Friction in (im-)miscible polymer brush systems and

the role of transverse polymer-tilting

Sissi de Beer* and Martin H. Muser*™ 1

Jiilich Supercomputing Centre, Institute for Advanced Simulation, Forschungszentrum Jiilich,

Jiilich, Germany

E-mail: m.mueser@fz-juelich.de

Abstract

It was found recently that two polymer brushes in a tribological contact do not interdigitate
when each polymer brush has its own preferred solvent, leading to low friction and low wear
rates. Here, we demonstrate, using molecular dynamics simulations, that mutually miscible
and fully solvated brush systems do not significantly overlap either if the radii of curvature
of the surfaces, to which the brushes are grafted, are sufficiently small. The brushes achieve
this by bending away from the center of the contact, while they bend toward the center of
the capillary when being only partially solvated. For the fully solvated brushes, immiscible
systems also show smaller friction than miscible systems, although the friction reduction is

less than for partially solvated brushes.
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Introduction

Biological lubricants, as found, e.g., in human joints or on the skin of snails, are very efficient
in maintaining low friction during sliding motion. Nature attains such efficient lubrication via
hydrophilic sugar chains that attach to surfaces and protein backbones.! The sugar chains keep a
water-based, low-viscosity liquid within the contact between surfaces, resulting in friction coeffi-
cients lower than 0.022 even for local pressures up to 50 atmospheres.? By end-anchoring poly-
mers at a high density to solid surfaces, one can mimic such biological lubricants:*> the grafted
polymers swell in a good solvent and keep the low-viscosity liquid in the contact as long as the
externally applied pressure is lower than the osmotic pressure in the solvent.® Besides potentially
serving as efficient lubricants, solvated polymer brushes also hold great potential for application in
smart materials,’ bio-engineering® and oil recovery.”

An essential disadvantage, withhelding industry from applying polymer brushes as lubricants,
has been that polymers on opposing surfaces can interpenetrate. ®-12 The latter can cause high
friction and wear due to chain scission and pull-out. >3 Early molecular dynamics (MD) simula-
tions, which allowed for visualising the polymer-segments in brushes, revealed a clear inter-brush
overlap !6 that correlates with the frictional response upon relative sliding of opposing brushes. !713
Shear stress on the interdigitated polymers stretches and tilts them, which induces a reduction of
the overlap zone with increasing velocity. For this reason sheared polymer brushes display shear-

17.18 which has been shown to result in a sub-linear friction velocity relation F ~ v¥, 1920

thinning,
with k = 0.54 — 0.57.19-2! Experimentally, it was recognized that interdigitation and friction be-
tween two charged polymer brushes can be tuned by applying an electric field.?> Moreover, we
have recently shown that interdigitation between polymers on opposing surfaces can even be com-
pletely circumvented by applying solvent-induced immiscible polymer brush systems.?? The fric-
tion for these systems was found to be two orders of magnitude lower than for miscible polymer
brush systems.

While for the parallel plate geometry, interdigitation was found to be the main source of dissi-

17-21

pation in sliding opposing polymer brushes, it was recently shown that alternative dissipation



mechanisms can come into play for brush-bearing engineering surfaces .>* Engineering surfaces
have a roughness distribution over many length-scales.?> Consequently, asperities on the opposing
surfaces can collide, inducing solvent-squeeze-out and re-absorption,® shape hysteresis,?’ tran-
sient interdigitation® and, in partially solvated contacts, capillary hysteresis.?® The latter is most
likely to dominate friction between partially solvated miscible polymer brush systems for small
velocities. 2*

In this article we elaborate on the MD simulations presented in Refs 23 and 24 and show
that interdigitation can be insignificant for solvent-immersed polymer brushes on curved surfaces
too. When the radius of curvature of the brush-bearing surfaces is small enough, the polymers
bend to escape out of the contact, as was observed before for brushes on nano-particles that are
placed at close distance.®° In contrast, for partially solvated brushes, the polymers at the edge of
the contact bend in the inward direction, because the surface tension of the solvent bundles the
polymers together. We discuss the frictional response to sliding and the shear-thinning exponents
of both solvation-methods and compare them to the friction between dry brushes in relative sliding

motion. Moreover, we systematically vary the miscibility of the different system-components and

study its effect on the friction coefficient.

