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ABSTRACT: We present a detailed simulation study of an end-grafted polymer brush in a good solvent for
a range of surface coverages. Each polymer chain consists of between 10 and 150 monomers. We find that
the monomer concentration profile aproaches a parabolic form for intermediate values of surface coverage,
in agreement with the self-consistent field calculations of Milner et al. rather than the step-function suggested
by Alexander. We also determine the distribution of the free ends and find that there is no dead zone; that
is, the free end is not excluded from regions near the grafting plane. For higher values of surface coverage,
our results deviate qualitatively from the predictions of Milner et al. The dynamics of the chains is also studied.

I. Introduction

Grafted polymer brushes are formed when an end group
interacts attractively with an otherwise repulsive surface.
Equilibrium properties of such brushes!™ as well as the
force between two surfaces coated with them®7 have been
the subject of several recent studies, both theoretical and
experimental. Here we present some computer simulation
studies of the properties of grafted brushes and compare
our results to recent theoretical predictions.

Under good solvent conditions, polymer chains with one
end attached to a flat surface will be stretched when the
surface coverage, p,, is high enough to allow overlap be-
tween individual chains. Assuming the monomer density
to be constant from the surface up to the maximum brush
height, h*, Alexander! showed that scaling arguments give
h* ~ p,l/3N, where N is the molecular weight. Using a
self-consistent-field (SCF) theory, Milner et al.? calculated
the monomer density analytically and found it to have a
parabolic profile, which vanishes at h,,,, and found that
h e Scales with N and p, in the same way as h*. Their
calculations are valid when the solvent quality is not too
good and the surface density is sufficiently high to induce
stretching, but less than saturation density. Earlier nu-
merical SCF calculations® also showed parabolic density
profiles under appropriate conditions. Another important
result of the SCF approach of Milner et al. is that the free
end of each polymer has a nonzero density everwhere in
the brush; this density starts linearly at the surface and
reaches a maximum at h_,./2'/? before vanishing at h,;.
An extension of the theory to very high (melt) monomer
density leaves the linear behavior near the wall unchanged.
The behavior further away from the surface, however, is
very different; the end density diverges near hp,,. The
theory has also been extended to polymers grafted on
curved surfaces.’

Monte Carlo simulations and SCF calculations on lat-
tices have recently been performed by Cosgrove et al.t to
study the configuration of polymer chains terminally at-
tached to a wall. For intermedite values of surface cov-
erage, they find a density profile similar to that predicted
by Milner et al.2 A significant difference between the two
results is that the profile found by Cosgrove et al. exhibits
a maximum slightly away from the wall, while that of
Milner et al. decays monotonically from the wall. For
higher surface coverages, the Cosgrove et al. profile be-
comes flatter and approaches the step-function profile
assumed by Alexander.!

These studies of end-grafted polymers have been im-
portant in understanding the interaction between two
plates covered with grafted polymers. Detailed experi-
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mental studies of this force as well as the forces between
plates with uniformly absorbed polymers in solution have
been recently performed®’ by using a surface force appa-
ratus.’ Unlike the case of uniformly adsorbed polymers
that show attractive behavior under certain conditions, the
end-grafted polymers always lead to a repulsive force.
They also exhibit no measurable hysteresis phenomena,
suggesting that only relatively fast relaxation processes are
involved and that bridging between the surfaces through
the polymer chains does not occur. The present study on
end-grafted polymers is the first part of a planned exten-
sive study of the interactions between plates on which
polymers have been attached.

In this paper, we present results of molecular dynamics
simulations for a system of polymers of length N in which
one end has been randomly attached to a flat, repulsive
surface at a surface density p,. The system is in good
solvent conditions. In section II we describe the details
of the simulations. Section III gives our results, which
include the equilibrium properties and the relaxation be-
havior. In section IV the equilibrium properties are com-
pared to the earlier theoretical predictions. The relaxation
phenomena are analyzed by a scaling approach. Finally
a short summary is presented in section V.

