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Interaction between Grafted Polymeric Brushes: A Molecular-Dynamics Study
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We present a molecular-dynamics study of a system of end-grafted polymers between parallel sur-
faces. We find that the forces between the surfaces as a function of their separation can be described
both by scaling and self-consistent-field theories and agree with the experiments of Taunton et al. We
quantify the amount of interpenetration of the two brushes and describe it with a simple scaling form.
Overall monomer density profiles as well as the contribution from each brush are also presented.

PACS numbers: 61.25.Hq, 36.20.Ey, 61.20.Ja

The configuration of end-grafted polymers, the so-
called polymeric brushes, and the interactions between
such brushes have been the subject of recent interest.
Experimental studies of such systems have focused on
the direct measurement of the force between two sur-
faces onto which polymers have been terminally at-
tached.! 3 The force is found to be purely repulsive.
Theoretical treatments have utilized scaling argu-
ments,*> numerical self-consistent-field (SCF) calcula-
tions,%’ and analytical SCF equations suitable for the
limiting case of high molecular weight.®° These studies
have produced predictions about the equilibrium
configuration of such brushes as well as the force profiles
of two such brushes under compression.

Alexander? assumed a uniform monomer density from
the grafting surface up to a cutoff at a distance hm.x and
minimized the free energy given by the repulsive interac-
tion between the monomers and the stretching energy of
the chains. Then using a simple scaling theory he was
able to predict the equilibrium configurations of poly-
meric brushes as a function of grafting density p, and
chain length N. Milner, Witten, and Cates,® on the oth-
er hand, noted that SCF equations for highly stretched
polymers can be solved exactly in the limit of high
molecular weight, and obtained a density profile that de-
cays parabolically from the surface. Although these two
approaches are very different, both theories produce pre-
dictions for various observables that scale almost identi-
cally with N and p,. For instance, for a single grafted
brush, both predict that the thickness /p.x of the brush
should scale as Amax~Npl/3. Furthermore, the experi-
mental force versus separation profiles for a pair of such
brushes have successfully been fitted by the predictions
of both theories,>*!? even though the functional forms of
the two predictions as well as the scaling of the force
with the grafting density are different. It should be em-
phasized, however, that the fit by SCF is achieved with
no adjustable parameters, while for the fit by the scaling
theory one needs to take the brush height and the abso-
lute magnitude of the forces from the force profiles
themselves.

An important question not addressed by either of the
theories is the extent of the interpenetration of the poly-

mers from the two brushes. Both theories assume that
there is no interpenetration. Experiments do not provide
an answer either, as no measurements have been per-
formed yet to monitor the density of the monomers that
originate from one of the grafting surfaces as a function
of the distance from that surface. Such questions can,
however, be answered by a detailed microscopic simula-
tion that monitors the positions of each monomer and its
interactions with the other monomers.

In a recent publication,'! we presented the results of a
molecular-dynamics-simulation study of a single grafted
brush. By calculating the overall monomer density, the
density of the free ends, and other characteristics of the
brushes for several values of N and p,, we checked the
detailed predictions of the theory of Milner, Witten, and
Cates.® In this Letter, we will present the results of a
similar study for two brushes separated by a distance D,
for several values of V and p,. We find that for a given
N and p,, the amount of interpenetration (that will be
quantitatively defined later) increases with decreasing
separation between the brushes. We propose a scaling
form for this quantity using the prediction of Witten,
Leibler, and Pincus,'? who studied the interpenetration
depth in lamellar copolymer mesophases. We find that
the data from four different cases collapse reasonably
well with this scaling form. We also find that the force
versus separation curves for the different cases studied
have the same form if the separation D is scaled by the
maximum extent of each brush, suggesting that the
brushes interact as soon as their density profiles overlap.
For the cases with the lowest p,, the force profiles agree
extremely well with the experimental profiles of Taunton
et al.'® As the surface coverage increases, we find that
the forces exhibit a steeper increase with decreasing sep-
aration than is observed experimentally or is predicted
by the scaling and the SCF theories since at those graft-
ing densities the overall monomer density between the
surfaces is above the semidilute regime.

