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ABSTRACT: We study the drainage of a near-theta solvent through densely grafted
polymer layers and compare to recent notions that these layers display little permeabil-
ity to solvent flow at surface separations less than a “hydrodynamic thickness.” The
solvent is trans-decalin (a near-theta solvent at the experimental temperature of 24°C).
The polymer is polystyrene (PS) end-attached to two opposed mica surfaces via the
selective adsorption of the polyvinylpyridine (PVP) block of a PS-PVP diblock copoly-
mer. The experimental probe was a surface forces apparatus modified to apply small-
amplitude oscillatory displacements in the normal direction. Out-of-phase responses
reflected viscous flow of solvent alone—the PS chains did not appear to contribute to
dissipation over the oscillation frequencies studied. The value of the hydrodynamic
thickness (Ry) was less than the coil thickness (L,) measured independently from the
onset of surface—surface interactions in the force-distance profile, implying significant
penetration of the velocity field into the polymer layer. As the surface—surface separa-
tion was reduced from 3L, to 0.3L,, the apparent hydrodynamic thickness (R#) de-
creased monotonically to values R# < Ry. Physically, this indicates that the “slip
plane” moved progressively closer to the solid surfaces with decreasing surface—surface
separation. This was accompanied by augmentation of the effective viscosity by a factor
of up to approximately 5, indicating somewhat diminished permeability of solvent
through the overlapping polymer layers. Similar results hold for the flow through
surface-anchored polymers in a good solvent. It is interesting to note the strong stretch-
ing of densely end-grafted polymers in a theta solvent. © 1997 John Wiley & Sons, Inc. J
Polym Sci B: Polym Phys 35: 2961-2968, 1997
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INTRODUCTION

Just as polymer coils in solution diffuse con-
stantly towards or away from one another, giving
rise to hydrodynamic interactions that have been
much discussed, ' so also do polymer-laden colloi-
dal surfaces often enter into relative motion to-
wards or away from one another. Therefore, the
process of steric stabilization includes serious hy-
drodynamic influences.
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Past work on surface—surface interactions me-
diated by steric forces of surface-attached poly-
mers has focused on equilibrium force-distance
profiles and on the dynamic viscoelastic shear
forces.?~® The dependence of these static forces on
molecular weight, surface coverage, and interac-
tion energies is well documented and extensively
studied.®~® Much less is understood about poly-
mer-coated surfaces for relative motion in the di-
rection normal to the surfaces.

We are interested here in hydrodynamic forces
due to drainage of solvent between polymer-
coated surfaces in a theta solvent. Simple consid-
erations show that for typical Brownian motion
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of colloidal particles, the magnitude of hydrody-
namic forces can often exceed the static forces.
How, then, are hydrodynamic forces of polymer-
laden surfaces in close proximity modified by the
presence of polymer from predictions from the
classical views that are based on continuum hy-
drodynamics?

The traditional approach to account for the
presence of adsorbed or grafted polymers is simply
to take the classical Reynolds equation for de-
scribing hydrodynamic forces'® and to subtract,
from the actual solid—solid distance, the effective
thickness of the immobilized polymer layer. This
is often referred to as hydrodynamic thick-
ness.”'"? This patchwork approach works if the
solid—solid separation is much greater than the
hydrodynamic thickness. However, at lesser sepa-
rations, even if polymer-coated surfaces do not
touch one another, hydrodynamic forces are found
experimentally to be smaller than expected from
such a modified Reynolds equation.®'"'? Surely,
the reason is that a surface-attached polymer
layer is far from a rigid substrate; the hydrody-
namic forces can be large enough to influence the
penetration of the solvent velocity field within the
adsorbed layer, as we shall see from the study
below. In other language, the “slip plane”!! shifts
with changes of the surface—surface separation.
As we explain below, several earlier studies of the
hydrodynamic thickness of adsorbed polymers®'*
suffer from the limitation that elastic and dissipa-
tive forces were not distinguished from one an-
other, although Klein'® mentions this difficulty,
concluding that corrections would be insignifi-
cant. We find that failure to distinguish elastic
from dissipative forces renders problematical the
significance of earlier comparisons to theoretical
predictions for dissipative forces. The present
study, which concerns drainage of a theta solvent,
builds on our recent study that concerned drain-
age of a good solvent.'*

EXPERIMENTAL

The diblock copolymers of polystyrene and poly-
2-vinylpyridine (PS-PVP) were purchased from
Polymer Source Inc. (Quebec, Canada). The mo-
lecular weights of the blocks were 55,400 g/mol
(PS) and 9,200 g/mol (PVP). The ratio of weight-
average to number-average molecular weight was
M,/M, = 1.03.