II. Model and Method

To simulate a grafted polymer brush, we use a molecular
dynamics method in which each monomer is coupled to
a heat bath.!® Each polymer has one end monomer firmly -
anchored at the surface, chosen to be the z = 0 plane. The
equation of motion satisfied by monomer i is given by

dl'i
dzri/dtz = VU, - FE + W,(t) (1)
where T is the bead friction, which acts to couple the
monomers to the heat bath, and W,(t) describes the ran-
dom force of the heat bath acting on each monomer. W;(t)
is a Gaussian white noise with

(Wi(£)W,(t)) = 8,;6(t - t)6kgTT 2

where T is the temperature. By use of the Einstein rela-
tion, this leads to a diffusion coefficient for an isolated
bead Dy = kgT/T. The potential U, has three parts U° +
Ueh + U¥ where

U(r) = 4e[(a /)2 = (a/r)8 + Y] r<r,
=0 r>r, (3

is a shifted, short-range repulsive Lennard-Jones potential,
which vanishes beyond a range r, = 21/6¢ and acts between
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{c) pa0® = 0.2

Figure 1. Typical configurations of a system with 50 polymers of length N = 50 at three surface coverages: (a) p, = 0.03, (b) p, =
0.1, and (c) p, = 0.2. Each polymer is grafted at one end randomly onto the lower surface z = 0. Periodic boundary conditions are

used in the horizontal plane.

any two monomers. The potential U®(r) is an attractive
potential between neighboring monomers along the se-
quence of each chain. The parameters for this potential
are the same as in ref 10. In addition, a purely repulsive
potential, U¥(z) = ¢(0/2)!? + Az + B, was used to represent
the interaction with the wall and to ensure that the mo-
nomers do not cross the grafting surface. A and B were
chosen such that both U¥(z) and its derivative (force)
vanish at z = ¢/2. For z > ¢/2, U¥(z) = 0. The exact form
of U¥(2) is arbitrary; one can in principle use any strongly
repelling potential. The time step was At = 0.0067, where
7 = ¢(m/¢)}/2. Here m is the mass of each monomer and
we take units in which m = 1 and ¢ = 1. Note that At
cannot be mapped directly onto a microscopic time scale,
because a single monomer corresponds to number of real
bonds, which depend on the chemistry. The simulations
were carried out for a reduced temperature kg7'/e¢ = 1.2
and bead friction T' = 0.57°1, The average bond length
between nearest-neighbor beads along the chain was found
to be 0.97¢. The persistence length for a dilute, nongrafted
chain!® was found to be 1.35. Our choice of parameters
for the attractive potential U*®(r) ensures that bonds do
not cut each other.

Using this method, we studied systems of polymers
consisting of N + 1 monomers with N = 10, 20, 50, 100,
and 150 for several values of the surface density p, = M/S,
from 0.01 to 0.2. The number of polymer chains in each
run is M, and the area of the grafting surface is S. Periodic
boundary conditions were used along two directions but
not in the z direction. Two different sets of initial con-
ditions were used to ensure that our final results were
equilibrated. In the first, one end of each polymer was
grafted at a random point on the surface after which N
monomers a distance o apart were added along a straight
line perpendicular to the plane, in a fully stretched con-
figuration. We also started from an initial configuration
in which the N remaining monomers performed a self-
avoiding random walk in the 2 > 0 half-space. In this latter
case, two monomers often overlapped and its was necessary
to run the molecular dynamics simulations for a few
hundred steps with a softer potential, U%(r) ~ (1 + cos
wr/o) for r < ¢ and 0 for r > ¢, to move the monomers so
they were not overlapping before switching on the repulsive
Lennard-Jones potential, eq 3. These starting configura-
tions were then equilibrated over times much longer than
the longest relaxation time of an individual chain. We
found that after equilibration both starting states gave the
same results. Figure 1 shows a typical configuration of a
system of 50 polymers with N = 50 for p, = 0.03, 0.1, and
0.2. The calculated quantities are described in the next
section.