Model and Methods

For the simulations we set up two cylinders (radius R = 1000, see Figure 1) that each bear 950
end-anchored polymers at a grafting density o of approximately 3x the critical grafting density
o =1/ (ﬂ:Réyr) for brush formation.®!32 Each polymer consists of N = 30 beads (test runs using
N = 100 beads showed qualitatively similar results). The walls consist of a single layer of surface-
atoms (fcc [111] with a lattice constant of 1.2¢). The wall atoms are connected to their lattice sites
with harmonic springs (k = 32&/62) and to each other using anharmonic springs (k = 30&/c7?).

The latter ensures a maximum displacement of the wall atoms by 0.4 o. For the simulations

we employ an explicit solvent that consists out of dimers. We choose solvent-dimers instead of



solvent-monomers, because the former reduce artificial results due to layering close to the walls. !°
Due to the cylindrical shape of the wall, we have a smooth transition to a region where the brushes
are not in contact. By simulating a contact between two cylinders we approximate the contact
between two asperities, such as found on realistic engineering surfaces, more closely than for the
parallel plate geometry. For brushes grafted from curved surfaces, the density profiles can deviate
from those at flat surfaces. > However, our ratio of N over R is sufficiently small that these effects

are unnoticeable.3*

Figure 1: Snapshot of our simulation cell showing the two polymer-bearing cylinders. (snapshot
was rendered using VMD )

Our simulations are based on the generic Kremer-Grest model,*® which qualitatively repro-
duces the physical behavior of end-anchored'? and surface-adsorbed?” polymers as well as poly-
mer melts.3® The Kremer-Grest model consists of elastic springs between consecutive beads, im-

posed by the FENE potential,

0

1 rij 2
VFENE = EkR%ln [1 — (#) ] s (1)

using a stiffness k = 30e /6% and a maximum extension Ry = 1.56. The excluded volume effects at
short distances and the long-ranged van der Waals interaction are described by the Lennard Jones

(LJ) potential with the functional form
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where r;; is the distance between two interacting beads. Typical values for the pair-dependent
parameters €;; and o;; are € =30 meV and 6 = 0.5 nm, >’ respectively, which we use as units for
energy and length. The beads represent Kuhn units of typically 3 —5 monomers. Therefore, the
unit of mass is m = 10722 kg and the unit of velocity is v =7 m/s. For the interaction-parameters we
distinguish between non-connected and connected, consecutive beads. The LJ interaction between
consecutive beads is purely repulsive (€, = 1, opp = 1 and rey = 21/ 6Gpp). Non-consecutive
polymer beads interact with the same € and ¢ as consecutive beads, except that we use a cut-off
of 1.6 o, such that the polymers are slightly attractive. For non-connected solvent-beads the LJ
parameters are &g = 0.5, 0ss = 1 and r¢y = 2.50. For these parameters the dimers are in the
liquid phase over the entire range of pressures used in the simulations (P = 0 —25¢/63). The LJ
parameters for the interaction between solvent and polymer are &y = 1.2, 0ps = 1 and reye = 2.50ps.
These LJ parameters result in good solvent conditions and miscibility. The interaction between the
wall-atoms and the polymers is purely repulsive (rey = 21/ 6GPW) such that we would have the
classical mushroom-brush transition at a..%? The interaction between the solvent-beads and the
wall-atoms is slightly attractive (& = 0.6, ogw = 1.3 and r¢y = 1.604y,), which would result in
a contact angle of around 10° for the solvent on a bare surface.*! Opposing polymers (P and P),
different solvents (S and S) and polymers with one of the solvents (P and S /P and S) are made
immiscible by shifting the cut-off to the potential minimum; r¢y = 21/ 6g; j-

To impose sliding motion, we move the lattice sites of both surfaces in opposite directions, with
constant velocities v and —v in x. Periodic boundary conditions are applied in x and y. Newton’s
equations of motion are solved with the velocity Verlet algorithm, as implemented in LAMMPS,*?
using a time step of 0.005 G\/m_/‘é‘. The simulations are performed in the NVT ensemble (tem-
perature T = 0.6€/kp) using a Langevin thermostat (time-constant 7 = 1.00 \/m_/e) that only acts
on the wall-atoms. The thermostat is switched off in the normal direction z and shear direction
x such that there is no measurable effect of the thermostat on the hydrodynamic response of the

brushes.*3



Results and discussion

Solvent-immersed systems

system 1

Figure 2: The 3 different types of solvent-induced (im-)miscibility studied in this article (see also
Table 1). The systems consist of two different types of polymers P (black) and P (blue) and for
system 1 a single solvent S (orange) or for systems 2 and 3 two different solvents S (red) and S
(yellow). For system 1 all components are miscible. For system 2, P and S are immiscible and
also P and S are immiscible, such that there is a preferred absorbance of each solvent in one of the
brushes, while all other combinations, including S and S, mix. System 3 is the same as system 2
except that now S and S are also immiscible.

