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ABSTRACT: Opposing polymer brush layers at high grafting
density were examined under confinement and characterized
with respect to structure and interaction forces using molecular
dynamics simulations in an explicit solvent. The brush system
underwent a static compression, where the system is simulated
at several discrete separation distances. These simulations are
all at the same solvent chemical potential as a non-interacting
reference state to produce a realistic compression. Normal
pressure−distance profiles were generated and compared to density profiles at each separation distance to determine structure−
property relationships. Significant interpenetration of brush layers occurred at high compression, to the extent that each brush
reached the opposing surface. Higher interpenetration corresponded to a sharp increase in the pressure−distance curve,
suggesting a correlation between interpenetration and interaction forces. We find clear differences from literature values using
implicit solvent techniques.

■ INTRODUCTION
A polymer brush consists of polymer chains end grafted to a
surface. Crowding from the molecules at the surface leads to
chain extension away from the surface, and numerous useful
properties.1,2 Polymer brushes can be used to modify surface
properties and interactions to change the nature of the surface.
Applications which take advantage of surface modification by
polymer brushes include altering wetting properties,3 bio-
compatiblizing surfaces or devices,4 and reducing friction
between surfaces.5−8 The latter application is gaining increasing
attention, as opposing polymer brushes have been shown to
significantly lower friction, therefore acting as a viable lubricant
for various applications.9 The first step in taking advantage of
the lubricating properties of polymer brushes is to thoroughly
understand how the brushes interact when brought into
confinement opposed to one another. Polymer brushes are
typically characterized by either structure or interaction forces.
Experimentally, this is achieved by neutron reflectivity to
determine density profiles10,11 and by the surface force
apparatus to determine forces.12−16 Also, atomic force
microscopy can determine these forces.17,18 In addition to
experiments, there has been significant theoretical19−21 and
simulation22−26 work on characterizing and predicting the
structure and interactions of polymer brushes.
Molecular simulations have the advantage of obtaining high

resolution structure and force information simultaneously. As
all particle locations are always known, structure can be
investigated at points of interest dictated by the force
measurements. In this way, force data can be understood by
linking it to structural features.
This paper details static compression of polymer brushes in

an explicit solvent. Often simulations will investigate confined
brushes without explicit solvent,6,27−29 as this both simplifies
and speeds up the simulations. Doing so, however, sacrifices

detail about how the solvent responds in these circumstances.
Some simulations30−33 have included explicit solvent but upon
compression maintained a constant total number density, not
exactly reproducing conditions found in an experiment.
Constant chemical potential simulations have been conducted
using dissipative particle dynamics,34−36 but again, these do not
contain as much detail on the solvent as explicit solvent
simulations. This work differs from previous studies in that it
characterizes high grafting density opposing polymer brushes
with explicit solvent, where the solvent density is determined
on the basis of maintaining constant solvent chemical potential
at all levels of compression.37 The solvent chemical potential in
all compressed cases is equal to that of a fully separated
reference system, and thus, all compressed systems can be
considered equilibrated with one another. This process
approximates a compression in the grand canonical ensemble
but is conducted by a series of NVT simulations.

■ SIMULATION DETAILS

All simulations were conducted with Gromacs 4.0.4.38 The
coarse-grained MARTINI39 model (version 1.4) was used,
which allows for much longer simulation times and larger
systems. While originally developed for lipids, this model has
been effectively used previously for polymer systems.40−43 In
this model, all particles are set to a mass of 72 g/mol and are
assigned Lennard-Jones interactions which produce generically
polar, nonpolar, or charged particles. For this study, all particles
were polar. The polymer and solvent particles had equivalent
interactions, and the surface was made of particles which, while
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still polar, had one-third the nonbonded interactions of the
solvent and polymer.42 The surface was composed of
overlapping frozen particles spanning 12 nm by 12 nm in the
x and y directions, which was the total area of the simulation
box. It consisted of three surface layers to ensure there were no
interactions through the z periodic boundary. To create a brush
system, one end of each polymer was fixed 0.3 nm above either
surface in a regular grafting pattern. All nonbonded interactions
between frozen particles were omitted. Each simulation was
initialized with a steepest descent energy minimization,
followed by a brief simulation with a small time step of 0.001
ps. Simulations used for the production runs had a time step of
0.02 ps. Temperature was held constant at 350 K for all
simulations using a Berendsen thermostat44 with a correlation
time of 1 ps. Previous work has shown that, at these
temperatures, the polymer brushes are in a good solvent
condition.42 In simulations that were pressure coupled, a
Berendsen barostat44 was used with a correlation time of 2 ps.
The neighbor list was updated every 10 steps and had a 1.4 nm
cutoff length. The cutoff distance for Lennard-Jones inter-
actions was 1.2 nm. Further details concerning this model can
be found in refs 37 and 40.
The polymer brush systems studied consisted of 40

