. The shift of G' is more important than for G’ and begins at
larger distances. From 488.4 to about 200 nm, G” seems not to be affected
by the decrease of the distance, and at the same time G’ is shifted toward low
frequencies when the two surfaces are closer. At some distance which can be
related to the overlap of the layers of macromolecules trapped on both
surfaces, the storage modulus shows a low frequency plateau G.** As that
plateau modulus appears at a distance of about 8.6 nm, we attribute a value
of 4.3 nm to the thickness e of each layer. It was shown that the storage
modulus is the sum of a compression term G, and of a shear modulus
G —G. (see Figure 2a for the distance equal to 6.7 nm). We are going to
concentrate our study on distances higher than 2e.

In the terminal zone of the relaxation process, the complex shear
modulus can be expressed as eq 3 where the zero-shear viscosity is noted
7o and the steady-state compliance J2. These global viscoelastic para-
meters depend on the separation h, between the two surfaces as shown
in Figure 3.

G*(w) = 0™ )Y + iwn, (3)

The main feature is an increase of both parameters as the separation
decreases but with different characteristics. The viscosity is steady from
the bulk to about 200 nm and increases by a factor of about 3 when the
adsorbed layers are beginning to overlap each other. At the same time,
even at distances of the order of 100 times the thickness of each layer,
that is, about 500 nm, the measured compliance is of the order of 5 X
10~°Pa " which is 50 times higher than the bulk compliance. Moreover,
at the overlapping threshold, the compliance is about three decades
higher than at the largest separation. Then, the perturbation brought by
the solid surfaces to the dynamics of free chains affects preferably the
deformation properties. That peculiarity has already been observed for
polydisperse melts where the viscosity is close to that of monodisperse
samples of same average molecular weight whereas the compliance is much
higher. In particular, in bimodal blends of monodisperse components, the

oscillations

Figure 4. Scheme of the geometry of the cell. We have superimposed
the three-layer description.

increase of the compliance can reach three decades.” Such behavior is
accounted for in the framework of the double reptation where each type of
molecule is affected by the change of its own environment.>® Within a
surface force equipment, the melt is squeezed between two surfaces, and
subsequently the adsorbed layers should not only exhibit different viscoe-
lastic behavior as in free space but also modify that of the free molecules in
contact with the layers. Could that correlation concern a thickness larger
than some chain lengths, or is there any artifact occurring in the
experiments?

One artifact could be a sliding motion of the chains in contact with the
surfaces. That point as been addressed by Vinogradova by introducing
an extrapolation length b which is defined has the distance to the surface
where the velocity is zero.>' The consequence of that feature on the
lubrication force is given in eq 4 for a viscous body and in eq 5 for a

viscoelastic fluid.
ho 6b
1—(1 — |In( 1 —
(1o @)n(e i)

_%(Wﬂb/ho) with <l (9)

2TR*pV

F(R, ho, b, V) = 5

(4)

F*(w, h()) =

Therefore, in the presence of a sliding effect, the values of the
calculated complex shear modulus according to eq 2 should be higher
than the true values. That means that, according to eq 3, the measured
viscosity should be higher and the compliance lower with the product
NoJo constant. At large distances (e<< k), we measure a compliance
which is S0 times higher than the bulk value. The reciprocal does not
occur for the viscosity which is the same as in bulk. That fact advocates
for a nonsliding effect at the surfaces.
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3. INTERPRETATION

3.1. Framework of the Analysis. Now, we are going to use a
nonuniform description of the dynamics of a viscoelastic liquid
trapped between a plane and a sphere (Figure 4).”

We recall that, when hy <R, the gap h at distance r from the z-
axis is expressed by eq 6.

72

h = hy + R (6)
The general form of the complex shear modulus is given by
eqs 7 and 8. G*(w,h) is the shear modulus integrated over the
gap h at distance r from the axis. It is calculated from the local
complex compliance J*(w,z) (eq 9). That semilocal modulus
and its reciprocal J*(w,h) can be deduced from the measured
modulus G*(w,h,) by applying a double derivation to eq 7 and
given eq 10.

w,ho
h—22)]*(w,z) dz

(7)

G*(, h)dh
*(w, ho) _2h0/ dh/ (@, h (8)
ho

“//

G*(;'h)—]*(wh dz/ h—2)*(w,z)dz  (9)
B & [(Gwh
GH(o,h) = = [W(%O))] (10)
ho=h

3.2. A Three-Layer Description. In a first step, we describe
the gap between the two surfaces as a three-domain fluid
made of two identical layers interacting with the substrate
and separated by a melt of free chains. We assume the
viscoelastic behavior of the free chains identical to that of a
bulk melt (index b), and we deduce that of the adsorbed layer
(index I) from the expression of the lubrication force for a
nonuniform fluid.