The block copolymers were allowed to adsorb
from the good solvent, toluene, because the poly-
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Figure 1. A schematic diagram of the apparatus to
measure shear and normal forces concurrently. The top
surface was attached to a shear force assembly de-
scribed elsewhere (see text). The bottom surface was
similarly attached to two piezoelectric bimorphs that
were oriented at right angles to the normal line be-
tween the two surfaces. Oscillatory normal forces were
generated by applying voltage to the bottom piezoelec-
tric bimorph (the “sender”). This was resisted by the
sample and the actual time-dependent deflection of the
bottom surface was monitored from the time-dependent
voltage that was induced in the top bimorph (“the re-
ceiver”).

mer could not be dissolved to a sufficiently high
concentration in trans-decalin. Solutions were
prepared in toluene at concentrations 5-10 ug/
mL (far below the critical micelle concentration).
To ensure complete dissolution, the solutions
were made at least 24 h before the subsequent
adsorption process. Freshly cleaved sheets of mus-
covite mica were first calibrated in a surface forces
apparatus to determine the mica thickness, then
immersed in the polymer solution for 2 h. Because
toluene is a nonsolvent for the PVP block but a
good solvent for the PS block, the block polymers
adsorbed onto the mica by selective adsorption
of the PVP block. After adsorption, to rinse off
nonadsorbed chains, the coated mica sheets were
soaked in pure toluene for at least 2 h, then the
chains were dried under flowing argon gas. Fi-
nally a droplet of trans-decalin was added to the
polymer-coated sheets after they were mounted
into the experimental apparatus. The experimen-
tal temperature was 24°C, 4° above the theta tem-
perature for the bulk solution.

A schematic diagram of the interfacial rheome-
ter, modified by means of a double cantilever bi-
morph assembly to apply small-amplitude oscilla-
tory pumping in the normal direction, is shown in
Figure 1. The top surface was held fixed in space
and the bottom surface, fixed to a double cantile-
ver spring comprised of two piezoelectric bi-



morphs, was pumped in the normal direction with
small-amplitude oscillatory force (corresponding
to displacements of 5—10 A). The methods to ana-
lyze the dynamic mechanical data were analogous
to those used for shear experiments; these meth-
ods have been described in detail elsewhere.*!®
The main point is that a sinusoidally oscillating
force is applied to a “sender” piezoelectric bi-
morph, and the damping and phase shift of oscil-
lation are detected by a symmetrically placed “re-
ceiver” piezoelectric bimorph. The damping and
phase shift of the oscillation can be related to the
elastic and viscous force constant as follows.**

wb = K,,A,sin(0)/A (1)
k =K, (A,cos(0)/A — 1) (2)

Here, A is the displacement in presence of liquid,
A, is the maximum displacement when surfaces
are separated in air, 6 is the phase difference be-
tween the output when the surfaces are separated
in air to that in presence of liquid, and K,, is the
effective spring constant of the normal force as-
sembly. Equations (1) and (2) hold for measure-
ments below the resonance frequency of the nor-
mal force assembly.

For the pumping experiments presented here,
K, =1 x 10* N/m (determined from the reso-
nance frequency of the spring assembly and its
known mass). The resonance frequency was 235
Hz. Linear response, obtained with oscillation
amplitudes of < 1 nm, was verified. A weaker
spring, with stiffness 900 N/m, was used to mea-
sure the static force—distance profile.