Table I
Mean-Squared Radius of Gyration, (Rg?), the Contribution
from the z-Direction, (Rg,?), the Mean-Squared End-to-End
Distance, (R?), the Mean-Squared Height of the Free Ends,
(R?), and the Average Thickness, (z), for Chains of
Length N at Surface Coverage p,°

M/N  ps T/t (Rs") (Rg?) (RH (RDH (2)

10/10 0.1 1500 3.1 15 28.1 174 26
20/20 0.01 3000 7.4 2.8 61.4 309 8.5
20/20 0.03 3000 7.5 3.3 63.5 356 3.7
20/20 0.1 3000 8.4 5.3 71.8 578 4.5
50/50 0.01 3000 24.9 103 2013 1075 6.4
50/50 0.03 3000 26.8 151 2306 159.6 7.6
50/50 0.1 3000 39.3 312 3853 3346 105
50/50 0.2 6000 57.5 519 596.6 562.0 13.2
25/100 0.03 9000 79.4 528 7272 556.6 13.8
25/150 0.03 30000 150.0 113.0 1400.0 1190.0 20.1

¢ Also shown are the number of chains used in each simulation,
M, and the length of the simulation, T/, after the system was
equilibrated.

II1. Results

In the course of the simulations, a number of quantities
were calculated. The mean-square end-to-end distance is
defined by

(R?) = ((x;p—1; 1)) 4)

where r;; refers to monomer j on polymer i, and j = 0 is
the end-grafted point while j = N is the free end. Here
{...) means both a configuration average as well as an
average over all M chains. The mean-square radius of
gyration of each chain is given by

1 N
(Rg?) = N(E(rﬁ - Tiem)?) (5)

where the sum is over all N monomers of chain j and r; .,
is the center of gravity of chain j. We also measured (RJ,Z)
and (Rg,?), the z-contribution to (R2?) and (Rg?), re-
spectively. Results for these four quantities as well as the
total length of the run are presented in Table I. In ad-
dition, the local monomer density p(z) and the density of
free ends pg(z) as a function of the distance z from the
grafting plane were also determined.

Figure 2 shows the monomer density p(z) for chains of
length 50 for four values of surface coverage. Very close
to the surface, the monomers have short-range positional
order persisting up to about four layers for the highest
surface coverage. Further away the density profile is
smooth and becomes flatter the higher the surface density.
The density profile has a maximum slightly away from the
wall and resembles the profile obtained by Cosgrove et al.4
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Figure 2. Monomer number density, p(z), as a function of the
distance from the grafting surface for chains of length N = 50
for (a) p, = 0.01, (b) p, = 0.03, (¢} p, = 0.1, and (d) p, = 0.2.
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Figure 3. (a) Average thickness (2z) and (b) the z-contribution
to the radius of gyration (Rg,?)%/2 scaled by Np,'/? as a function
of Np,/8. The points correspond to the data shown in Table L

The average thickness of the brush, defined as the first
moment of this density profile

(z) = j:z;)(z) dz/J;wp(z) dz (6

is presented in Table I for all the cases studied.

Both the scaling theory of Alexander! and the SCF
theory of Milner et al.? predict that the height of the
polymer brush will grow with the molecular weight and the
surface coverage as h ~ Np,/3. In order to check the
validity of this scaling, we show in Figure 3 (2)/Np,'/? and
(Rg,2)Y2/Np,1/® as a function of Np,'/2 for all the cases
described in Table I. As Np,1/? increases, each of the scaled
quantities converge to a constant value, indicating that this
is indeed the correct scaling. We note, however, that this
scaling sets in only for Np,!/% 2 15. (R,%)!/2 as well as the
measures of the overall size of the chains ((Rg2)!/? and

Macromolecules, Vol. 22, No. 10, 1989

T

018 - - . ~ o

Pel2)

0.06 1~ ¢ ' .ﬁ? — -

- Il \‘. Il
0.00 0 10 20 30 40

2o

Figure 4. Probability of finding the free end of a chain at a
distance z from the grafting surface, pg(z). (a)—(d) correspond
to the cases described in Figure 2. Each curve is shifted vertically
with respect to the previous one by 0.06.
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Figure 5. {cos 6,) for the nth monomer along a chain, with n
= 0 being the grafted monomer. The four cases are identical with
those characterized in Figure 2.