Figure 4 sketches a symmetrical gap made of two identical
adsorbed layers (thickness e and compliance J*|) separated by a
melt of free chains (local thickness h-2e and compliance J*;).
Therefore, eq 7 gives the following form of the semilocal
compliance (eq 11).

B*(w,h) = J*,(h — 2€)* + J%[8¢% — 12¢*h + 6eh?]
(11)

Combining eqs 10 and 11, we end up with the expression of the
semilocal compliance of the layers given by eq 12. In the terminal
zone, the complex compliance can be written as proposed in
eq 13 which allows us to calculate the steady-state compliance
Ji(h) and the zero-shear viscosity #;(h) within the layers. The
bulk values for free chains are the same as the bulk values
reported in the Table 2 (J, = 107 Pa~" and 77, = 9.8 Pa-s).
We recall that the thickness of the layers is evaluated at about
4.3 nm from the distance at which appears a steady value of G’ at
low frequencies accounting for the onset of the overlapping of
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* L

=1 (13)
To calculate the second derivative of G*(w,hy)/hg in the terminal
zone, we fit the experimental data of 175]2/ho and of 7o/ho by a
function where the viscoelastic parameters tend to their bulk
values at large distances. We chose the form expressed by eq 14,
where a*; = G*, and h_ stands for a distance at which the viscosity
would be infinity (solid state response). One term is sufficient for
fitting the experimental viscosity as the factor ho/7, is a linear
function of the distance as shown in Figure S. The fitting function
is given by eq 15. For G'/h, a good fit is obtained with the
expression reported in eq 16. The fit is represented in Figure 6 by
the bold curves. The value of h. is lower than twice the thickness
of each layer. Therefore, a solid state response of the polymer
could start when the two layers are well-overlapped. The dashed
lines represent the behavior of a homogeneous fluid with the bulk
values at all distances. They confirm the strong increase of the
compliance, even at large distances.

a*.

; hO - hc) (14)

G*

No(ho)  9.71

= 15
ho ho —5.74 (15)

nJe 107t 2.68
ho  ho—3574  (hy—5.74)
108 227
- - 16
(ho — 5.74)°  (ho — 5.74)* (16)

Then, we evaluate the local viscoelastic parameters of the layers
at distance r from the z-axis with eq 11. Due to the simplified
form of the variation of the viscosity (eq 15), the expression of
the viscosity of the layers takes the form reported in eq 17. The
expression of the layer compliance is more complicated as, when
@—0, the real part of the reciprocal of the second derivative of
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G*/hy takes the form of eq 18.
6eh* — 12¢*h + 8¢

”l(h) = nb(h _ hc)3 _ (h _ 26)3 (17)

? e\ [ (2 ® (n,
real | —5| — = |- /==
m\ho )| o\ ke )| |8k \ho

2

ho=h

(18)

The variations of J; and #; with the confinement are shown in
Figure 7 for a layer thickness e = 4.3 nm. The curves represent
the entire range of variation of the viscoelastic parameters of the
adsorbed layers as a function of the local distance h whatever the
sphere-plate separation h. For a given separation, the confine-
ment window is limited to values of / higher than 5, as shown in
Figure 1 of the Supporting Information.

At large distances, the viscosity of the layers levels off with a
value of the order of 30 Pa-s which is three times higher than that
of the free chains. It represents the viscosity of tethered chains
but not confined and accounts for the intensity of the interaction
with the substrate. The adsorbed chains do not see the other
surface at distances higher than about 200 nm or a ratio h/e of
about 50. At shorter distances, the viscosity within the layers
shows some increase of about 50%. The variation of the
compliance is somewhat different. It does not show any asymp-
totic behavior at large distances, and the values are more than
1000 times higher than for free chains.