To study the effect of different types of (im-)miscibility on the friction for systems that are fully
immersed in solvent, we set up 3 different systems, as shown in Figure 2. The systems consist of
a surface bearing polymer P and an opposing surface bearing polymer P. The simulation box is

filled up with solvent S (system 1) or solvents S and S (systems 2 and 3). To compare the different



Table 1: The relative interaction for polymers P and P and solvents S and S resulting in the three
types of system-(im-)miscibility. Plus sign indicates attractive interactions and miscibility, while a
minus sign indicates repulsive interactions and immiscibility

system PS,PS PS/PS S
1 + + +
2 + - +
3 + - -

systems, we adjusted the distance between the cylinders such that the equilibrium normal force is
approximately Fy = 20,000¢ /o, which translates to a pressure P = 100 MPa in the central slab (of
width 15 o) of the contact. In this central region the force per unit area is approximately constant,
while it decreases to zero towards the edge of the contact. We keep the number density of the
solvent in the bulk region outside the brushes constant at 0.87 (which is the average density of bulk
solventat P =163 /€ and T = 0.6¢ /kg). The interactions between the different system components
polymer P, polymer P, solvent S and solvent S are given in Table 1. A plus sign denotes attractive
interactions as described in the Model and Methods section, while a minus sign indicates that the
cut-off of the potential was set to rcy = 21/ 6g; ;j rendering the components immiscible.

In system 1 all components mix such that there is a single-phase solvent that absorbs in both
brushes (no preferred absorbance). Consequently the polymers from the opposing brushes inter-
digitate. However, as becomes apparent in Figure 3, interdigitation only occurs in the central region
of the contact. Near the edges of the contact, the polymers bend in the outward directions instead
of moving in the opposing brush, as observed earlier for brush-coated nano-particles in close con-
tact. 3 The average transverse tilting angle (deviation from the surface normal) of all polymers in
the depicted system is 23° in the outward direction. This outward bending is caused by the elastic
deformation of the brushes and by the attractive polymer-solvent interactions. The transverse tilt-
ing angle depends on the curvature of the walls. For R — oo, as in the parallel plate geometry, there
is no transverse tilting and thus interdigitation is high. For small R, the outward tilting is strong
and interdigitation minimal, which is consistent with the observation that interdigitation between
colliding star polymers is small.?” This outward tilting of the polymers also implies that the ef-

fect of interdigitation on the friction for immersed brushes on engineering surfaces, which show a



roughness distribution on many length scales,?> should be less than predicted from simulations in
the parallel plate geometry. In a typical AFM measurement setup the ratio of brush height (typi-
cally 500 nm) over radius of curvature (approximately 5 um) is 1/10 and thus comparable to the
ratio used in our simulations. In the SFA, the curvature of the sample surfaces is much larger (5
cm), which means that the brush height over radius of curvature ratio is much smaller. Therefore,

transverse polymer tilting will be of minor importance for SFA experiments.

Figure 3: Zoomed in snapshot of system 1 of Figure 2 showing the transverse polymer tilting in
the outward direction. In the central contact polymers initerdigitate. However, near the edge of the
contact, we observe transverse polymer tilting. Those polymers prefer to bend out of the contact
due to the elastic deformation and preferred interactions with the solvent in the bulk region.

One might think that the transverse tilting of the polymers also implies that the friction be-
tween sliding polymer brushes on rough surfaces will be lower than the friction for brushes on flat
surfaces. However, in reality it is often observed that the friction for rough brush-bearing surfaces
is higher than for flat surfaces.***> This higher friction is caused by asperity collisions that occur
during sliding the brushes that are attached to rough surfaces. During these asperity collisions,
alternative dissipation mechanisms, such as shape hysteresis, *® transient interdigitation,® solvent

6 can come into play.?* Consequently, the friction between collid-

squeeze-out, and re-absorption, 2
ing, brush-bearing asperities can get relatively high. For the simulations in the present article we
only slide in the lateral direction (parallel to the cylinder axes). Therefore, the above mentioned
alternative dissipation mechanisms cannot affect our frictional response.