The simulations are performed using a molecular-
dynamics method '3 in which each monomer is coupled to
a heat bath. This method has already been successfully
applied to several problems related to static and dynamic
properties of polymers.!>!'* The monomers are treated
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as beads of mass m which interact through a shifted short-range Lennard-Jones potential given by

0 -
vtr) {0, if r>re,

with r, =265, As this potential is purely repulsive, our
simulations are in the good-solvent regime. In addition,
there is an attractive interaction between neighboring
monomers along the chains, and a strongly repulsive one
of range o/2 between the wall and the monomers. The
parameters of these potentials are the same as in Ref. 11.
Denoting the total potential of monomer i by U;, the
equation of motion for monomer i is given by

d’r; dr;

i’ -V-U,-—F7+W,-(t). 2)
Here I' is the bead friction which acts to couple the
monomers to the heat bath. W;(z) describes the random
force acting on each bead. It can be written as a Gauss-
ian white noise with

(Wi(t)-W,-(t')) -5,-,-5(:—t')6k3T1", 3)

where T is the temperature and kg is the Boltzmann
constant. We have used I'=0.57"! and k7 =1.2¢.
With this choice of parameters, the average bond length
between neighboring beads along the chains is found to
be 0.970. The equations of motion are then solved using
a predictor-corrector algorithm with a time step At
=0.0067. Here t=0(m/e)/2. Further details of the
method can be found elsewhere. !!-!3

Using this method we simulated systems of two paral-
lel plates at a distance D, onto each of which M polymers
of N+1 monomers are anchored at one end. Each plate
has a surface area S in units of o2, giving a grafting den-
sity of p, =M/S. Periodic boundary conditions are used
in the two directions parallel to the plane of the plates.
We have studied four cases with (IV,p,, M) =(50,
0.03,25), (50,0.1,25), (50,0.2,25), and (100,0.03,20).
The simulations were carried out in the following
manner: We start with the plates at a separation D
slightly above the contact distance D, =2hcx;, Where hext
is the maximum extent of a single brush'! and equili-
brate the system. After equilibration, we continue the

TABLE 1. The total duration of the runms, T, relaxation
time of the end-to-end distance of each chain in a single brush,
TR, the parabolic fit to the brush height, hpar, and the max-
imum extent of each brush, hex, for the four combinations of
chain length N and p, studied. Also shown is the amount of
stretch, 3R2/R$, as described in the text.

N Pa TI/T TR/T h par Bext 3R22/R&
50 0.03 1500 135 18.0 21 3.4
50 0.1 4500 450 25.1 28 7.0
50 0.2 9000 1100 30.7 33 18.8

100 0.03 1100 850 33.9 42 4.1

4¢el(o/r) 2 —(a/r) 6 — (o/r) 2+ (o/r)8), if r=<r.,

1)

simulation while reducing D by a very small amount at
each time step. The configurations at several selected
values of D are saved. These are then used as starting
states for subsequent longer runs at those values of D,
from which the quantities of interest are calculated. We
run the simulations for times much longer than the
configurational relaxation times of the chains to assure
that proper averaging is achieved. These times (for a
single brush) and the duration of the runs, as well as the
maximum extent of the brushes, hex, and their height
from the parabolic fit, !! hpar, for D> D,, are listed in
Table I. Ay is taken to be the distance from the plate at
which the monomer density practically vanishes. These
two measures of the brush height are in general not pro-
portional as the finite length of the chains affects each
differently. Also shown is 3R2/R3, which shows the
amount of stretch induced in the chains. Here R? is the
mean squared end-to-end height of the chains and R§ is
the mean squared end-to-end distance of a free chain of
the same length.