RESULTS AND DISCUSSION

Characterization of the Polymer Layers

To make contact with numerous past discussion
of static force—distance profiles,®® the force—dis-
tance profile was measured first. We are indebted
to Lenore Cai for this measurement. In Figure 2,
force normalized by the mean radius of curvature
of the crossed cylinders is plotted against mica—
mica separation on semi-logarithmic scales. The
force was monotonically repulsive. As illustrated
in Figure 2, the force—distance relation could be
fit nearly quantitatively to the Alexander—de
Gennes prediction with scaling exponents ad-
justed to correspond to the case of polymer
brushes in a theta solvent.®® The onset of measur-
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Figure 2. The static force that resisted compression
(F), normalized by the mean radius of curvature (R) of
the crossed cylindrical surfaces, plotted logarithmically
against surface separation for the PS—PVP polymer in
decalin. Dotted line shows fit to the Alexander—de Gen-
nes prediction for brushes in a theta solvent. Error bars
(relatively large for small repulsive forces, relatively
low for large repulsive forces) are shown.

able surface forces occurred at 560 A, which indi-
cates that the thickness of the polymer layer was
approximately four times the estimated end-to-
end distance, R, (71 A) or 10 times the estimated
radius of gyration, R, (L, ~ 4R, ~ 10R,) of poly-
styrene of this same molecular weight in a theta
solvent.'® The data here for the smallest forces
show the point at which data points began to devi-
ate from the baseline, and error bars are indi-
cated. If we identify this thickness at the onset of
repulsion as layer thickness, this implies a thick-
ness L, = 280 A per layer. It is interesting to
note the strong stretching of densely end-grafted
polymers in a theta solvent.

Because of the possibility that not only the PVP
block but also the PS block would adsorb to mica,
control experiments were also performed to mea-
sure the force—distance profile of adsorbed PS ho-
mopolymer of similar molecular weight.'” Al-
though PS did adsorb, the magnitude of the forces
in the force—distance profile was considerably less
at a given film thickness and the thickness of the
adsorbed layer was less by the large factor of 3.
We, thus, expect a brush-like structure for the
adsorbed PS—PVP diblock copolymers, although
the fact of having brush structure is actually inci-
dental to the main point of the experiments that
follow. Indeed, elsewhere we have contrasted the
force—distance profile shown here with that mea-
sured when a single PS—PVP polymer layer was
compressed against a bare mica surface.'® The
measured film thickness was roughly one-half in
the latter case, as expected, because classical the-
ories of brush force—distance profiles do not dis-
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tinguish the cases of brush—brush and brush-
mica contact.®~® This again indicates the brush
structure of these layers.

The grafting density was determined from the
thickness, measured in a surface forces appara-
tus, of two opposed PS-PVP layers after removing
the decalin solvent by flowing dry argon through
the apparatus for at least 3 h.'” The grafting den-
sity was 3.4 X 10'° chains/m?®, which corresponds
to an average spacing of 54 A between anchor
points of the PS.

Analysis of Data

For a Newtonian fluid, elastic forces in the fre-
quency range studied should be negligible. How-
ever, for adsorbed polymer layers or a brush, the
elastic force contribution is significant when the
opposed layers touch each other. An additional
contribution to the elastic forces also comes from
the compliance of the device and from the glue
used to mount the mica surfaces onto the device.
To separate these contributions, the respective
contributions of the hydrodynamic forces of the
sample (an out-of-phase response), the static
forces of the sample (an in-phase response), and
the device itself (predominantly an in-phase re-
sponse) were then separated by a model in
which the response of the sample and of the de-
vice acted in parallel. Details of this model are
discussed elsewhere in the context of making
similar measurements of confined films in a
shear geometry.*!

Dissipative (Out-of-Phase) Forces

Analysis was simplified by the fact that the poly-
mer itself appeared to give negligibly small visco-
elastic response over the frequencies studied, as
manifested by frequency-independent elasticity.
Other control experiments showed that the mag-
nitude of the out-of-phase viscoelastic response
was directly proportional to frequency, as ex-
pected for Newtonian response. For these reasons,
we attribute the observed dissipation in these ex-
periments to solvent flow.

