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ABSTRACT: The shear forces between polystyrene chains end-tethered to opposing surfaces have been
measured with the surface forces apparatus (SFA) in both good and near-0 solvents. When the shearing
velocity was varied, the complex polymer/solvent system responded in a Newtonian-like fashion with the
shear force increasing linearly with the shear velocity. The effective viscosity of the end-tethered systems
in this Newtonian-like regime was found to be an order of magnitude greater than the viscosity of
semidilute solutions of equivalent molecular weight free chains. At larger shear velocities or higher extents
of compression, Brownian dynamics simulations suggest the interfacial width will thin, leading to a
sublinear increase in the shear force with sliding velocity. Experimental limitations prevented exploration
of the higher shear velocities simulated with the Brownian dynamics approach, but increasing confinement

eventually did lead to sublinear behavior, in agreement with the simulation prediction.

Introduction

When simple fluids, such as low molecular weight
organic solvents, are compressed to a film thickness on
the order of a few molecular monolayers, they undergo
a sharp liquid-to-solid transition.1 =3 The mechanism of
this transition is an ordered layering of the fluid
molecules parallel to the confining surfaces. One con-
sequence of this liquid-to-solid transition is that the
simple fluid can now support a normal load.1? Another
is that when sheared, the ordered fluid layer exhibits a
finite yield stress and a stick—slip response.?® These
well-documented effects suggest that simple fluids do
not work well as lubricating agents in confined spaces,
or when a normal load exists between the sliding
surfaces.

One solution to this problem is to end-tether polymer
chains to the opposing interfaces. In addition to provid-
ing a barrier layer above the surfaces, tethered polymer
chains have been recently found to act as effective
lubrication modifiers. Experimental work over the past
10 years has suggested that the entropy of the polymer
chains provides a fluid layer that can support large
normal loads before shear forces are felt between sliding
surfaces.*~13 Tailoring the dynamic properties of these
systems, however, is an emerging area of research.
While there are indications that frictional interaction
between the solvent and segments of the brush controls
the strength of the shear response,®~8 the shear proper-
ties of polymer brushes, especially as a function of
solvent quality, have yet to be quantitatively predicted
by current theoretical models.
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Although the normal forces between polymer brushes
in a good solvent are fairly well understood, the lateral
forces between sliding surfaces have only recently
started to be experimentally explored. Klein et al.®~11.13
found that for opposing polystyrene brushes in toluene,
an extremely large normal load could be imposed
without detecting any shear forces between the layers.
They suggested that the weak interpenetration between
the well-solvated brushes allowed the interface to
remain fluid and offer little resistance to the shearing
motion. When the brushes were compressed further to
separation distances less than about 20% of their
equilibrium height, the shear forces increased rapidly
with compression. This dramatic rise in shear force was
attributed to the rapid increase in the viscosity of
polystyrene at high concentrations (related to its ap-
proach to a glassy state). The idea that shear forces
become detectable when the PS layer starts to vitrify
has been given some support by the SFA measurements
of Pelletier et al.’? They found that the average chain
relaxation time in a good solvent was near 10~2s at the
onset of measurable lateral forces and increased rapidly
with compression.

When exposed to near-© solvents, the lateral forces
between polymer brushes have been shown by Granick
et al.1*~16 and Kilbey et al.6~8 to exhibit a very different
type of response. The onset of shear forces between PS
brushes was found to occur at separation distances
comparable to the brush height, rather than requiring
a large extent of compression. Because excluded volume
repulsions are weakened, Granick et al. suggested that,
in contrast to the good solvent case, a high degree of
mutual interpenetration developed in the periphery of
the brushes. The large shear force required to slide the
two brushes past one another was then argued to arise
from dissipation induced by chain entanglements in the
relatively large interfacial region. Kilbey et al. later
suggested that potential differences in the interfacial
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Table 1. PS/PVP Block Copolymer Characterization

M PS block Pl of PS M, copolymer M, PVP block My, PVP block
block GPC data, block GPC data, GPC data,® NMR data,”
copolymer g/mol GPC data g/mol g/mol g/mol
PS/PVP[25/4]k 24 900 1.10 28 500 3600 4500
PS/PVP[255/24]k 255100 1.06 278 900 23 800 23400

a Calculated by subtraction of PS block molecular weight from the diblock molecular weight. ® Calculated based on relative peak

intensities of protons in PS and PVP blocks.

width with solvent quality were not as important as the
changes in polymer/solvent interaction strengths. The
authors drew parallels with bulk rheology work7-20
where decreasing the solvent quality was found to lead
to an increase in the monomeric friction coefficient for
polystyrene solutions at similar concentrations.’