(R?)1/2) also exhibits similar behavior.

The density of free ends pg(z) is shown in Figure 4 for
the same cases as for Figure 2. This function is normalized
to have unit integral. One sees that pg(2) is nonzero for
all z except for z/c < !/,, which is the range of the re-
pulsive potential of the wall.

The behavior changes qualitatively as a function of p,.
For the lower p,, pg(2) is convex for z < z,, where pg(2)
attains its maximum. For z > 2., pg(2) decays gradually.
At higher surface coverages, pg(z) increases rapidly ap-
proaching z;, and drops off to zero for z > z,,.

In order to characterize the orientation induced by the
grafting, we calculated (cos 6,) where cos 6, = (2, -
2,.1)/(r, - ¥,1)). n = 0is the anchoring point of the chain
and the average is over both the different chains and the
different configurations. This function is shown in Figure
5 for chains of length 50 at four surface coverages.

The relaxation of the brushes was studied by monitoring
the fluctuations in several scalar and vector quantities. We
calculated the autocorrelation functions

C.(t) = ((X(t) = (X)X(0) - (X)))/(X®) - (X)D (1)
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Figure 6. Autocorrelation functions C,(t) for chains of length

N = 50 grafted at a surface density of p, = 0.2 on a semilogarithmic
plo%. Thi! d(iffere?t plots correspond to R (—), Rg, (---), R (-—-),
R, (--), R (----).

Table I1
Average Relaxation Times for the Different
Autocorrelation Functions®

T

N/pa Rg Rg, R R, R
50/0.2 1030 1200 1100 1200 880
50/0.1 445 640 450 620 625
20/0.1 17 39 19 37 58
10/0.1 24 6.2 34 6.0 16
100/0.03 750 1000 850 950 2000
50/0.03 128 270 135 215 350
20/0.03 9.2 18.4 11.3 15.9 49
50/0.01 73 142 85 120 325
20/0.01 8.2 15.8 10.2 13.7 45

2The statistical errors are approximately 20%.

with X being Rg, Rg,, R, R,, and R (end-to-end vector).
Figure 6 shows these autocorrelation functions for N = 50
and p, = 0.2. The scalar quantities have similar but not
identical decays. For all the cases studied, Rg, and R,
decayed more slowly than R and R; however, the relative
differences became smaller for larger N and p,. We cal-
culated an average relaxation time 7, using

r, = j; e, dt ®)

Since a complete decay of C,(t) cannot be measured
exactly, we estimated 7, by calculating the integral of C,(t)
defined as

C.) =C,(t)  t<t
= Cx(to)eto/"ze‘t/": t> tO (9)

That is, for ¢t > t,, we replace C,(t) with a single expo-
nential with a decay time equal to the one we are calcu-
lating. This gives

j; “C,(t) dt
=T T CLt)

Typically we used ¢, such that C,(t;) = 1/e and obtained
an estimate of error in 7, by varying ¢,. In principle, one
can obtain an estimate for the longest relaxation time from
the long-time slope of C,(t). However, it is difficult to
calculate C,(t) accurately for t > 7,. We thus prefer to
use the estimate given by eq 10.

The resulting relaxation times are listed in Table II.
The statistical errors are not indicated but are approxi-
mately 20% for most cases. There may, however, be
systematic errors, especially for p, = 0.1, N = 50 and for

(10)
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Figure 7. Monomer number density, p(2), as a function of the
square of the distance from the grafting surface for chains of length
(a) N = 150, (b) N = 100, (c) N = 50, and (d) N = 20 at a surface
coverage of p, = 0.03. Note that z is scaled by N.

N =100, p, = 0.03, since the estimated relaxation times
for these cases are a significant fraction of the total length
of the simulation.