The hydrodynamic force for a sphere ap-
proaching a flat surface at a constant velocity,
v, can be expressed using the classical Reynolds
equation as follows:

Fy = 67R*pv/D (3)
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Figure 3. The viscous damping function, G (of order
10 * m2-s/kg) plotted against surface separation for
pure trans-decalin (circles) and for trans-decalin be-
tween surfaces bearing adsorbed PVP—PB polymers
(squares). The straight line corresponds to the known
viscosity of trans-decalin. These values of G correspond
to forces of order 10 7 N. The oscillation frequency was
2.6 Hz. The inverse of the slope of G against surface
separation implies the known viscosity of trans-decalin.

where R is the radius of the sphere, 7 is the viscos-
ity, and D is the closest separation between the
sphere and the flat surface ®1%12-1418:19.22 oy gp
oscillatory normal force, the hydrodynamic force
constant can be written as:

wby, = 61R?*nw/D (4)

where b7, is an equivalent dashpot coefficient. For

quantitative comparison to data®'*'*?°=%2 it ig
common to rewrite Eq. (4) as follows:
G = 6nR’w/(wby) = D/n (5)

Thus, if G is plotted as a function of distance
for a Newtonian fluid, the slope is the inverse
viscosity and the D intercept is twice the hydrody-
namic thickness. The latter, for small molecules,
is typically within one molecular diameter.*!?324
It is essential to note that Eq. (5) involves only
the dissipative force contribution, wb;—not the
total force as assumed in previous studies.

In Figure 3, having made this separation of
dissipative forces from the total, we plot G as a
function of surface-surface separation for two
cases: bare mica surfaces immersed in pure de-
calin, and adsorbed PVP—PS polymer layers im-
mersed in decalin. As should be expected, the in-
verse slope of the line is the same provided that
D is large enough, indicating that the viscosity of
the liquid was that of pure trans-decalin, 1.95 cP
at 25°C. Deviations at smaller surface—surface
separations are discussed below.

For the decalin solvent in the absence of poly-
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Figure 4. Same data as in Figure 3 but plotted as
the hydrodynamic force constant, 1/G, as a function of
surface separation. Symbols are the same as in Fig-
ure 3.

mer, the Reynolds equation fits well. For the poly-
mer layers, the hydrodynamic forces could also be
fit to the Reynolds equation but with separation
(D — 2Ry), where Ry was an equivalent hydrody-
namic thickness chosen to fit the data. At the
largest separations studied the value of Ry was
200 A, i.e., only two-thirds of the unperturbed
thickness of the polymer layer (L, ~ 280 A). It is
interesting that this implied so much penetration
of the solvent flow within the polymer coils.

The actual magnitude of the hydrodynamic
forces is perhaps easier to understand intuitively.
Therefore, for comparison, Figure 4 shows this
quantity, 1/G, plotted against surface—surface
separation. One sees that hydrodynamic forces
were indeed larger for polymer-coated surfaces;
however, the quantitative analysis of fluid flow is
more difficult in this form of representation.

Lesser Separations

When the polymer layers were compressed to less
than their unperturbed thickness the classical
picture of a constant hydrodynamic thickness
ceased to hold and the relation between G and D
became strongly nonlinear. Others have also
noted the nonlinear relation between G and D in
this region.”!%!3

To analyze the decreased permeability of sol-
vent in this regime, we sought to calculate an ef-
fective dynamic viscosity, n’, using Eq. (6),

n' = wb,D/67R*w (6)

This equation is obviously related to the classical
Reynolds equation and its recent implementa-
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tions.” 1132024 The difficulty in implementing eq.
(6) is to specify the relevant film thickness, D.
First, we considered two unsatisfactory possibilit-
ies. If one took the actual surface—surface separa-
tion, this would be incorrect because the actual
film thickness through which solvent flows is less
than this; as discussed above, it is usual to esti-
mate this as D — 2Ry, provided that the surface—
surface separation is large enough. But, as the
second possibility, if one assumed the same Ry as
at large separation and calculated an effective n’
from the slope of the line, G plotted against D, this
would actually imply that the apparent viscosity
decreased, the thinner the film. The results of
both of these unreasonable calculations are plot-
ted in Figure 5. Neither of these calculations
would be physically meaningful.