Up to this point, only Grest has performed molecular
dynamics simulations to explore how degree of compres-
sion, velocity and solvent quality impact shear forces
between polymer brushes.*52! (We note that since the
submission of the present work, an additional relevant
paper by Kreer et al.22 has appeared.) He found that
opposing brushes only weakly interpenetrate and easily
slide past one another with immeasurably small shear
force at low compression. For higher compressions in
his simulation, the shear force rises dramatically in
agreement with the experimental work of Klein et al.
and Kilbey et al. described earlier. Examining the
change in the shear force as a function of the applied
velocity at three large compressions, he found that the
shear force increases sublinearly with velocity for all
three compressions except at very small velocities,
where he speculated the existence of a linear Newto-
nian-like regime. After mapping his dimensionless
units, Grest concluded that it was likely that the SFA
was capable of probing only the low velocity Newtonian-
like regime due to limitations on sliding amplitude and
frequency. This could not be verified because there were
no experimental data available until now for the velocity
dependence of the shear force between polymer brushes
using the SFA. In his simulations, Grest also never
observed a transition from a linear to a sublinear
relationship between the shear force and velocity due
to compression because he only operated in the high-
compression and high-velocity regime. When Grest
modified the interaction potential of the beads in his
molecular dynamics simulation to probe the effect of
solvent quality,® he was able to capture the expected
change in the range of the normal forces, with the
near-0 solvent brush being shorter and more compact.
Surprisingly, however, the shear forces in the two cases
were nearly identical.

To further explore some of these questions, the shear
response between polymer brush layers was studied as
a function of solvent condition, degree of compression
and sliding velocity using the SFA direct force measure-
ment technique. The brush bearing surfaces were made
by preferential adsorption of polystyrene—poly(vinyl
pryridine) diblock copolymers from a dilute toluene
solution onto mica substrates. Parallel lateral motion
(low amplitude shear) was imparted to one surface,
while the response was detected at the opposing brush-
covered surface. Although the SFA can provide an
accurate measurement of the forces between two layers,
it cannot provide direct information on the internal
structure of the tethered chains or the molecular mech-
anisms involved in the translation of the forces. There-
fore, to gain better physical insight into our experimen-

tal results, we have also performed Brownian dynamics
simulations of two opposing brushes. The parameters
of the simulation were chosen to closely mirror those
obtained experimentally, so that a qualitative under-
standing of the SFA data would emerge.

Experimental Section

Materials. The ASTM V-2 Muscovite mica used as the
substrate in the surface forces experiments was obtained from
S&J Trading of New York and cleaved to sheets 1—-3 um in
thickness. Spectroscopic grade toluene and cyclohexane were
first redistilled and then filtered through a 0.22 um Millipore
filter prior to use. Two different polystyrene—poly(vinylpyri-
dine) diblock copolymers (PS/PVP) were anionically synthe-
sized following the procedure of Levicky.?® Briefly, the vinyl-
pyridine and styrene monomers were dried over calcium
hydride and then vacuum distilled to separate flasks for
further purification. The styrene was then stirred over triethyl
aluminum and the vinylpyridine over n-butylmagnesium to
further remove water and other impurities. After degassing
several times, the monomers were distilled into flame-dried,
graduated burets for use in the reaction. The anionic polym-
erization was performed in tetrahydafuran (THF) at a tem-
perature of —70 °C. sec-Butyllithium initiator was carefully
titrated, and the volume required to obtain the desired PS
block molecular weight was added to the THF in the reaction
vessel. The styrene monomer was then added dropwise to the
reactor. After completion of the styrene polymerization, a small
quantity of polymer solution was withdrawn from the reactor.
This aliquot was treated with methanol to terminate the living
anionic species and stored for later characterization. The
proper amount of vinylpyridine was then added to the reaction
vessel to give the desired composition of block copolymer. Upon
completion of the vinylpyridine polymerization, the reaction
was terminated with methanol, and the finished copolymer
was recovered by adding the THF solution dropwise into
hexane. The molecular weight and composition of the PS/PVP
block copolymers were determined using gel permeation
chromatography (GPC) and nuclear magnetic resonance (NMR)
spectroscopy. The final results of the PS/PVP block copolymer
characterization are presented in Table 1.

Self-Assembly Procedure. Bulk polymer solutions of PS/
PVP in toluene were prepared with a concentration of 0.06
mg/mL (approximately 60 ppm). This concentration was chosen
since it falls near or below the critical micelle concentration
(cmc) of PS/PVP in toluene (80 + 20 ppm depending on the
molecular weight and degree of asymmetry of the block
copolymer).?425 The solutions were allowed to equilibrate for
at least 48 h before use in an experiment. The SFA chamber
was then filled by passing the block copolymer solution
through a 0.22 um filter. Once filled, the opposing mica
surfaces were separated to approximately 1 cm to allow the
unhindered adsorption of PS/PVP to commence. At least 18 h
were allowed for the polymer to adsorb from toluene onto the
mica surfaces in the SFA before force profiles were measured.
Previous studies of PS/PVP adsorption onto mica have indi-
cated that saturation of the substrate occurs well within this
allotted period of time.?* Since toluene is a good solvent for
PS and a poor solvent for PVP, the PVP block preferentially
adsorbs on the mica surfaces. Homopolymer PS has been
shown not to adsorb onto mica from toluene below solution
concentrations of 1 mg/mL.?® Because the concentration of
block copolymer was held well below this value (0.06 mg/mL),
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Well-Solvated “Buoy” Block
Of Polystyrene in Toluene
—_