One can estimate the p, dependence of the relaxation
times for N = 50 chains. The data for p, = 0.03 is con-
sistent with a power law behavior, 7, ~ p,* with A = 1.1,
0.8, 1.1, and 0.9 for X = Rg, Rg,, R, and R,, respectively.
Noting also that the different 7,’s converge as p, increases,
one may conclude that all four power laws have the same
A ~ 1. The relaxation time for X = R shows a behavior
with a completely different exponent. The data are con-
sistent with 7q ~ p,0%.

We also can estimate the N dependence for different
values of surface coverage. For p, = 0.03, relaxation times
for all the scalar quantities behave as 7, ~ N* with X’ =
2.4-2.17. For p, = 0.1, we obtain X’ = 2.9-3.1. For the decay
of vector autocorrelation function, we obtain A" = 2.4-2.6
for both coverages.

IV. Discussion

An important difference between the scaling approach
of Alexander! and the SCF theory of Milner et al.? is the
density profile of the brush. While Alexander assumes a
uniform density profile from the surface up to the maxi-
mum brush height, the SCF approach yields a parabolic
profile of the form

p(2) = py — az? (11)

with py = Cy0,%2 and o = C,N-% The thickness of the
brush is defined then as z = b, for which p(z) = 0, giving
hpax = (po/a)V/2. As our simulations were run for several
values of p, and N, we can explicitly check both the
functional form of the density profile and the dependence
of its parameters on N and p,.

To this end, we plotted the density profiles for all the
cases studied as a function of 22 and identified a linear
regime in the plot. Figure 7 shows this plot for four dif-
ferent chain lengths at a surface coverage of 0.03. 2% is
scaled by the predicted N2 dependence. The theory of
Milner et al. assumes very long chains. This assumption
leads to a well-defined cutoff at z = h,,,. Since this theory
does not account for the short-range order near the wall,
we expect deviations from the parabolic profile both for
small z and near h_,.. There will be further deviations if
the profile is indeed not parabolic. One can see from
Figure 7 that as the chain length increases, the parabolic
fit improves and the width of the round-off zone near h,,
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Table II1
Parameters Obtained from the Parabolic Fits to the
Density Profile, Equation 11, for Different Values of Chain
Length, N, and Surface Coverage, p,°

N Pa NS/GP.I/Z Zoin  Zmax Pma Po/Pum aN?
50 0.2 4.7 26.0 29.0 30.7 2.3 2.5
50 0.1 3.3 180 240 251 1.8 1.6
20 0.1 1.9 5.7 9.7 10.7 14 1.1
10 01 1.3 2.1 4.7 5.7 1.4 0.9

100 0.03 2.8 150 300 339 1.5 1.2
150 0.03 3.5 25,0 45.0 510 1.5 1.4

50 0.03 1.8 80 150 18.0 14 1.0
20 0.03 1.0 36 65 79 1.3 0.8
50 0.01 1.0 50 11.0 138 1.3 0.8
20 0.01 0.6 25 55 7.2 1.0 0.4

% 2min ANd 2,,, are respectively the lower and upper limits of va-
lidity of the parabolic fit. hg,, is the distance from the surface at
which the parabolic fit to the density vanishes. The last two col-
umns should be constants, independent of p, and N, if the density
profile is indeed parabolic. Also shown is N®/5p,1/2, which is pro-
portional to the ratio of the Flory radius to the average distance
between the grafting points.

becomes smaller, We also identified z;, and 2, as the
lower and upper limits of the validity of the parabolic
behavior and found the slope and the intercept with the
vertical axis of the linear fit in this range. The quantities
Rpaxs C1s and Cs, as well as 2, and z,,,,, are presented in
Table III. Also shown is Ns%p,l/ 2, which is proportional
to the ratio of the Flory radius of an individual free chain
to the average distance between the chains.