In system 2 the brushes are solvated with a 50-50 binary liquid mixture that consists of sol-

vents S and S. Polymers in binary solvent mixtures can show many peculiar effects,*” such as a



co-nonsolvency-induced phase transitions*®*° depending on the relative solvent quality and the
relative solvent concentration. For our system solvent S is a good solvent for polymers P and a
poor solvent for polymers P. For the second solvent S the interactions are opposite: S is a good sol-
vent for polymers P and a poor solvent for polymers P. Both solvents are perfectly miscible, while
the polymer-solvent interactions between PS and PS are stronger than the interaction between the
two solvents. Under our chosen circumstances, only the good solvent absorbs into the brush.°
Due to the preferred absorbance of the solvents in their own brushes, there is almost no overlap
between the brushes, as can be perceived from the sharp interface between the brushes of system 2
in Figure 2. As Figure 2 also shows, the apparent free brush height in system 2 is a bit lower than
the brush heights of system 1 and 3. This effect has been attributed to a larger energy penalty for

polymer fluctuations into the bulk solvent.>!

Moreover, the average transverse tilting angle is 17°,
which is 6° less than the tilting angle in system 1. This reduced transverse tilting of the polymers
in system 2 compared to system 1 is due to the same energy penalty that circumvents polymers to
move into the mixed bulk solvent.

For system 3 the interactions are the same as in system 2 except that in system 3 the 50-50
binary liquid mixture of solvents S and S does not mix. Consequently there is a sharp interface
between the top and the bottom part of the simulation cell. Since there is no energy penalty for
polymers to move into the bulk liquid, the average transverse tilting angle is 25°, which is 8°
larger than in system 2. Moreover, the transverse tilting angle is also larger than for system 1 (2°),
because interdigitation does not occur in system 3, which enhances the tendency of polymers to
move out of the contact.

Figure 4 shows the friction coefficient u versus velocity extracted from non-equilibrium sim-
ulations in which we slide systems 1-3 depicted in Figure 2. The friction coefficient is defined as
the total friction force divided by the total normal force on the surfaces. As expected, for system 1,
where the polymers interdigitate in the central region of the contact, we observe the highest fric-

tion coefficients. Upon fitting the data to the power-law relation tt = v*, we find a shear-thinning

exponent of k¥ = 0.67. The exponent is larger than the exponent of k¥ = 0.53 —0.57 generally ob-
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Figure 4: Friction coefficient u versus velocity v upon shearing system 1 (black squares, fully
miscible, no preferred absorbance), 2 (orange triangles, miscible solvents, preferred absorbance)
and 3 (blue circles, immiscible solvents, preferred absorbance). The colored crosses denote u for
the same systems, but with immiscible polymers instead of the default miscible polymers employed
in systems 1-3. The straight lines are fits to the power law relation yu = v¥.

served for sliding interdigitated polymer brushes. '*-2! The larger exponent might be caused by the
curved surfaces, which causes the outward transverse tilting of the polymers such that the brushes
are not everywhere strongly compressed and interdigitated. Another explanation for the higher ex-
ponent might be that the higher polymer density in the central contact region results in effectively
dry brush friction.'® A similar shear-thinning exponent (k = 0.69) has been observed for sliding
charged polymer brushes, > which was attributed to collective polymer / solvent motion resulting
in effectively dry brush scaling. 1°

At the smallest velocities, the friction in systems 2 and 3 is approximately 10x lower than in
the miscible system 1 (see Figure 4). The reduced friction in systems 2 and 3 is caused by the
solvent-induced immiscibility due to the preferred absorbance of the two solvents in their own
brushes, which prevents interdigitation. For system 3, where the two solvents do not mix, we
find a linear relation between p and v, while we observe a slight shear-thinning for system 2
(x =0.92). Analysis of the velocity profiles of the solvents and the simulation snapshots indicates
that shear-thinning for system 2 is caused by an increase of the effective distance between the

brushes with increasing velocity. The solvent’s velocity gradient penetrates into the brushes, such

10



that the polymers shear-align. The polymer-alignment increases with velocity, such that the gap
between the brushes increases with velocity and, thus, the shear stress decreases sublinearly with
velocity.