monomer long linear chains at grafting densities of 0.347 and
0.694 chains/nm2, along with one longer chain system with 71
monomer chains at a grafting density of 0.347 chains/nm2.
Images of the short chain, low grafting density system at two
different levels of compression are shown in Figure 1.
Single equilibrium brushes of both grafting densities with 40

monomer chains were thoroughly characterized previously
using the same model,42 so the focus here was on the effects of
confinement. A measure of the degree to which the chains
interact laterally is the overlap grafting density. Overlap grafting
density can be represented by eq 1.

σ π* = ΣRg
2

(1)

Σ is the grafting density in chains/area, and Rg is the radius of
gyration calculated from a simulation of a single free polymer
chain in solution. For σ* > 1, the system is in the brush regime,
where high lateral interaction will cause the chains to extend
from the surface.46 Grouping both chain length and grafting
density into one term suggests that they have a similar impact.
For example, if the values were selected to yield the same

overlap grafting density, short chains at a high grafting density
should have a similar structure as long chains at low grafting
density. The effect of different systems with the same overlap
grafting density was considered in this work. The system
parameters are provided in Table 1. As shown in Table 1, two

of the systems characterized had approximately the same
overlap grafting density but arrived at that value by different
chain lengths and grafting densities. These systems were used
to determine if polymer brushes with the same overlap can be
straightforwardly compared.
To generate a reference system of unperturbed brushes,

opposing brushes were set up for each overlap grafting density
with a large enough separation distance such that the two
brushes did not interact. The surfaces and brushes were initially
placed in the center of the box so pressure coupling in the z
direction could be applied without interference from fixed
surface particles, as pressure coupling changes the box height. A
simulation proceeded with the z pressure set to 1 bar for at least
100 ns. This was enough time for the z dimension of the box to
stabilize, and the average box height after equilibration was used
for further simulation with a fixed volume. An NVT simulation
was conducted next for 2 μs, and data from the last 1.5 μs was
used as the reference system. This process was conducted for
each system A, B, and C.
All compressed systems were initially solvated to an arbitrary

density and run for 2 μs. The chemical potential was calculated
for each system to determine if more or less solvent particles
were required to match the reference system’s chemical
potential. The details of this procedure have been thoroughly
covered in a previous publication,37 so they are only briefly
summarized here. Essentially, chemical potential has two
components: ideal and excess. The ideal component is based
on the concentration of solvent particles. The excess chemical
potential was determined using the test particle insertion

Figure 1. Images obtained with the VMD software45 of the opposing polymer brush system at two levels of compression with separation distances of
15 nm (left) and 6.75 nm (right). Solvent molecules have been removed for clarity; the different brushes are shown in different color. This system
has a grafting density of 0.347 chains/nm2 with 40 monomer long chains.

Table 1. Systems Examined in Terms of Grafting Density
and Chain Length

system
grafting density Σ
(chains/nm2)

monomers per
chain

overlap grafting
density σ*

A 0.347 40 6.97
B 0.694 40 13.93
C 0.347 71 13.79
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method developed by Widom.47 In this method, theoretical
solvent particles are randomly added to the system and their
interaction energy with all particles in the system is calculated.
Enough insertions must occur in each frame of the trajectory
such that the ensemble average is stable. The frequency of
frames analyzed depends on the desired accuracy. For this
work, the frequency ranged from 0.1 to 1 ns, with more frames
required for highly compressed systems.
The values of solvent chemical potential obtained from the

insertion calculations indicate if solvent particles need to be
added or removed for the confined system to be in equilibrium
with the reference system. After the initial simulation, the
solvent density was adjusted accordingly, the simulation was
run again, and the chemical potential was recalculated by the
test particle insertion method. Once the difference between the
solvent chemical potential of the reference system and the
compressed system was close to zero, the system was
considered in equilibrium with the other states and was
analyzed for structural and force properties.