The estimates for the thickness h_,;, obtained by the
parabolic fit, are 2.1-2.5 times (z) obtained by using the
density profile itself for all the cases. Furthermore C, and
C, are reasonably constant for the cases for which 1 <
N3/5p,1/2 < 3.5. The range of validity of the parabolic fit
is also largest in these cases. The deviations become sig-
nificant for more dilute and denser cases.

The SCF theory of Milner et al.2 also has explicit pre-
dictions for the end density of the chains as a function of
the distance from the wall, pg(z). For the moderately dense
regime, their calculations yield

pe(z) = C3pa 3N22[1 - 22 /By ?1V/? (12a)

For the high-density (melt) regime, the end density is given
by

pe(2) = Cip 2PAN22(1 = 22 /hp, 1712 (12b)

In both regimes the end density starts linearly at z =
0. For the moderate density case, pg(z) reaches its max-
imum value at z = h,./2!/% before vanishing at z = hp,,
with a square-root singularity, while in the melt regime it
has an integrable divergence at 2 = h,,. The singular
behavior in both cases should be rounded by the finite
molecular weight of the chains. The plots in Figure 2
clearly show this qualitative transition in behavior. To
make the comparison with the SCF theory more quanti-
tative, we have calculated the initial slopes of pg(z) and
estimated the constant C; assuming the predicted N and
p. dependence of the slopes. For the cases that the par-
abolic density profile was found to be appropriate, C;
turned out to be in the range 1.3-2.2 with no apparent p,
or N dependence. The position of the maximum of pg(z)
for these cases is indeed hp,,/2"/2, where h,,, is calculated
from the parameters of the parabolic density profile.
There is no way to check the way in which pg(z) vanishes
near z = h,,. because of the rounding off of the singularity
due to the finite length of the chains.

As the surface coverage increases, the resulting pg(z)
curves exhibit a steep increase near z ~ hp,,. An attempt
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to compare this behavior with the divergence predicted by
Milner et al. for the melt case shows that it cannot be
described by a power law. This, however, is not surprising
since the melt limit of Milner et al. is achieved in a dif-
ferent manner than in our simulations. While the former
is done by increasing the attractive interactions between
the monomers, the present simulations achieve this limit
by increasing the surface coverage in good solvent con-
ditions; i.e., the monomer-monomer interactions are always
repulsive. The latter causes the chains to be stretched
beyond the harmonic regime in which the SCF approach
of Milner et al. is valid. This fact is also responsible for
the deviation of the monomer density profile from the
predicted parabolic one for the higher surface coverages.

One can use the SCF theory to predict the local stretch
at the nth monomer starting from the innermost one by
calculating (cos 6,,). For both the moderate density and
melt cases, the prediction is!!

(N - n)n'] 13

2N

with f(p,) = p,!/3 for the moderate density case and f(p,)
« p,"'/3 for the melt. Our simulation results for N = 50
(Figure 5) show different functional behavior for different
values of p,, unlike the SCF result, which predicts that the
surface coverage merely changes the amplitude of a basic
functional form. The reason again is the high local
stretches formed in the good solvent conditions that our
simulations assume. Comparison can be made only at the
relatively unstretched segments near the free end of the
chains. Our results for (cos 6,) vanish linearly at this
region as predicted by SCF. The slope varies with p, and
N as p,'/°N-1, consistent with eq 13.

The relaxation times of the different scalar quantities,
as presented in Table II, seem to converge as the chain
length or the surface coverage increase. For all the cases
studied R, and R, relax more slowly than Rg and R;
however, the ratio between the corresponding times ap-
proaches unity in large N or large p, limits. This is con-
sistent with the other observations that the chains become
elongated and highly stretched in the z-direction, so that
they become quasi-one-dimensional and the contributions
from the z-direction to R and R become dominant. An
estimate for these times can be obtained by using a blob
picture!>!? that was previously used to predict relaxational
behavior in star polymers.!¢

In this simple picture, each chain is composed of N/g
blobs of ¢ monomers each, with a linear dimension § «
ps /2 Inside each blob, the conformation is as in a single
chain in good solvent; i.e., g = £/* « p, /2. As our sim-
ulations exclude hydrodynamic interactions between mo-
nomers through the solvent, the dynamics of each blob can
be described by the Rouse model.1®® Thus each blob has
an intrinsic relaxation time of 75 = £?/ Dy = £2g¢. Here D
« gl is the diffusion constant of a chain of length g ami
¢ is the friction coefficient of the solvent. In the present
simulation, the bead friction T takes the place of the
solvent, and { = T.