Solvophobic “Anchor” Block
Of Poly(vinyl pyridine) in Toluene
—

Mica Substrate

Figure 1. Depiction of the PS/PVP self-assembled layer onto
mica from toluene.

the PS chains were assumed to have a purely repulsive
interaction with the mica substrate and stretch away from the
surface into the solvent. The architecture of the chains allowed
a high enough tethering density to form the polymer brush
microstructure implied by Figure 1 in most, but not all, cases.?”
Lateral heterogeneity has been found to exist for self-as-
sembled block copolymer structures using AFM in several
studies, but the SFA force-measuring device is insensitive to
the scale of this heterogeneity.?”?® The normal and lateral force
measurements should, therefore, be considered averaged
guantities over areas of high and low polymer tethering
density.

Force Measurements. A Mark Il surface forces apparatus
(SFA) was used for the direct force measurements between
the opposing adsorbed polymer layers. With this technique,
the separation distance can be measured with a resolution of
2—3 A. As a result of this accuracy, normal forces on the order
of 0.1—1.0 uN can be detected. The device itself is placed on a
vibration isolation table inside of a specially designed enclosure
to precisely control the surrounding temperature and reduce
thermal fluctuations. The enclosure is small in volume and
made out of double-walled and insulated opaque polycarbon-
ate. The temperature inside the enclosure could be controlled
to +0.05 °C within the range 25—45 °C using a PID controller
and heating elements.

After completion of both the normal and shear force curves
in toluene, the solvent quality was reduced by replacing
toluene (good solvent) with cyclohexane (near-© solvent). This
was accomplished by bringing the surfaces close together and
then draining the toluene from the chamber. Capillary tension
trapped a column of toluene between the surfaces, ensuring
the layers were never directly exposed to any contaminates
that may have been present at the solvent/air interface. The
chamber was then refilled with redistilled, filtered cyclohexane
(HPLC grade). The surfaces were then pumped up and down
using a coarse motor to help ensure the cyclohexane was able
to replace the remaining toluene in the polymer layers. The
small amount of toluene remaining in the box (about 0.1 mL
of toluene compared to 350 mL of cyclohexane) was assumed
not to have any significant effect upon the measured force
curves. After all force measurements were taken in cyclohex-
ane, toluene was reintroduced to the SFA, and both normal
and shear force curves were obtained to make sure the brush
structure had not been permanently altered through the
solvent exchange procedure.

Our adaptation of the SFA for investigating the dynamic
response of polymer layers is based upon the design of Homola
and Israelachvili*® and has been discussed extensively in other
publications.6~827-2° Briefly, a piezoelectric bimorph device
drives the lower surface laterally past the upper surface in
an extremely parallel fashion. The careful calibration of the
piezoelectric driver using scanning electron microscopy pro-
vides a means of converting the input voltage to shear
amplitude. For these experiments, the lower surface was
driven with a triangular ramp function to maintain a constant
shear rate at a given separation distance. By adjustment of
the amplitude, frequency, and separation distance between the
surfaces, this shear rate may be varied. Normal force mea-
surements were taken while the lower surface was stationary.
After the normal force data was recorded, the lower surface
was set in motion. The shear force was measured by monitor-
ing how much of the lower surface motion was translated
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relative to the upper surface. A previously calibrated dif-
ferential capacitor at the upper surface provides a sensitivity
of approximately 1—10 uN in the measurement of this shear
force. To ensure that the shearing motion did not change the
separation distance between the two surfaces, relatively low
amplitude measurements were performed (less than 500 nm
in all cases). This range of amplitudes corresponds to an
applied strain of order 1. The maximum deviation in the gap
thickness during the applied shear did not exceed more than
approximately 5 A as measured by monitoring the position of
the interference fringes. While following this criterion, it was
observed that the normal forces measured while the lower
surface was moving were identical to those measured while
the lower surface was stationary.

This level of parallel motion was achieved through three
distinct experimental steps that progressively improved the
alignment during shear. First, the piezocrystal elements were
sectored in such a way as to cause an “S-shaped” deflection of
the lower surface, rather than the typical “C-shaped” deflection
that tends to move the attached surface in an arcing motion.
Second, several spots on the same sample were surveyed under
shear before finding areas that would offer minimal change
in separation distance with shearing motion. Spots where a
500 nm motion would lead to a 50—100 A change in separation
distance were easily obtainable. Finally, very fine adjustments
in the angle of the upper surface were made by adjusting the
tension of the bracket holding the upper surface against its
O-ring seal. These delicate adjustments were made while the
lower surface was in motion and the results were viewed in
realtime by monitoring the interference pattern to see if any
motion could be detected. Using this approach, changes in the
separation distance could slowly be reduced down to a level of
5—25 A over a 500 nm applied motion. Of the data obtained,
only those measurements with approximately a 5 A change
are reported here. Unlike previous experiments obtained under
a significant load where bending of the force measuring spring
would mask any nonparallel motion, this level of alignment
was achieved under zero applied load. This is very significant,
because it means the normal force between the moving
surfaces was constant during the measurement of the shear
force. In fact, the level of parallel motion is clearly apparent
when one compares the stationary normal force profiles to
those obtained while the lower surface is moving. If the motion
were not extremely parallel, the additional bending of the force
measuring spring when the surfaces were compressed would
lead to a force profile exhibiting an increased normal load
under shear at a given separation distance.