The adsorbed chains consist of tails, loops, and trains. The
trains are made of the monomers in direct interaction with the
surface. The length distribution of the loops has been modeled by
mean-field and scaling theories. For irreversibly adsorbed chains
in presence of a melt, a scaling approach predicts a loop density
profile S(n) = an~'/* where a is the monomer size and n the
number of monomers.*” Therefore an adsorbed chain can be
seen as a star macromolecule with a broad distribution of arms
(loops and tails). The high values of compliance come both from
the dynamics of star arms—exponential variation with the length
—and from the dispersity. We have already mentioned the effect
of a broad length distribution in part II-3. It is dominant for the
compliance and negligible for the viscosity. The viscosity is
driven by the monomeric friction coefficient and an average
length (or molecular weight). The compliance is related to the
deformability of the chains which is more affected by the details
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Figure 7. Compliance (left) and viscosity (right) of the layer as a
function of the distance.

of their morphology and of the intermolecular interactions.
Among them, the penetration of the free chains within the layers
has to be considered. As the separation decreases, we assume that
the monomer concentration profile within the layers is modified
by the interaction with the free chains. Under this consideration,
the dense short loops contribution is increasing, and the inter-
penetration between long loops, tails, and free chains leads to a
broadening of the relaxation times distribution. At short distances,
we cannot depict any more the central part of the gap as made of
free chains but rather as a mixture of loops, tails, and free chains.
Another explanation for the high value of the compliance of
the layers could be uncorrelated motions of the trains on the
substrate. The center of the chain does not move in the time scale
of those localized motions which modify the length distribution of
the loops. Therefore, the main effect will be on the deformability of
the adsorbed chains which is accounted for by the compliance.
The mechanisms which could be responsible for the high level
of the steady-state compliance—length distribution of loops and
tails, local and uncorrelated motions of trains—are difficult to
quantify. A more comfortable situation is represented by end-
grafted chains. Controlled radical polymerization allows one to
obtain layers with well-defined thickness and grafting density.>”
The regimes of penetration of the brushes by a melt of the same
chemical species have been studied both experimentally and
theoretically.***** They show that, as the surface coverage and
melt chain length increase, the mobile chains are expelled from

the brush.

7442 dx.doi.org/10.1021/ma2009029 [Macromolecules 2011, 44, 7438-7444



Macromolecules

0.05

=

E 0.04

Q ~
=

on S
S 003 -

2 Z
=N
e

» i L
< & 0024

= 1

5 /

£ 0.01 -

5.2

§-‘ b=1nm

i 0 . . . .

0 100 200 300 400 500

distance /,(nm)

a

0.05

0.04 -

0.03 4

0.02 -

0.01 -

from eq.19 (s.Pa!)

b=2nm

N}, w0 stip and slipping term B

0 T T T T
0 100 200 300 400 500

distance /,(nm)

b

Figure 8. Slipping effect at the interface for two extrapolation lengths. For b = 1 nm (a), the viscosity of the layers would be three times as much as in
absence of slipping. For b = 2 nm (b), the viscosity of the layers should be negative (solid lin, 1/7;; dashed line, term B).

At high surface coverage, the interaction between tethered and
free chains is weak. During a shear experiment, a slipping motion
is expected at the interface between grafted and free chains.
Should such a motion occur between adsorbed and free chains?

3.3. Slippage at the Interface. We established the expression
of the semilocal compliance J*(w,h) of a three-layer gap with
slipping between the layers, in terms of compliance of adsorbed
chains J*;, compliance of the melt J*; and extrapolation length b."”
We recall the expression in eq 19.

W J*(w,e,b,h) = J*[(h — 2¢)* + 6b(h — 2¢)’]
+ J*[8¢> — 12¢*h + 6eh?] (19)

It is worth noting that, for a homogeneous melt, J*, = J;and e = 0.
Using the above expression of J*(w,h) in eq 6 with e—0 leads to
the same slipping function f(b/hy) as in eq 4, we deduce the eq 20
of the compliance of adsorbed chains which can be compared to
eq 12 without slipping (eq 21).