Relaxation of a whole chain can be achieved only after
a time 7, in which independent fluctuations in each blob
diffuse through the whole chain. The number of blobs is
N/g « Np,/*. Thus the relaxation time of the whole chain
is given by

g « (N/g)%rg = NP, 1*0/2¢ (14)
(A similar expression appears in the relaxation of a poly-

mer chain restricted to move in a tube!’.) Using v = 3/,
we obtain rg « N2p,"1/8{, This estimate predicts a faster

(cos 8,) = f(p,) sin [
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relaxation for denser systems, in contrast to our results,
which show a roughly linear increase in relaxation time
with the surface density! Even though our simulation may
be argued to be far from the asymptotic limit the blob
picture describes, one would expect the exponent to be of
the same sign.

A possible explanation of this discrepancy is in the ob-
servation that the friction coefficient that appears in the
relaxation time of a blob is not that of the pure solvent
but the one resulting from the collisions with monomers
of other chains as well. In our simulations, the friction
coefficient due to the solvent is set by the bead friction
constant I'. In the present work, I' was chosen to be a
rather small constant, independent of the surface coverage,
in order to reduce the equilibration time, as discussed in
ref 14, As the surface density increases, the number of
collisions between the monomers also increases, resulting
in an increase in the friction coefficient. In most experi-
mental situations, the contributions to the friction coef-
ficient from the solvent molecules and from other mono-
mers are comparable. As the density of the chains in-
creases, their contribution to the friction coefficient in-
creases. This, however, is accompanied by a decrease in
the contribution of the solvent molecules, since their
density decreases. One would therefore expect the two
effects to compensate and recover the scaling given by eq
14. The discrepancy between our results and eq 14 is due
to the fact that friction coefficients from our “continuum”
solvent and from other chain segments are very different.

Our observations indicate that the relaxation times in-

crease with N as 1 ~ N¥ with M’ ~ 2.4-3.1. However, this
observation is based upon only three data points for each
pa- Realizing also that the blob prediction assumes N >>
1, g > 1, we believe that this is in reasonable agreement
with the N? prediction.
_ The autocorrelation function for the end-to-end vector
R should, in principle, show the same relaxation behavior
as the ones for the scalar quantities, since both are dom-
inated by Rouse-like dynamics. We do not expect entan-
glement effects in our simulations since the entanglement
length for a melt of our polymers at a density of po® = 0.85
was found'® to be N, ~ 35. Although the observed p, and
N dependences for this quantity are different than those
for the scalar quantities, they are closer to the predicted
behavior. The differences may have their origins in the
detailed dependence of the friction coefficient upon the
local monomer density.

V. Conclusions

We have performed molecular dynamics simulations of
polymers of different lengths in good solvent conditions
grafted on a flat surface at different values of surfaces
coverage. The average static quantities show the behavior

Grafted Polymer Brush Structure 4059

predicted by both scaling and self-consistent field theories.
For some values of surface coverage and polymer length
the detailed structure of the system is well described by
the SCF theory of Milner et al.2 We have attributed the
discrepancies at the higher densities between the simula-
tions and the SCF theory to the manner in which these
densities are attained. While in our simulations, we ob-
tained the higher densities by increasing the surface cov-
erage, Milner et al. achieved this by modifying the inter-
action between the monomers. The relaxation phenomena
have also been studied. We have found that the depen-
dence of the relaxation times on the polymer length and
the surface coverage is much stronger than predicted by
a simple scaling picture given by eq 14, since the friction
coefficient in our simulations is due mostly to the collision
of a monomer with other monomers and not to the solvent.
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