The frequency range that could be explored with the SFA
in our lab while monitoring the shear force was limited to
between 0.01 and 1 Hz. At each separation distance, the shear
force was recorded by averaging the signal over a minimum
of three cycles of side-to-side motion. At 0.01 Hz, this required
about 5 min for each data point. Thermal drift present in the
apparatus was minimal due to the use of a specially built
enclosure for the SFA, but could lead to changes in the
separation distance between the opposing brushes at a rate
of 2—3 A per minute. At 0.01 Hz, therefore, the gap width could
vary by as much as 15 A during the course of a single
measurement. This does not seem like much, but after a study
of the data that follows, it is apparent that the shear force
varies significantly with compression, and even a 15 A change
in the separation distance could alter the measurement. As a
result, the frequency of 0.01 Hz was set as a lower limit to
avoid this complication. Above frequencies of 1 Hz, the chart
recorder used to record the shear force could not mechanically
respond quickly enough to the signal sent by the amplifier.
All sets of data shown represent several (at least three) trials
at the same spot of the sample.

Simulation Technique. The adaptation of a single chain
Brownian dynamics algorithm to a one-sided polymer brush
has been extensively discussed by Doyle et al.3* We shall only
highlight here the important features and present additional
details required for the simulation of two opposing brushes.
The brush consists of Nchains Chains of N beads each. The
polymer model used is the bead—rod chain where successive
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N

3
Figure 2. Image of the brush simulation geometry.

beads along a chain are held at a constant distance a from
each other. The length of the rod, a, serves as the fundamental
length scale in the problem, and it corresponds to the Kuhn
step of the polymer. The geometry that we will be discussing
exclusively is that of a polymer brush confined between two
planar, smooth, impenetrable walls. Figure 2 shows the
schematic of a two-brush system. This geometry is similar to
that of experiments using SFA, where the polymers are
trapped between two mica-covered crossed cylinders whose
radii-of-curvature are much greater than the gap width.

For the remainder of this paper, all simulation parameters
and results will be given in dimensionless terms unless
otherwise stated. Length is measured in units of the Kuhn
step, a; time is measured in units of the bead diffusion time,
£a?/kT, where { is the drag on a bead, kT is the thermal energy,
and force is measured in units of kT/a. The simulation domain
considered is a rectangular box of dimensions L, L,, Ls. For a
steady shear flow, we adopt the convention that the “1” axis
is the direction of the flow, “2” the direction of the velocity
gradient, and “3” the direction of vorticity (cf. Figure 2). Before
commencing a simulation, we need to specify other parameters,
and they are N, the number of beads per chain, Nchains, the
number of chains, and o, the grafting density defined as the
number of chains per area, i.e., Ncnains/(L1L3). Periodic boundary
conditions have been used in the “1” and “3” directions in order
to simulate an infinite, planar brush. Finally, the time step
sizes used for all the simulations vary from At =5 x 107 to
5 x 1073 measured in units of the bead diffusion time, £a?/kT.

Calculating the Solvent Velocity in the Brush. In our
simulations, a shear flow is achieved by introducing a bound-
ary condition that is equivalent to moving the top plate at a
constant velocity. Because the force exerted by the tethered
polymers on the solvent is determined by the polymer config-
uration which, in turn, is dependent on the surrounding
solvent flow, the solvent velocity profile is calculated self-
consistently3! between the force density calculated from Brown-
ian dynamics simulations and the equation of momentum
conservation for Stokes flow (Brinkman type equation) given
by the following equation:

2
1 W0 o0 ,
3mox;0%; X + @0 bu)0= 0 (1)

;s the averaged solvent velocity (made dimensionless with
kT/¢a), (POis the averaged dynamic pressure, [{i(Jis the
averaged force density exerted by the brush on the solvent,
and x; is the position vector.