(%)

- %J “[(h = 20)* + 6b(h —2¢)’]

* (b)) — lo =t
J*(w, h) 4¢3 — 6¢2h + 3eh?
(20)
(h—2¢)*
* slip = * nosli 73 * b
Justp = J¥ynostp = 3]0 75— + 3eh?
= ]*l,noslip - B]*b (21)

We evaluated the correction for two values of the extrapolation
length b = 1 nm and b = 2 nm. For both values, the correcting
term has no impact on the compliance (ratio of the order of
10~ *). Figure 8 shows the value of the added term (3b(h — 2¢)*/
17,(4¢> — 6€°h + 3eh®) noted B in eq 21, compared to that of
n;,loslip for two values of extrapolation length. For b = 1 nm, the
viscosity of the adsorbed chains should be three times as much as
evaluated in the absence of slipping. But for b = 2 nm, the
correcting term exceeds the first one, which leads to a negative
value of the viscosity of the layers. For all of these reasons, the
hypothesis of a slipping plane at the interface between adsorbed
and free chains can be rejected.

3.4. Three Layers and Two Interphases. The broad length
distribution of loops and tails and the penetration of free chains

3l
A
J,
”
J et M Jnax

Figure 9. Variation of the local compliance and the viscosity throughout
the gap between the sphere and the plane.

within the adsorbed layers advocate for the definition of an
interphase. Its thickness & can be seen as the penetration length
of the free chains. We can sketch the variation of the local
compliance and viscosity throughout the gap in the following way
(Figure 9).

Within the overlapping zone, the viscosity is expected to vary
steadily between two limits, 77; and 77, whereas the compliance
exhibits a maximum, accounting for the modification of the
entanglement density. The thickness & of the interphase can
exceed a one-chain dimension as the overlap of free chains with
tails and long loops will affect the dynamics of the adjacent free
chains. € plays the role of a correlation length between adsorbed
and free chains. When the surfaces are separated by a distance h
ranging from 2e to 2(e + €), the symmetrical interphases overlap
each other and reject free chains toward the outer part of the gap.
In the Supporting Information, we propose an analytical expres-
sion which illustrates the variation of the local complex com-
pliance throughout the gap at any separation h. Finally, the values
for the overall viscoelastic parameters within the gap are calcu-
lated from eq 8 and plotted in Figure 3. The main trends of the
variation of the viscoelastic properties are accounted for by such a
description.

4. CONCLUSION

We conclude that a multiple-layer analysis could provide an
interesting insight into the physics of trapped chains. The
interactions with the surface modify at once the friction and

7443 dx.doi.org/10.1021/ma2009029 [Macromolecules 2011, 44, 7438-7444



Macromolecules

the deformation processes. The local friction is different for the
segments close to the surface, those within the layer, and those
belonging to the loop and tail ends. The viscosity which is related
to an average friction coeflicient within the layer cannot describe
the details of the dynamics of the adsorbed chains. The viscosity
of the tethered chains is higher than that of free chains which
merely reveals the increase of the friction near attractive surfaces.
At the contrary, the compliance is very sensitive to the details of
the morphology of tethered chains. From the experimental data
and a three-layer description, we have calculated that the
compliance of the layers is two or 3 orders of magnitude higher
than in bulk. We have attributed this result to the broad length
distribution of the loops and to the interpenetration with free
chains. We have shown that sliding motions either at the surface
or between free and adsorbed chains are irrelevant with the
observed behaviors. A quantitative analysis is difficult to conduct
without mastering the structural parameters: interaction energy
with the surface, length distribution function of the loops and
tails, and penetration depth of the free chains within the layers.

A controlled situation is produced by layers of uniform end-
grafted chains. Playing with the grafting density and the length of
trapped and free chains should facilitate the interpretation of the
observed behaviors. The picture of end-grafted chains as arms of
star macromolecules will be more relevant. The chain ends are
irreversibly attached to the surface. A narrow length distribution
of the grafted chains conducts to a quite uniform layer thickness,
the same for the penetration length of free chains.

We have focused our study on the terminal zone of the
relaxation spectrum. It will be of interest to explore the entire
range of frequencies encompassing the rubbery plateau region
and the transition to the glassy domain. We have also limited our
analysis to nonoverlapping adsorbed layers. For overlapped
layers, the effect of the compression of the tethered chains should
be considered.

B ASSOCIATED CONTENT

©® Supporting Information. Local distance h for both geo-
metries (Supporting Figure 1) and local complex compliance and
viscosity profiles (Supporting Figure 2). This material is available
free of charge via the Internet at http://pubs.acs.org.
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