Figure 1(a) shows the monomer number density p(z)
in the region between the two surfaces for three values of
D at p, =0.03 for N=100. Here z is the distance from
one of the plates. We scale this coordinate by D to place
all three curves on the same scale. As D is decreased,
the density increases everywhere and becomes almost
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FIG. 1. (a) Monomer density profile p(z) for polymers of
length N =100 at p, =0.03. (b) The contribution to p(z) from
one of the brushes. (0) D =70, (®) D =50, (A) D =30.
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uniform for D <30. These results resemble that ob-
tained by Muthukumar and Ho’ using a numerical SCF
calculation. At even higher compressions (not shown in
the figure), when this uniform density approaches unity,
we find that the monomers tend to form well-defined lay-
ers a distance o apart. For the moderate compressions
shown, separation of the contribution of each brush,
p1(z), to the overall density reveals [Fig. 1(b)] that the
parabolic profile of each brush is largely conserved.
However, one can also see that as D is decreased, the
number of monomers from each brush found at z > D/2
increases, indicating larger interpenetration. To quantify
the amount of interpenetration at separation D, we
determine (D), given by

/
10)= [ pi @z [ [ p1@dz @

We can use the results of the SCF theory of Milner,
Witten, and Cates® in order to develop a scaling form for
I(D) with N and p,. For a brush compressed to a height
h=D/2 < hpa, the monomer density profile is still a par-
abolic one up to z=h and vanishes abruptly for larger
values of z. The density at A is then given by

3
_| A
1 [hpar] ] ()

Assuming that the bulk of the monomers is at z < & with
an exponentially decaying tail of length & beyond h and
noting that the integration over the whole density profile
of a single brush yields p, N, we find that the amount of
interpenetration can be approximated as I(D)
=g§p(h)/paN. Recently, Witten, Liebler, and Pincus'?
suggested an estimate for & in the context of lamellar
copolymer phases. Their estimate is applicable to our
problem since in both cases the polymers are in identical
configurations. Equating the gain in translational entro-
py as a result of interpenetration with the accompany-
ing penalty of interaction energy, they obtained
5~ (h/N?) ~'3, Using this relation in the estimate for
I(D), we obtain

I(D)N ~3p3~x =431 —x3), (6)

where x =D/2h,,. Figure 2 shows the left-hand side of
this equation as a function of x for all the cases studied.
The data from the four different cases collapse reason-
ably well, as predicted. We also observe that the points
for p, =0.2 start to deviate from this curve first (at the
lowest values of compression), followed by those for
pa=0.1. This can be qualitatively understood by noting
that when the overall monomer density approaches unity,
the density profile is almost uniform and further decrease
of D causes a uniform compression rather than an in-
crease in the interpenetration. The scaling results for
I(D) deviate sooner for higher values of the surface cov-
erage since a smaller compression is needed to reach
such high densities. As such high densities are achieved

palN
p(h) b
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FIG. 2. The interpenetration 1(D) scaled as explained in the
text for the four cases studied. (@) N=100, p,=0.03;
(m) N=50, p,=0.03; (A) N=50, p,=0.1; (0) N=50, p,
=(.2. The full curve shows the functional form predicted in
Eq. (6).

at smaller compressions for increasing surface coverage,
I1(D) curves for those cases saturate first.

At each separation we also calculated the force be-
tween the plates. This is done by calculating the pres-
sure from the virial.!> The force per unit area, (D), be-
tween the two plates is then found by subtracting from
this pressure the pressure at D =D,. We find that this
force relaxes very rapidly; runs of lengths of only a few 7
are sufficient to obtain f(D) quite accurately. In order
to compare our result with recent experiments, which
measure the interaction energy per unit area, we calcu-
lated

D
ED)= [, f(D)dD". Q)