Incorporating Solvent Quality and Determining the
0 Point of the Chain. The interaction potential that we have
used is the truncated Lennard-Jones interaction given in
dimensionless form as the following equation:

Be[r2-r®—r P+r % r=r
0 r>r,

E(r) = { @)

where the potential energy, E, and the depth of the well, e,
have been made dimensionless by the thermal energy kT, and
the distance between bead centers, r, and the interaction cutoff
radius, r;, have been made dimensionless with the collision
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Figure 3. Plot of the normal and shear forces between PS/
PVP [25/4]k brushes as a function of compression and solvent
quality. The shearing velocity was held constant at 100 nm/s.

diameter, d (which is set equal to the bead size, a).3? The cutoff
radius has been set at 2.5a. To establish a ® point so that we
can distinguish between a good and a poor solvent, we
calculate the interbead second virial coefficient, v, defined (in
dimensionless terms) by the following equation:

v=2x “ 1 — exp(—E(r))] r’dr 3)

Here we use the LJ potential for E(r) and vary the depth of
the potential well, ¢, until v = 0.3 Using this method, we find
that at ¢ = 0.293 v vanishes, and we shall call this energy the
©® point for our bead—rod chain. For € greater than 0.293, v is
negative, and we have a poor solvent. Conversely, for ¢ less
than 0.293, v is positive, and we have a good solvent. However,
a more computationally efficient way to simulate a good
solvent is to include only the repulsive part of the potential,*
i.e., set r, at 26, and this method corresponds to simulating
the athermal solvent limit. We note that according to Graessley
et al.®® even the “best” experimental good solvents do not
correspond to the athermal limit. We note that Graessley et
al. simulated the © point of a freely jointed (untethered) chain
using off-lattice Monte Carlo methods and found the ©®
temperature to be 0.318. This value is very close to the one
we found using the method described above. This ® point is
only strictly valid, however, for a free chain in dilute solution.
As a result, this choice of € will correspond to near-® conditions
inside a polymer brush. However, in the present study we are
interested in a qualitative comparison between the good and
©® solvent regimes. Thus, our comparison between experiments
and simulations are valid so long as we are comparing between
brushes in a good and near-© regimes in both cases.

Results and Discussion

Adsorbed Layer Structure and Normal Forces.
Experimental data was acquired on two different PS/
PVP systems and the force profiles obtained are shown
in Figures 3 and 4. For clarity, the normal force data is
illustrated on a log scale and the shear force data on a
linear scale. Also notice that the Derjaguin approxima-
tion%¢ has been applied to normalize the normal force
data, while the shear force data has been reported
without normalization. The number of PS repeat units,
Nps, the equivalent radius of gyration of an untethered
PS chain, Ryps, the surface area per tethered chain, A,
the overlap density, 0* = 7Ry ps?/A, and the solvated
PS layer thickness, Lo, for the different PS/PVP mol-
ecules in both toluene and cyclohexane are reported in
Table 2. The layer thickness was obtained by setting
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Figure 4. Plot of the normal and shear forces between PS/

PVP [255/24]k brushes as a function of compression and

solvent quality. The shearing velocity was held constant at
100 nm/s.

Table 2. Tethered Layer Characterization
name AR Nps Rgps(B) Lo(R) o* Lo/Rgps

Toluene at 32 °C (Good Solvent)
PS/PVP[25/4]k 2630 239 522 220 33 4.2
PS/PVP[255/24]k 13 900 2453 1992 1015 8.9 51

Cyclohexane at 32 °C (Near-O Solvent)
PS/PVP[25/4]1k 2630 239 462 145 25 3.2
PS/PVP[255/24]k 13900 2453 1512 650 52 43

a2 0On the basis of experimental data from ref 22.

the separation distance at the onset of normal forces,
D*, equal to 2L,. The value of A was determined from
the dry PS/PVP layer thickness, Lqgry, using the tech-
nique of Kilbey et al.3” As expected, the normal forces
between the tethered PS chains shift to smaller separa-
tion distances and become steeper as the solvent quality
is worsened. The reason for this is that the osmotic
driving force for stretching of the chains is reduced,
which leads to a shorter, more compact layer structure.
Although not shown here, the normal force curves
between these and other end-tethered PS/PVP systems
can be collapsed onto a single universal curve in both
good and near-® solvents following the brush scaling
theory of Patel et al.38 In addition, the normal force data
in a good solvent can be predicted a priori using the SCF
brush approach of Milner.?® Both of these findings,
coupled with the fact that L, > Ry ps in all cases, verify
the brush picture inferred by Figure 1 and allow us to
use brush scaling arguments to model the shear forces
between the PS/PVP layers. Another important obser-
vation is that the compression and expansion cycles
were completely reproducible in both toluene and cy-
clohexane. The lack of a crushing hysteresis, as might
be observed on homopolymer PS layers, argues against
PS adsorption onto mica in the presence of cyclohexane.
The reversible nature of the experiment upon changing
solvents suggests that no permanent structural changes
occurred using our solvent exchange procedure.

After static normal force curves were obtained, the
lower surface was set in motion and the normal and
shear forces between the layers were measured. The
velocity used during the course of these experiments was
held constant and was calculated directly from the
applied peak-to-peak amplitude and frequency. The
same velocity was used in both the good and ® solvent
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cases for both PS/PVP systems. Since the separation
distance changes with compression, the shear rate will
vary over the course of the experiment as the layers are
squeezed. This variation will be nonlinear with changes
in the gap width, since the permeability of the tethered
layers will change with compression.1? Because of these
inherent vagaries, the shear rate was not estimated and
no attempt was made to maintain a constant shear rate
during the experiments. No differences were observed
between the static normal force data and the normal
force data obtained while the lower surface was in
motion. As mentioned before, this is an indication of the
extremely parallel nature of the shearing motion, since
any changes in separation distance induced by mis-
alignment will lead to additional normal forces being
measured in the SFA experiment. This observation also
suggests that the shearing motion did not lead to the
ejection of chains from the gap or any other type of
permanent damage to the end-tethered layers.