This led us to consider the possibility that the
effective hydrodynamic radius itself might change
with film thickness. Perhaps, as the polymer lay-
ers began to overlap, the penetration of the flow-
ing solvent into these layers changed from Ry,
the limiting value at large surface—surface sepa-
ration, to a lesser effective hydrodynamic radius,
R}, and larger effective viscosity, n’ *. The latter
can be inferred either from the slope of G plotted
against surface-separation (squares in Fig. 6), in
which case the value of Rj is the intercept on the
abscissa axis. Equivalently, one can calculate n'*
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Figure 5. Inappropriate strategies to calculate the
viscosity, n’, from the data in Figure 3. The failure of
these approaches motivates the analyses presented in
Figures 6 and 7. With the assumption that the effective
shear rate should be calculated by normalizing the rate
of motion by the total film thickness, ' would increase
with decreasing film thickness (circles), but this calcu-
lation is incorrect because the actual film thickness
through which solvent flows is known to be less than
the total surface—surface separation. One could also
seek to infer an effective n’ using D — 2Ry instead of
D in eq. (6) with the constant Ry evaluated at large
surface—surface separations, but this would imply that
n' decreased, the thinner the film (squares).
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Figure 6. Apparent viscosity, n'*, plotted against the
ratio of the actual surface—surface separation to the
unperturbed thickness of the two polymer layers. Cir-
cles are from the slope of G plotted against surface-
separation and squares are from eq. (6) using D — 2
R# with apparent hydrodynamic thickness, R, which
is shown in Figure 7.

from eq. (6) using D — 2R instead of D (circles
in Fig. 6). Figure 6 shows that the two approaches
yield equivalent results.

In Figures 6 and 7, the implied n'* and R are
plotted against the ratio of the actual surface—
surface separation to the unperturbed thickness
of the two polymer layers. Starting even before
the layers touched one another, n’ * (Fig. 6) began
to rise monotonically. The rise in 1’ *, by a factor
of up to 5, is reasonable when one considers that
solvent diffusion slows somewhat with increasing
polymer concentration.”” The concomitant R}
(Fig. 7) decreased monotonically. One observes,
in Figure 7, that Rj decreased from a constant
value of 190 A at large separations to less than
50 A at the smallest separation. Another way to
state this is that the solvent velocity field ap-
peared to penetrate farther and farther within the
layers, the more that they were compressed. It is
interesting that Rj; appears to extrapolate to zero
at a finite surface—surface separation (190 A); no
interpretation is offered at this time.

Physically, the solvent flow in a compressed
polymer matrix should involve elements of flow
through a porous medium. Fredrickson et al.>! an-
alyzed the consequences for creeping flow of sol-
vent through a porous medium of mesh size equal
to the static correlation length in semidilute solu-
tion. Flow of solvent through a porous medium
was modeled using the classical Brinkman Equa-
tion.” For the steady compression of strongly
overlapped layers in semidilute concentration, the
hydrodynamic force was then written as:

wby, = (nwR?)/D(D/&(D))? (7

where ¢ is the hydrodynamic screening length and
is not constant within the later. These arguments,
formulated to describe chains in good solvent,?!
predict (if one substitutes ¢ « (D)'° as expected
in a theta solvent and a constant value of 7
throughout the crossed cylinder geometry) that G
should scale as D'°.?! But since the viscosity is
not constant for compressed polymer layers and
the average polymer concentration in our experi-
ments reached the overlap concentration, ¢ *, only
at a relatively large extent of compression, D/2L,
~ 0.3, it is probably not meaningful to compare
to the present data. In this data, considerable
modification of flow was observed at considerably
lesser average concentration than semidilute.

It may at first seem surprising that the changes
measured here were not larger; after all, the vis-
cosity of PS solutions of similar concentrations
would have increased to a level several orders of
magnitude larger than the dilute solution viscos-
ity. The important distinction is that the present
experiment was predominantly sensitive to the
viscous dissipation of the solvent during the
pumping experiment and that the polymer mole-
cules did not leave the gap during these measure-
ments. The experiment was sensitive to perme-
ability of solvent through the polymer layer®®
rather than long-range diffusion of polymer
chains.