Both scaling arguments® and SCF theory® predict that
this energy should scale as E (D) ~hmaxpZE (D/ 2k max),
with x =3 and %, respectively. The difference origi-
nates from the dependence of the osmotic pressure on the
monomer density in the two theories. The two theories
also predict different scaling functions E(x). We show
in Fig. 3 E(D) scaled as suggested by the scaling theory.
We find that the scaling works much better when we
substitute Ay rather than hps for Amax. The energies
for the two different values of NV at p, =0.03 collapse to
a single curve. The two other cases converge to this
curve only for D/2hex— 1, although all four curves have
the same basic form. The inset in Fig. 3 shows the ex-
perimental results of Taunton ez al.'® from experiments
with terminally attached polystyrene chains of various
molecular weight. The solid line is a smooth curve pass-
ing through our data points for p, =0.03. Since our en-
ergy scale is arbitrary, this line is vertically shifted to lie
on the experimental points for comparison. The overall
agreement between the simulation and the experimental
results is excellent. We emphasize that the fit is
achieved using no adjustable parameters, except the vert-
ical shift due to the arbitrary energy scale of our simula-
tions. The length scale used in the scaling of D is taken
from an independent simulation.
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FIG. 3. The energy per unit area of the interaction between
the plates for all the cases studied. (®) N=100, p,=0.03;
(m) N=50, p,=0.03; (A) N=50, p,=0.1; (0) N=50, p,
=(0.2. Inset: A comparison between the experimental results
of Taunton et al. (Ref. 10) (data points) and our results (full
line obtained by joining our data points for N =100, p, =0.03;
it is vertically shifted by an arbitrary amount). The experi-
mental points include results from measurements with poly-
mers of various molecular weight at corresponding grafting
densities.

As is the case with the experiments,'o our data for
pa=0.03 agree equally well with the scaling functions
predicted by both theories. We expect the agreement to
break down at high compressions when ®, the average
number density of the monomers between the surfaces,
approaches unity. At this limit, the osmotic pressure,
which is the leading contribution to the force, diverges
logarithmically with 1—®, rather than increasing as a
power of @, as predicted by both theories. In Fig. 3 we
indeed see this deviation for p,=0.1 and 0.2 at D/
2hext = 0.6 and 0.8, respectively, as this dense regime is
already reached at these compressions. Such a trend,
however, is not seen in the experiments. Systems with
polymers of various lengths (and consequently at dif-
ferent surface coverages as these two are not varied in-
dependently in the experiments'®) yield profiles which
collapse on the same scaling curve. This difference be-
tween the simulations and the experiments can be ex-
plained by observing that in the experiments the average
monomer number density in the uncompressed system
for all the cases (except possibly those with the lowest
N) is well within the semidilute regime. Densities of or-
der unity are achieved only at the lowest separation
values. Any possible deviation from the theoretical be-
havior would be hidden in the experimental noise. The
predicted deviation from the scaling (or SCF) behavior
could be seen experimentally if one used an anchoring
unit which attaches to the surface with a much higher
sticking energy, which would increase the average densi-
ty. It can easily be shown that if the sticking energy is
akpT, then the average density scales with a at constant

N as a*®. Thus if a is increased by a factor of 3-5, one
should observe these systematic deviations at intermedi-
ate compressions.

In conclusion, we have performed a molecular-
dynamics study of the system of two parallel surfaces
with end-grafted polymers using a simple bead-spring
model for the polymers. We find that the interaction is
purely repulsive and that it sets in as soon as the brushes
touch each other before any interpenetration occurs.
The interaction versus separation profiles agree extreme-
ly well with the experimental curves. We also find that
these profiles for intermediate values of surface coverage
are satisfactorily described by both scaling and SCF
theories if one scales the separation by the maximum ex-
tent of the brushes. We attribute the deviations from the
theoretical behavior at higher surface coverages to the
fact that the resulting monomer density is much higher
than the regime of validity of both theories. We also
monitor the amount of interpenetration in the com-
pressed brushes and show that it can be described by a
simple scaling form.
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