The toluene data in Figures 3 and 4 demonstrate that
the polystyrene brushes are capable of supporting
extremely large loads in a good solvent before a shear
force greater than 1 4N is transmitted between them.
From a practical point of view, the swollen polymer
layers in a good solvent act as highly efficient lubricat-
ing agents. The situation changes when the solvent
qguality is reduced. The normal load that needs to be
applied to observe a shear force is nearly 1 order of
magnitude less in a near-© solvent than in a good
solvent. As the molecular weight of the tethered chains
increases, the changes in the shear force with solvent
quality become larger and more apparent. This behavior
is similar to the results obtained by Kilbey,® and in
qualitatively good agreement with the good solvent
results of Klein et al.® 1113 and the near-© solvent
results of Granick et al.14-16

This is the first study, however, to measure both the
shear force in a good solvent and in a near-© solvent
on the same layers. This dramatically reduces the
number of variables that could confound comparisons,
such as differences in tethering density, method of
tethering, molecular weight, polydispersity, sliding
amplitude, sliding frequency, etc. Because the tethering
density remains constant as the solvent quality is
reduced, the distance axis corresponds directly to an
average polymer volume fraction in the gap following
the equation: ®psay = Lary/D where Lgyy is the dry
bilayer thickness measured at the end of the experi-
ment. Casting the data in Figures 3 and 4 in this way
allows us to say that the concentration of polystyrene
necessary to obtain a detectable shear force is much
lower in cyclohexane (near-® solvent) than in toluene
(good solvent). As we will discuss later, the shear force
is directly related to the effective viscosity of the
material in the gap. This suggests, then, that the
effective viscosity of a PS brush in toluene is much lower
than the effective viscosity of a PS brush in cyclohexane
at a given concentration in the semidilute regime. As
previously pointed out,® this trend has also been ob-
served in bulk rheology measurements of untethered PS
chains in good and © solvents!’~2° and was related to
changes in the monomeric friction factor of PS with
solvent quality.l” We believe this same mechanism plays
a large role in understanding the differences in the
shear forces observed with the SFA as the solvent
quality is made worse. The notion that differences exist
in the amount of interpenetration between the layers
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Figure 5. Plot of the effect of sliding velocity and compression

on shear force between PS/PVP [255/24]k layers in cyclohexane
at 32 °C.

with solvent quality cannot be directly confirmed or
denied with the SFA but will be addressed through the
simulation results later in this section.

Effect of Sliding Velocity on Shear Force. In this
section, we will explore the relationship between the
shear force transmitted from the moving to the station-
ary surface via a polymer brush as a function of the
imposed velocity. We will first present the experimental
findings from the SFA and then the simulation results
from Brownian dynamics. We note that, as far as we
know, no other research group has ever presented the
transition from linear to nonlinear dependence of the
shear force on velocity that we have observed here. The
only evidence of nonlinear behavior was reported by
Grest*521 in his molecular dynamics simulation work,
where he probed a very large velocity range and found
nonlinear behavior at all reported gap widths. This
nonlinear behavior was evidently the result of the very
large imposed velocities. However, as we shall see, both
our experimental and simulations results show such a
shear thinning transition can be induced by confinement
in addition to increasing the applied velocity.

The experimental results presented in this section are
obtained from the same brushes described in the
preceding section while held at different levels of
compression. The simulations were developed to quali-
tatively model the lower molecular weight system of PS/
PVP[25/4]k. The polystyrene block in this molecule is
made of approximately 34 Kuhn steps,*® while our
simulations used N = 25 or 12.5 Kuhn steps in order to
reduce the computation time. Figures 5—7 show how
varying the sliding velocity and compression impacts
the shear force between polystyrene brushes in good and
© solvents. The velocity was varied by changing both
the oscillating frequency between 0.01 and 1 Hz and the
amplitude from 0 to 5000 A. The reasons for these
limitations on frequency and amplitude were discussed
in the Experimental Section. One further limitation was
that we did not attempt to measure shear forces higher
than about 150 uN. This final restriction was self-
imposed to prevent destruction of the polymer layer
during the experiment.’® Keeping the polymer layer
intact during the shear measurements was imperative
so that the dry layer thickness and tethering density
could be properly measured at the end of the experi-
ment. Over this relatively small frequency and ampli-
tude range, the shear force measured was a function
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Figure 7. Plot of the effect of sliding velocity and compression
on shear force between PS/PVP [25/4]k layers in toluene at
32 °C.

only of the sliding velocity and not of the specific
combination of frequency and amplitude. This observa-
tion suggests that the relaxation time of the material
in the gap was much less than 1 s.