The difference in friction between systems 2 and 3 continues to increase with decreasing veloc-
ity until system 2 reaches a linear response. At very small velocities, in the linear response regime,
the difference in friction between systems 2 and 3 is caused by reduction in viscous drag force
due to slip at the interface as found at the interface of two immiscible liquids.>* Experimentally
it was found that for single brushes that are swollen due to preferred absorbance in binary liquid
mixtures, lubrication slightly deteriorates compared to single brushes in single-component good
solvents.>* Just like in our system 2, the edge of the brush is expected to be less *fluffy’ than for a
brush solvated with a single-component good solvent, which can also slightly increase friction.

The crosses in Figure 4 denote the friction coefficients for system 1-3, where we made the
interaction between all the polymers purely repulsive (rey = 21/ 6Gpp) instead of slightly attractive
(reut = 1.60pp) as in our default systems. As becomes clear in Figure 4, the friction coefficients
are only marginally affected by the polymer-polymer interactions. These results can be expected,

since polymers in good solvents are effectively repulsive.

Solvent-undersaturated systems

While most AFM and SFA experiments are performed with solvent-immersed polymer brush sys-

4224554 in tribometer experiments the brushes are often undersaturated in solvent and/or in

tems,
equilibrium with the gas-phase.>> Moreover, full solvation cannot be always guaranteed in practi-
cal situations. To mimic such circumstances, we set up the same systems as depicted in Figure 2,
except that most of the solvent is removed such that there is approximately one solvent bead per
polymer bead. Judging from the effective brush height, these conditions are roughly comparable
to polyelectrolyte brushes kept at a relative humidity of 90%.>® The simulations of systems 1u-3u

(u stands of undersaturated) are performed at the same distance of 10.96 between the cylinder

apices. At this distance, the normal load of system 3u is Fy = 20,000¢ /0, which is the same nor-

11



mal load as we chose for our solvent-immersed systems (although the local pressure can change

by approximately 25% due to the change in contact area?!).

. system 1u

system 2u

system 3u

Figure 5: The same systems as in Figure 2, except that the systems are now undersaturated in
solvent. For system lu all components, polymers P (black) and P (blue) and solvent S (orange),
are miscible. For system 2u, P and solvent S (yellow) are immiscible and also P and solvent
S (red) are immiscible, such that there is a preferred absorbance of each solvent in one of the
brushes, while S and S mix. System 3u is the same as system 2u except that now S and S are also
immiscible.

In system lu, where all components mix, a capillary is formed in the contact. The surface
tension of the solvents bundles the interdigitated polymers together. Due to the capillary, the
average transverse tilting angle of the polymers in the contact is a lot less than for the solvent-
immersed system 1, namely 11° for system 1u compared to 23° for system 1. Despite, the distance
between the cylinders apices being smaller than the distance in the immersed systems. As can

be seen in Figure 6, the polymers only tilt in the outward transverse direction in a small region

12



between the centrum of the contact and the edge of the contact. In the central region the polymer
do not tilt but interdigitate with the opposing brush. At the edge of the contact, polymers are
stretched out closing the capillary at an angle parallel to the surface normal. Outside the contact

the polymers show a slight inward tilting, which allows them to be part of the capillary.

Figure 6: Zoomed in snapshot of system lu of Figure 5 showing the bundling of the polymers
in the contact due to the surface tension of the solvent. Moreover, there is on average a lot less
transverse polymer tilting in the outward direction.

In system 2u, the two solvents S and S each prefer to be in their own polymer brush. However,
S and S mix. Consequently there is a small capillary formed in the contact, solely due to the
surface tension of the mixed solvents. The capillary causes a kink in the brush-shape at the edge
of the contact. System 3u is the same system as system 2u except that solvent S and S do not mix.
Therefore, there is no capillary formed in system 3u, such that the shape of the brushes smoothly
evolves from inside to outside the contact. The average transverse tilting angle of the polymers of
system 2u and 3u are 15° and 16°, respectively.