■ RESULTS
The first step in simulating a static compression was to
determine the correct solvent density of each compressed
system. Solvent chemical potential was extremely sensitive to
solvent density, to the point where even minor changes in the
number of solvent particles could strongly affect both the
chemical potential and normal pressure. To illustrate this
sensitivity, system A at a separation distance of 6.75 nm is used
as an example. The system had roughly 4000 solvent particles
and 4000 polymer beads at this separation. When at
equilibrium with the reference system, the normal pressure
was 73 bar and the solvent chemical potential was −0.02kT.
Two systems at nearly the same density had also been set up.
One had 23 solvent particles less than the correct system, and
one had 27 particles more. These two systems deviated
significantly in normal pressure from the 73 bar observed in the
correct system. The system with 23 fewer solvent particles
dropped to 38 bar and −0.09 kT, and the system with 27 more
particles shot up to 118 bar and a chemical potential of 0.1 kT.
So even an apparently small change of 20−30 particles has a
significant impact in a system with 8000 particles to bring the
system substantially out of equilibrium with the reference state,
and completely change the pressure obtained. This makes
sense, as 30/8000 particles multiplied with a modulus (inverse
compressibility) of 1 GPa (see the compressibility discussion
below) comes to 37.5 bar change, which is line with the
observations. Clearly, the solvent density strongly affected the
normal pressure, so the systems had to be set up with very little
error in the chemical potential to get a meaningful value for
pressure.
From these data points, an uncertainty in pressure for system

A can be estimated on the basis of the uncertainty in the
chemical potential calculation. Not all simulations of different
separation distances had multiple runs, so the exact effect of
adding or removing particles cannot be determined for each
separation distance individually. However, for all systems where
there is data for different solvent densities, a pressure change of
4−5 bar was associated with a 0.01 kT change in chemical
potential. This was true for systems at both high and low
confinement. A reasonable estimation for the error in pressure
in system A can be made by using the average value of 4.65 bar
change in normal pressure per 0.01 kT change in solvent
chemical potential. It was decided therefore that the allowable

error in chemical potential would be 0.02 kT and that all
systems had also to be within 0.02 kT of the reference system’s
solvent chemical potential, yielding an error in pressure less
than 10 bar. The only exception to this was the most
compressed system (5 nm separation distance), as it finished
within 0.03 kT of equilibrium, and at such a high level of
compression was much more sensitive to density changes. For
the higher density systems (B and C), the error was likewise
determined but in all cases was in the range of 3−5 bar per 0.01
kT error in chemical potential.
Normal pressure versus distance profiles were created by

calculating pressure profiles48−50 at each separation distance to
omit surface effects. An example of a normal pressure profile is
shown in Figure 2. As can be seen, the pressure within the

surface layers deviates dramatically from the average pressure in
the rest of the system. To calculate the normal pressure for
each system, the pressure profile was averaged between the
surfaces, omitting any volume that the surface extended into.
After averaging, the pressure of the reference system was
subtracted from the normal pressure of all confined systems to
yield pressure values relative to the non-interacting system.
The average pressure itself for any given separation remained

stable through the course of the simulation but as stated before
has an error associated with how accurately the system was set
up. Each pressure−distance profile has error bars for each of
the data points based on the uncertainty in the chemical
potential. Often, it is useful to plot data with distances relative
to twice the uncompressed brush height, or where the opposing
brushes should first start to interact. The uncompressed brush
heights were calculated by eq 251,52 from a non-interacting
system.

∫
∫

ϕ

ϕ
= ⟨ ⟩ =

∞
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z z
8
3
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3

( ) d

( ) d
0

0

0 (2)

In eq 2, ϕ is the polymer density profile and z is the distance
from the bottom surface. The brush heights for systems A, B,
and C were 9.60, 10.61, and 15.67 nm, respectively.
Figure 3 shows the normal pressure as a function of

separation between the walls for the three systems. In addition,
comparisons (both in linear and logarithmic scale) to
simulations in implicit good solvent by Kreer et al. are
shown.23 The change of normal pressure with distance in our
model is much less pronounced as in the case of implicit
solvent. This is understandable when considering that the
solvent modeled here is load bearing, whereas an implicit

Figure 2. Normal pressure profile for system A with a surface
separation of 6.75 nm. Dashed lines indicate where the surfaces extend
in the system.
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solvent is not. This means that a realistic solvent can already
transmit forces at larger distances and therefore the increase is
smoother. Additionally, the implicit solvent does not transmit
attractive forces which are present in our model.
As much of the work associated with these simulations was

setting up the systems at the correct density, it is informative to
look at how the density changes with compression. All polymer
beads and solvent particles were the same mass and size, so
density is represented as a number density in particles/nm3.
The total particle density versus separation distance is shown in
Figure 4. Clearly, the density increases throughout the
compression. This suggests that using the constant density
approximation is inadequate to realistically represent the
physics of the compression.
One additional way this data can be examined is as what

density the system adopts for a given pressure. Particle density
versus normal pressure for all systems is shown in Figure 5.