All of the data in cyclohexane (Figures 5 and 6) and
the data for low sliding velocity and low compression
in toluene (Figure 7) show a linear dependence of the
shear force with sliding velocity. For the extremely high
compression experiments shown in Figure 7, the shear
force starts to show some nonlinear behavior at higher
sliding velocities. We will have more to say about this
apparent shear-thinning behavior later, for now we will
focus on the Newtonian limit. The slope of this linear
dependence is related to the effective viscosity of the
material in the gap, dF/aV ~ 5,5 To actually calculate
the effective viscosity, however, requires a model for
both the solvent flow width, H, and the chain length
density in the solvent flow region.

Klein!! has developed such a model for shearing
polymer brushes in a good solvent that can be general-
ized for use in © solvent conditions. In his approach, a
step profile model is used for the segment distribution
and the measured shear force results from energy
dissipation as chains are dragged through an interfacial
width, 6. In other words, Klein has set the solvent flow
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gap width, H, equal to the interfacial width, 6. For
brushes just coming into overlap, or when the separa-
tion distance, D, is equal to twice the brush height, 2L,,
the interfacial width, 6, was set equal to the distance
between tethering points, &,. For compressed brushes,
Witten et al.*! demonstrated that 6 ~ £, where q =
(D/2L,) is the degree of compression of the brushes.
Simulation results suggest that this scaling relationship
works well for both good and © solvents.?3:2442-44 For
compressed brushes, the Alexander—de Gennes picture
of close packed blobs holds well, except that the blob
size & will depend on the average polymer concentration,
¢av. Scaling theoryS suggests that for small changes in
the concentration of a semidilute solution

v/(1—3v)
£~ So(%) (4)

where v = 3/5 for a good solvent and 1/, for a © solvent
and ¢, is the average polymer concentration when D =
2L,. To estimate the number of blobs per chain, n,
within the interfacial region, Klein points out that the
mean volume occupied by each chain, Vps, within ¢ is
approximately Vps = 7(£,/2)%(6/2) so that

2
. n(&O/Z)3 (6/2) = 718 V(2 JE)? = /82 DIE-

®)

where eq 4 and the identity! g = ¢o/¢ay have been used
to obtain the final expression. When the brushes are
sheared, each chain is dragged through the effective
medium of the other chains in the interfacial region.
For blobs behaving hydrodynamically as nonfree-drain-
ing spheres (so-called Zimm blobs), the resulting shear
stress, gs, is given by Klein as

o, = (chains/area) x
(blobs per chain in interfacial zone) x
(drag per blob) = (1/£,%)(n)(6717.4UE) (6)

where the last term is the Stokes drag on a blob of size
& moving at velocity U in a medium of effective viscosity
Nefi. The assumption of nonfree-draining blobs should
be valid in both good and ©® solvents as long as 6/U >
72h, Where 1, is the relaxation rate of a Zimm blob on
the order of 1076 s.11 Substituting for £ and n in eq 6
and multiplying the shear stress by the interaction area,
Aefr, leads to the following expression for the shear force:

2
127°R L,

I:shear = OsAeﬁ = é_- )QZ/(BQV)neﬁU (7)
o

Here the interaction area between the crossed cylindri-
cal surfaces in the SFA possessing an average radius-
of-curvature R; was estimated using the Langbein
approximation.*6 The effective zero-shear viscosity of the
material in the gap can then be calculated from the
slope of the shear force dependence on velocity in the
linear viscoelastic regime:

127°R L ot
770,el"f = 7]ef‘f'UﬂO = [( g : 0)(:]2/(3 QV)] (anhear/aU)
0

8)
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Figure 8. Plot of shear force vs velocity in good (Figure 8)
solvents at various compressions (hex is the simulated equi-
librium brush height). In a good solvent, the shear force grows
linearly with velocity for compressions at or below 53%.

Table 3. Model Calculation Results for PS/PVP
Interfacial Viscosity at 32 °C

D q= Qav o eff
sample solvent (A) DR2L, (%PS) (Pas)
PS/PVP[255/24]k cyclohexane 736 0.57 8 3.8

PS/PVP[255/24]k cyclohexane 609 0.47 11 11
PS/PVP[255/24]k cyclohexane 498 0.38 13 13

PS/PVP[25/4]1k cyclohexane 140 0.48 26 5.3
PS/PVP[25/4]1k cyclohexane 120 041 30 9.1
PS/PVP[25/4]k toluene 110 0.25 35 6.2
PS/PVP[25/4]k toluene 95 0.22 40 18

Equation 8 has been applied to the experimental
results obtained in Figures 5—7. The resulting effective
zero-shear viscosities, along with the average polymer
concentration in the gap, are reported in Table 3.