Figure 7 shows the friction coefficient u for sliding system lu-3u (depicted in Figure 5) for
different velocities v. For the completely miscible system 1u, the friction coefficient depends on the
velocity via a power law scaling p = v*, with shear-thinning exponent k¥ = 0.55. This exponent is
consistent with the exponent of k¥ = (0.53 —0.57 generally found for strongly compressed polymer
brushes that are slid in the parallel plate geometry.'®-2! For system 2u, in which the solvents
show a preferred absorbance but mix, interdigitation is again eliminated. Consequently, 1 is at the
smallest velocities around a factor 20 lower than for the miscible system 1u. At these velocities,

U depends linearly on v. Only at v > 0.01, we observe shear-thinning. Just as in system 2, shear-
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thinning in system 2u is caused by shear-alignment of the polymers resulting from the shear stress
imposed by the solvent of which the velocity-gradient penetrates into the brush. The u of system

3u is approx. 50% of u for system 2u, because of slip at the interface.
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Figure 7: Friction coefficient (t versus velocity v upon shearing the undersaturated system lu
(black squares, fully miscible, no preferred absorbance), 2u (orange triangles, miscible solvents,
preferred absorbance) and 3u (blue circles, immiscible solvents, preferred absorbance). The col-
ored crosses denote u for the same systems, but with immiscible polymers instead of the default
miscible polymers employed in systems 1u-3u. The straight lines are fits to the power law relation
u=vk

The crosses in Figure 7 denote the friction coefficients for sliding systems 1u-3u using purely
repulsive interactions between the polymers (rcy = 21/ 6Gpp), instead of the attractive interactions
(rcut = 1.60pp) that are employed in the default systems. The polymer-polymer interactions only
slightly affect u for systems lu and 2u (max. factor 2). However, for system 3u, polymer-
immiscibility strongly affects the friction coefficient upon sliding the immiscible brush systems.
The friction is more than 10 times lower for the immiscible polymers compared to the miscible
polymers. A similar effect is observed for dry brushes, as we will discuss in the next paragraph.
This strong effect of the polymer-miscibility on the friction is caused by decreased shear stress due

to increased slip at the interface.
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Dry brushes

Figure 8 shows snapshots of simulation cells in which we removed all the solvent such that the
brushes are dry. These systems are equivalent to polymer brushes in poor solvent conditions, except
for a potential viscous drag contribution upon relative sliding. However, the latter is expected to be
small, due to the low-viscosity solvents that are generally employed. In contrast to solvated poly-
mer brush systems, interdigitation in dry brushes strongly depends on the (im-)miscibility of the
polymers. As for contacting bulk polymer films,>’ a small mismatch in the interaction-parameters
strongly affects the overlap of the polymers across the interface. The brushes interdigitate for
interaction-strengths €5 between polymers P and P that are equal or stronger than the interaction
between polymers within the brush (epp and &pp). For €55 < €pp & &pp there is a smooth interface

between the brushes.

e,

immiscible 4
dry brushes

Figure 8: Simulation snapshots of contacting, dry, miscible (top) and immiscible (bottom) polymer
brushes. The snapshots on the right are magnifications of the central region of the contact.

Figure 9 shows the friction coefficient pt versus velocity v upon sliding the dry, miscible (black

squares) and immiscible (blue circles) brushes of Figure 8 at a normal load of Fy = 4500¢ /6. In

55,58,59

agreement with experimental observations, the friction coefficients for the miscible polymer

brushes under dry or poor solvent conditions are larger than for fully-immersed swollen miscible

60

systems. These results seem to disagree with former MD simulations,”” in which was found that

the friction for sliding miscible brushes in good solvent is higher than for miscible bushes in poor

15



solvent conditions. However, these simulations were performed in a parallel-plate geometry and
consequently the solvent was forced to remain between the collapsed brushes under poor solvent

35,5859 and in our

conditions. In the experiments, where a sphere is pressed onto a flat surface
simulations, the solvent flows out of the contact under poor solvent conditions leading to direct

brush-brush contact, which results in much larger friction.
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Figure 9: Friction coefficient pt versus velocity v upon shearing dry, miscible (black squares) and
immiscible (blue circles) brushes. The straight lines are fits to the power law relation p = v¥.