Figure 3. Normal pressure versus separation distance for each system under different levels of confinement. The plot on the left shows the pressure
for each separation distance, while the right plot rescales the distance based on each system’s uncompressed brush height. In the bottom figures, we
compare our data (both linear and double logarithmic) with literature data from Kreer et al.23 which was determined for 30 monomer chains at a
grafting density (in our units) of 0.72 chains/nm2 in an implicit good solvent. The uncompressed brush height was taken as 19.7σ (estimated from
the density profile). The pressure scaling is based on the mapping that 800 bar corresponds to one dimensionless pressure unit (ε/σ3 = 5 kJ/mol/
(0.47 nm)3), as these are the ε and σ values used in our simulations. Even if the y-axis was arbitrarily scaled, the increase of normal pressure with
distance would be much steeper (see the logarithmic plot). Systems A, B, and C and literature data are represented by blue circles, red squares, black
diamonds, and green stars, respectively.

Figure 4. Total particle number density, including both polymer and solvent, for each separation distance (left) and rescaled relative to twice the
brush heights (right) in equilibrium with the reference system. Error bars are smaller than the symbols. Systems A, B, and C are represented by blue
circles, red squares, and black diamonds, respectively.

Figure 5. Total particle density versus normal pressure. Systems A, B,
and C are represented by blue circles, red squares, and black diamonds,
respectively.
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Density changes in response to pressure changes relate to the
compressibility of the fluid. The isothermal compressibility is
expressed in terms of density:

κ
ρ

ρ= ∂
∂

⎛
⎝⎜

⎞
⎠⎟p

1

T
T

(3)

In eq 3, κT is the isothermal compressibility, ρ is the total
density, and p is the normal pressure. Using the data from
Figure 5 in eq 3, compressibility can be estimated. Using any of
the three systems leads to a compressibility on the order of
10−4 bar−1. When compared to available compressibility data, it
is observed that this is about an order of magnitude higher than
what is generally observed (order 10−5 bar−1).53,54 The
increased compressibility is likely an artifact of the coarse-
grained model, which does not exactly reproduce experimental
conditions. This model leads to solvent layering at high
compressions, which allows the system to be more highly
compressed. Still, we are more realistic than calculating
compressibility in a system without explicit solvent, as in that
case the solvent is infinitely compressible and therefore only the
polymer contributes. Additionally, in many solvent free models,
attractive interactions are neglected.
Interesting features concerning the structure of the opposing

brush systems can be elucidated by examining the brush density
profiles. Figure 6 shows the density profile of a brush layer as it
is compressed by the opposing brush.

The most noticeable change in structure from the uncom-
pressed system is a shift from a long tail in the density profile to
a profile which goes more sharply to zero when highly confined.

The compression progression represented by density profiles is
shown in Figure 7. Both the overall density and the density of
each individual layer are shown.
One characteristic that can be monitored throughout the

compression is the interpenetration of the brushes. Inter-
penetration is the degree to which each brush extends into the
opposing brush, and can be quantified by examining the
amount that each individual density profile overlaps with the
other. There are several ways to define interpenetration, and
one method is to calculate the fraction of a brush layer that is
past the midplane of the system which is quantified in eq
4.8,22,55

∫
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D is the separation between surfaces, ϕ is the volume fraction
of polymer, and z is the distance from the bottom surface.
Interpenetration data using eq 4 is shown in Figure 8.
Figure 8 quantitatively represents interpenetration as the

fraction of polymer brush past the midplane. The inter-
penetration is insignificant at large separation distances, but
under higher confinement, interpenetration increases substan-
tially. In fact, interpenetration grows to the point where each
brush extends completely through the opposing brush, as is
seen in the density profiles in Figure 7. In the three most
confined levels for system A, each brush passes all the way
through the other brush and interacts with the opposing wall.
The point at which each polymer layer extends to the other
surface also corresponds to the level of confinement where
substantial repulsive pressures are observed in Figure 3.
Another way to describe the density profile at this point is
that there is no longer a minimum in the overall density profile
in the middle. Essentially, at this level of compression, the
structure no longer is distinguishable as two separate brushes
but more resembles one very high density brush confined
between two surfaces.
Solvent density profiles can also be calculated to examine