Some of the trends observed for the data in Table 3
directly parallel what one might expect for a bulk
rheology experiment on a semidilute polymer solution.
First, the calculated zero-shear viscosity increases with
polymer concentration (compression) for a given molec-
ular weight. Second, the effective viscosity also increases
with molecular weight at a given polymer concentration.
The increase in solution viscosity with decreasing
solvent quality at a given polymer concentration and
molecular weight has also been observed previously in
the literature.l’-20 Again, we believe the same mecha-
nism that leads to increased viscosity in bulk rheology
experiments on PS gives rise to the increased shear force
measured with the SFA in these and other experiments.
Quantitatively comparing the effective viscosities re-
ported in Table 3 with bulk rheology data on PS in
toluene and cyclohexane at the same molecular weight
and polymer concentration,” we find that the values
calculated here are 1—2 orders of magnitude larger than
those for free chains. This is in agreement with recent
simulation results comparing the rheological properties
of end-tethered to free chains.*’

Having shown the SFA results for the shear force vs
velocity, we now turn to the simulation predictions
under analogous conditions. Figures 8 and 9 show the
shear force as a function of velocity over a range of
compressions for good and © solvents, respectively.
Comparing the experimental (Figures 5—7) and simula-
tion (Figures 8 and 9) results, we see very good qualita-
tive agreement. Both sets of data reveal a linear
dependence of the shear force on velocity for large gap
widths (or small compressions). However, as the gap
width decreases, a nonlinear behavior emerges. Because
of the self-imposed limit on the measured shear force
in the SFA, we could not compress the brushes in
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Figure 10. Plot of shear force vs velocity in a good solvent
for N = 40 (at the same surface density as for N = 25).

cyclohexane further than shown in Figures 5 and 6. As
a result, we were unable to observe a transition from
linear to sublinear behavior in a near-® solvent. How-
ever, that transition is observed in the case of the good
solvent (Figure 7) and is consistent with the simulation
results. Thus, both experiments and simulations indi-
cate that nonlinear viscoelastic behavior in a polymer
brush can be achieved not only by increasing the
imposed velocity but also by increasing confinement. (In
Figure 10, we show the results of the shear force vs
velocity results for brushes formed from much longer
chains, N = 40 beads (or about 20 Kuhn steps) in a good
solvent. Again, we observe a transition from a linear
regime (78% compression) to a nonlinear one (starting
at 61% on the figure). Thus, we believe that this linear
to nonlinear transition is independent of chain size but
inherent to the response of a brush under shear.)
One possible explanation for the transition from
linear to sublinear dependence of the shear force on the
velocity is a decrease in the width of the interpenetra-
tion zone. Figures 11 and 12 show the interfacial width,
0, normalized by the equilibrium value at the respective
gap width in good and © solvents. In both cases, we see
that 6 decreases monotonically with increasing velocity.
In the case of the good solvent, we observe that 6
decreases most rapidly at the highest compression
(L2 = 8) over the range of velocities sampled and that
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the rate at which ¢ decreases lessens as the degree of
compression is reduced. For the case of the © solvent,
except for the smallest compression (L, = 16), all the
values of 6 seem to collapse onto the same curve. On a
physical basis, the reason for the decrease in the width
of the interpenetration zone as the velocity increases is
that the chains of the opposing brushes tend to align
and tilt in the flow direction. This causes the tail of the
opposing brushes to retract toward their respective
tethering plane and, consequently, to reduce the region
of overlap between the two brushes. Figures 13 and 14
show the bead density profile of two opposing brushes
in a good solvent at equilibrium and at a velocity of U
= 0.2 at two different compressions. Both the overall
as well as the upper brush density profiles are shown.
Comparing the upper brush density profile at equilib-
rium and U = 0.2, we clearly see that when sheared,
the tail of the brush retracts. Furthermore, this tail
retraction is more pronounced at higher compressions.
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Figure 14. Plot of the bead density profile at equilibrium and
at U = 0.2 in a good solvent for 53% compression (L, = 16).

In other words, a significant decrease in ¢ (due to
increasing compression or velocity) will cause the num-
ber of beads in the interfacial region to decrease. Since
shear forces arise from the collisions of the beads of the
opposing brushes in the interfacial region, this reduction
in interfacial beads with velocity will lead to a sublinear
dependence of the shear force with the imposed velocity.
We note that this chain retraction under strong shear
was also observed by Grest in his study of brushes using
molecular dynamics.®

Conclusions

The shear forces between neutral polymer chains
tethered to opposing interfaces have been measured
with the SFA in both good and ® solvents. When the
shearing velocity was varied, the complex polymer/
solvent system found at the interface between the
opposing layers responded at low and medium speeds
and compressions with the shear force increasing lin-
early with the shear velocity. The effective viscosity of
the material in the interfacial region was estimated
using a scaling approach suggested by Klein et al and
found to be 1—-2 orders of magnitude larger than the
viscosity of free chains in semidilute solutions. This
result is in agreement with the computer simulations
of Lemak et al.*” that demonstrate a viscosity enhance-
ment of chains tethered to an interface. At larger shear
velocities or higher extents of compression, Brownian
dynamics simulations suggest the interfacial width will
thin, leading to a sublinear increase in the shear force
with sliding velocity. Experimental limitations pre-
vented us from looking at extremely large shear veloci-
ties, but confinement eventually did lead to sublinear
behavior, in agreement with the simulation prediction.
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