Figure 9 also shows that for the miscible systems at small velocities we find a power law scaling
with shear-thinning exponent kK = 0.5. As expected, shear-thinning correlates with the decrease in
the binary interaction count with increasing velocity. However, our exponent is smaller than the
theoretically predicted exponent k = 0.69 for dry brushes!® and also smaller than the exponent
x = 0.6 observed for simulations in a parallel-plate geometry. '8 Our exponent of k = 0.5 might be
an effect of the geometry. For higher shear-rates polymers tilt in the direction of motion, but also
move transverse to the direction of motion out of the contact. This results in a stronger decrease
in overlap with increasing velocity than for the parallel plate geometry. The latter can result in a
shear-thinning exponent that is lower than k¥ = 0.69. An alternative explanation can be that our dry
brushes behave like polymer melts for which the shear-thinning exponent is close to x = 0.5.61:62
For the immiscible polymer brushes we find a linear relation between friction and velocity for

small velocities. Only at velocities higher than v = 0.10 /1 the immiscible brushes start to shear-
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thin. At these velocities the binary interaction is still independent of the velocity. However, the
overlap-integral '3 slightly decreases with increasing velocities. This implies that long-wavelength
fluctuations of the interface between the brushes are smearing out and flattened at higher velocities.
Moreover, the average distance between the brushes slightly increases with increasing velocity.
The latter is consistent with MD simulations of immiscible polymer films in which shear thinning
was found to correlate with a reduction in the radius of gyration of the polymers in the normal
direction.%?

Due to the different exponents for miscible and immiscible dry brushes, the difference in fric-
tion increases strongly with decreasing velocity. At the lowest velocity (v =0.0016/7) the friction
for the immiscible brushes is approximately 5% of the friction for the miscible brushes. Experi-
mentally, however, only small differences in the friction for dry, miscible and immiscible polymer
brushes have been found. 3935 Moreover, the experimentally measured friction force for sliding
brushes in poor solvent conditions has been found to be almost independent of the velocity.>*%
Both experimental observations we observe only at the higher sliding velocities (v > 0.16/7),
which translate to velocities >70 cm/s. Experimental sliding velocities often do not exceed 100
um/s. One possible explanation for this apparent discrepancy is that simulations and experiments
have different Weissenberg numbers W (shear rate times the relaxation time of interdigitation). The
relaxation time of the evolution of the density profile of a dry polystyrene brush that is brought into
contact with a chemically identical network was found to be more than 10* s (3-4 hours),% while
the typical shear rate at low velocities in AFM experiments is approximately 100 s~!.2>65 This
means that AFM experiments of sliding dry brushes are performed at W = 10. In our simulations
the relaxation time for interdigitation (determined from the long-time relaxation of the binary in-
teraction count after switching the PP interactions from repulsive to attractive) Tjp ~ 10*7, while
our shear-rate at the highest velocities is on the order of 1 7~!. This means that our simulations of
sliding dry brushes are performed at W = 10* and, thus, that W for dry brush experiments at low

velocities is approximately two orders of magnitude higher than W at the highest velocities of our

simulations. Figure 9 shows indeed that at the highest velocities the friction tends to become inde-
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pendent of the velocity and that the difference in friction between miscible and immiscible brushes
at the velocities disappears. These tendencies are in line with the relations found in experiments

performed at higher W .23-3%-63.65

Conclusions

We discussed the effect of the solvation-method and of the miscibility of the different system-
components on the measured friction coefficient for polymer brushes on curved surfaces. Within
the range of velocities studied in this article, the largest difference in friction between miscible
and immiscible polymer brush systems is found for the partially solvated systems. The friction
for the miscible partially solvated system is high due to more direct polymer-polymer interactions
and due the formed capillary that bundles the polymers together causing an tilting of the polymers
towards the contact. In contrast, the polymers of the solvent-immersed miscible system show an
outward polymer tilting due to the curvature of the surfaces. Consequently, there can be minimal
interdigitation such that we observe a much lower friction compared to the undersaturated system.
Nevertheless, in all studied brush-compositions, the friction for miscible polymer brush systems
is higher than for immiscible systems. For the brushes that are fully immersed in the solvent,
immiscibility of the polymer brush systems is mainly determined by the preferred absorbance of
two solvents in the two different, opposing brushes. Therefore, the method still works for mixing
solvents, as long as they demix in the contact. Moreover, as can be expected due to the effective
repulsion for polymers in good solvent, the miscibility of the polymers have little to no effect on
the frictional response. However, for systems where the brushes are undersaturated in solvent,
the miscibility of the polymers more strongly affects the friction during relative sliding motion,
because there is less solvent available to circumvent direct polymer-polymer contact. Especially,
for the solvent-undersaturated, immiscible polymer brush system, the effect of polymer-miscibility
on the friction coefficient is strong and almost comparable to the effect of polymer-miscibility in

dry brushes.
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