how the solvent behaves under confinement. Figure 9 shows
the solvent densities for a low and highly compressed system.
For both levels of confinement, there is a significant peak in

the solvent density profile near the surface. This indicates a
polymer depletion layer, which persists even when the system is
very highly compressed. At a high level of compression, the
solvent starts to layer, which explains the higher compressibility
obtained using this model.
An additional structural feature which can be examined is the

chain end distribution. This distribution represents the behavior

Figure 6. Density profile of a brush layer (system A) at different stages
of compression. The solid line represents the equilibrium brush
density profile for an uncompressed single brush from earlier studies.42

All dashed lines are for the system as it compresses which correspond
to surface separations of 6.75, 7.5, 11.25, 12.5, and 15 nm going from
left to right.

Figure 7. Density profiles for system A at two stages (15 and 7.5 nm separation distance) in the compression. The solid black line represents the
total polymer density, while the dashed blue lines represent each individual brush layer.
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of the free end of each chain, illustrating if the chains have a
tendency to collapse back into the brush or extend far away into
the opposing layer. The distribution of each brush layer at both
a high and a low level of confinement are shown in Figure 10.
From Figure 10, it can be seen that at lower levels of

compression the chain end distributions have a definite peak;
however, upon significant compression, the chain end
distributions become much wider, indicating no significant
preference throughout the brush.

■ CONCLUSIONS

Opposing polymer brushes were simulated and characterized
under confinement at three different overlap grafting densities
in the brush regime. A static compression was conducted where
all separation distances examined are separate simulations.
Using methods previously developed, a realistic confinement
was achieved by requiring all simulations at different surface

separations to be at the same solvent chemical potential. Both
structure, in the form of density profiles, and the interactions
between brush layers, represented by normal pressure, were
examined for each separation distance. The total density of the
system increased substantially with compression, indicating that
a model allowing for changing density was indeed necessary.
On the basis of the density change and measured pressures
throughout the compression, this model overestimates the
compressibility of the system compared to experimental data
due to solvent layering in highly confined systems.
Comparing the change of normal pressure with distance to

literature values, it is not as pronounced in this model as in the
case of implicit solvent. This is understandable when
considering that the solvent modeled here is load bearing,
whereas an implicit solvent is not.
Interaction forces were calculated in the form of normal

pressure versus distance plots. By comparing the normal

Figure 8. Interpenetration as defined by eq 4. Solid symbols represent interpenetration of the simulated systems, while open symbols show
interpenetration as predicted by self-consistent field theory55 for the same grafting density, chain length, and surface separation. Blue, red, and black
represent systems A, B, and C, respectively. As only the dependence on surface separation was investigated here, the theoretical results were scaled
by a common numerical prefactor for each system for comparison to the simulations.

Figure 9. Solvent density profiles for 15 nm (left) and 6.75 nm (right) separation distances for system A.

Figure 10. Chain end distributions for a low (left) and high (right) level of confinement for system A. Blue and red indicate the bottom and top
brush chain ends, repectively. The chain end distribution was determined from the density profile of the last monomer of each chain, and normalized
to a total probability of 1.
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pressure plot with the density profiles at each separation
distance, structural explanations for observed trends in the
normal pressure can be developed. The normal pressure
experiences a large increase at the same time that inter-
penetration of the brush layers becomes more significant in the
density profiles. When both brushes extend all the way through
to the opposing surface, the normal pressure profile increases
sharply. Being able to directly compare structure and forces
simultaneously is a major benefit of simulations. While both of
these characteristics can be measured experimentally, doing so
in the same experiment would not be feasible. Interpenetration
was calculated for each system to examine this observation
further. It follows a monotonic increase with decreasing
separation distance, and follows self-consistent field theory
predictions qualitatively within a numerical constant.
The main effect of the compression on structure when

compared to a single equilibrium brush is that the peak in the
density profile becomes larger and the extended tail diminishes
for each individual layer of the brush. Further, the chain end
distributions have a single clear peak for each brush when
interacting at larger separation distances, but this broadens
under compression and is distributed across the entire box
length. This indicates there is a mixture of chains that collapse
back to the surfaces, extend through the opposing brush, and
everything in between.
Future work will involve shearing the brushes at different

separation distances to determine the lubrication properties of
the brush, and how this changes with load. The systems are
already set up at various separation distances at the correct
solvent density, so the problem is greatly simplified.
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