Comparison With Good Solvent Conditions

Recently we performed similar experiments to
measure the drainage of tetradecane (a good sol-
vent) past polybutadiene (PB) polymers end-
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Figure 7. Apparent hydrodynamic thickness, R¥,
calculated from Figure 3 by considering the x-intercept
of the tangent of G vs. D, plotted against the ratio of the
actual surface—surface separation to the unperturbed
thickness of the two polymer layers. The data appear
so smooth because they were calculated from a polyno-
mial fit to the measured G shown in Figure 3.



attached to two opposed mica surfaces.'* The PB
was attached by selective adsorption of the polyvi-
nylpyridine (PVP) block of a PB—PVP diblock co-
polymer. The molecular weights were 38,500 g/
mol (PB) and 23,700 g/mol (PVP). The ratio
weight-average to number-average molecular
weight was M,,/M, < 1.05. The dry layer thick-
ness corresponded to 2.3 X 10'® chains/m?, an
average spacing between anchor points of 65 A.
The onset of measurable surface forces occurred
at 2L, = 1250 A, implying a thickness L, = 625
A per unperturbed polymer layer. Because scatter
in the data precluded determination of n'* from
the slope of G vs. D, the approximation was made
that n'* took the same value as for the bulk sol-
vent.

Before comparing these experiments, some al-
lowance must be made for differences in the mo-
lecular weight of the polymer chains and their
grafting density. As a rough correction, the data
were normalized as follows. First, the L, for PB
was normalized by the ratio of molecular weight
in the two systems. In addition, Ry was normal-
ized by the ratio of molecular weight times the
ratio of grafting density (I"):

(;,PB = Lo,PB X (MWPs/MWPB) -~ 1.4L0,p3 (8)
R?}:PB = R]ﬂ-},pB X (MWps/MWpB)

X (I'ps/T'pg) ~ 2.1 R pg  (9)

Equation (8) expresses the fact that L, is ex-
pected to be proportional to molecular weight.®
Equation (8) was chosen to compare conditions in
which the average segment concentration within
the polymer layer would be constant.

The comparison of the present findings in near-
theta solvent, with those findings in a good sol-
vent after this normalization, is shown in Figure
8. The horizontal lines in Figure 8 support the
expectation that the layer height should be sub-
stantially larger in the good solvent than the theta
solvent. Moreover, when the surfaces were far
apart, the hydrodynamic thickness was approxi-
mately the same as the unperturbed thickness
of the polymer layer. Although the comparison
according to solvent quality must be considered
preliminary at this stage because of the limited
amount of data, it is provocative to note that, in
spite of rather thicker R in the good solvent con-
dition, as the polymers were compressed, the de-
pendence on film thickness of the two curves in
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Figure 8. Equivalent hydrodynamic thickness, R¥%,
plotted against surface separation normalized by the
unperturbed thickness of two polymer layers, D/2L,,
for PS—PVP polymer in a theta solvent (trans-decalin)
and PB-PVP brush in a good solvent (tetradecane).
Circles: PB—PVP in tetradecane. Squares: PS—PVP in
trans-decalin. The Rj and L/ for the PB—PVP system
were normalized for differences of molecular weight
and grafting density as described by egs. (8) and (9).
To identify normalization, these quantities are denoted
Ry* and L], respectively. Horizontal lines show the L,
and L) measured from the static force-distance profiles.

Figure 8 displays so little difference according to
solvent quality.

There remain several challenges for future
work. Clearly Rj is not a number to be taken
literally as a thickness below which solvent ceases
to flow; it would be desirable to have theoretical
understanding of the actual profile of solvent flow.
Secondly, quantitative understanding of how far
the solvent velocity field penetrated within the
polymer layers, especially under circumstances
where D > 2L, so that a layer of pure solvent
should have separated the opposed polymers, is
not yet in hand. Finally, it will also be interesting,
in future work, to understand quantitatively why
the hydrodynamic radius decreased so monotoni-
cally with surface separation, with no clear
change of trend at the point, D = 2L,, where the
polymer layers began to overlap.

We dedicate this article to John D. Ferry on the occasion
of his 85th birthday. We are indebted to Lenore L. Cai
for measuring the static force-distance profile and to
Jack F. Douglas and Svetlana A. Sukhishvili for invalu-
able discussions. This work was supported by grants
from the Exxon Research and Engineering Corporation,
the Ford Motor Co., and the National Science Founda-
tion (Tribology Program).
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