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D-14476 Golm, Germany

Received October 9, 1999; Revised Manuscript Received November 1, 1999

ABSTRACT: Molecular dynamics simulations and self-consistent field calculations have been used to
study average polymer paths of end-grafted, strongly overlapping polymers in a good solvent. Contrary
to what is usually assumed, and in agreement with earlier classical and self-consistent field results, we
find the end points of average polymer paths which end at a certain distance from the grafting surface
to be stretched. The agreement between simulations and self-consistent calculations clearly demonstrates
that end-point stretching effects, appearing for the experimentally relevant case of finite-length and finitely
stretched polymers, are not suppressed by fluctuations.

I. Introduction

Polymer chains in a good solvent that are terminally
attached to a grafting surface form a strongly stretched
polymer brush at high enough surface coverage. Techni-
cal applications of such brushes range from colloidal
stabilization and lubrication, to surface modification.
Theoretical interest in these systems was spurned when
Zhulina et al.1 and Milner et al.2 found that these
brushes show a parabolic density profile. These calcula-
tions are valid in the infinite-stretching limit (ISL),
which corresponds to the limit of infinitely long poly-
mers. In the ISL calculations, the stretching of the free
polymer ends was assumed to be zero. This is commonly
interpreted as a consequence of the free polymer end
not being subjected to an external force. However,
subsequent calculations performed in the classical ap-
proximation, which relaxed the constraint of infinitely
long polymer chains, found the free ends to be stretched.3
This result was later confirmed by self-consistent field
(SCF) calculations,4 and it was shown that the end-point
tension of individual polymer paths vanishes in the
asymptotic limit of infinite stretching. The initial as-
sumption of vanishing end-point tension in the ISL
calculations is therefore justified (but only in that
asymptotic limit). Nevertheless, the question of the end-
point stretching of anchored polymers of finite length
is clearly of conceptual importance and possibly of
experimental relevance.

During the past decade a large number of experimen-
tal studies have been carried out to check the theoretical
predictions. In particular, the interest was focused on
the scaling of the brush height h and the internal
structure of the brushes. Small-angle neutron scatter-
ing5 and neutron reflectivity6 data were satisfactorily
fitted to parabolic density profiles complemented by,
e.g., an exponential tail. In addition to neutron scatter-
ing and reflectivity experiments, surface force measure-
ments7 have shown good agreement with the predicted
scaling behavior8 h ∼ NFa

1/3, with N being the chain
length or polymerization index and Fa the anchoring
density.

The scaling law and parabolic density profile were
also qualitatively confirmed by (i) direct numerical

solutions of the self-consistent9,10 or classical11 equa-
tions, performed for polymer chains of finite length, and
(ii) computer simulations using both molecular dynam-
ics (MD) and Monte Carlo methods (MC) (see, e.g., ref
12 and references therein). Previous computer simula-
tions, however, did not pay any special attention to the
end-point stretching. The mean path, obtained by
averaging over all polymer paths regardless of their end-
point position, was discussed in a few studies. However,
as seen from SCF calculations4 the end-point stretching
can be actually rather small for the mean path with end
points averaged over, even though it is not small for the
average paths with some fixed end point. Indeed,
simulation results on the average polymer paths ob-
tained by Laradji, Guo, and Zuckermann13 within a
model restricted to quadratic interaction agree quite
well with the ISL predictions, particularly for high
values of N and Fa. On the other hand, in models with
higher order interactions the agreement is less convinc-
ing14 or even poor, particularly for high values of Fa

15

(presumably also due to the relatively short chains used
in the latter simulation study).

In this paper, we compare SCF predictions with MD
results to test whether end-point stretching is obtained
in the presence of fluctuations. We indeed find the MD
behavior in close agreement with the predictions by SCF
methods. This agreement clearly demonstrates that end-
point stretching effects, appearing for the experimen-
tally relevant case of finite-length and finitely stretched
polymers, are not suppressed by fluctuations.The orga-
nization of the paper is as follows: In section II we
present a short summary of the SCF methods and
results. We also present some general arguments show-
ing that polymer end points are in general stretched if
the averaging is only done over a certain subset of all
possible paths. Section III is devoted to a short descrip-
tion of the simulation model and method. In section IV
we discuss simulation results and compare them with
SCF predictions. Finally, we conclude with a suggestion
for an experiment to measure the end-point stretching
in brush systems.

II. Self-Consistent Field Theory

We briefly review the model and the methods used
for the SCF calculation (for a more detailed discussion,
see ref 4). The partition function for M end-grafted
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Gaussian polymers which interact via a quadratic
repulsion of strength w is

where a denotes the Kuhn length, and the local mono-
mer density F(r) is defined by

It is implicitly assumed that all polymer paths rR(s) start
from a planar grafting surface which is impenetrable,
so that they are confined to a half space. The Gaussian
expression for the polymer elasticity is, of course, only
valid for polymers which are not stretched to their
contour length, which, however, does not severely
restrict the applicability of the model.4 More serious is
the restriction in eq 1 to the second virial coefficient.
Higher order terms in the density become important
when the system is near the θ point, and wherever the
monomer density is expected to be large, such as in the
vicinity of the grafting surface. We will discuss this point
in more detail when we compare the SCF results with
the MD results.

The SCF theory can be formally obtained by a saddle-
point approximation, and it amounts to neglecting
correlation effects due to density fluctuations. In the
mean-field limit, there is a single typical length scale
h0 given by

where the anchoring density is defined by Fa ) M/A (the
number of grafted chains per area A). The length scale
h0 corresponds to the scaling prediction for the brush
height.8 To make the discussion more transparent, we
introduce dimensionless coordinates r̃ ) r/h0. After
proper rescaling and normalization, the theory depends
on a single parameter â, defined as

which is proportional to the square of the ratio of the
length scale h0 to the Flory radius of a free Gaussian
polymer R0 ) aN1/2. Note that the simulations discussed
below model polymers in a good solvent. In order to
compare the SCF results with those of the simulations,
we take the intrachain interactions into account in a
more heuristic way by using the free polymer radius RF,
measured from simulations of single reference chains,
instead of the Gaussian R0. The mean-field free energy
per polymer chain is

where φ(z̃) is the normalized density distribution. The
single polymer partition function is

and the polymer density profile is determined by the
self-consistent equation

Numerically, the single polymer partition function is
evaluated by a discretized path integral, and the self-
consistent equation is then solved with some suitable
relaxation algorithm. We point out that we evaluate the
partition function in the continuum limit.4 In Figure 1
we show results for the density profile for three different
values of the stretching parameter â. For increasing â,
the SCF density profiles approach the ISL result (plot-
ted in thick dashed lines). In fact, for â ) 100, the SCF
result is indistinguishable from the ISL prediction. For
moderate stretching, â ) 10, the SCF and ISL results
show pronounced differences; specifically, the SCF
profiles exhibit an exponentially decaying tail.

In order to compare the SCF results with that of the
simulation, let us define an effective stretching param-
eter γ as the relation between the SCF average end-
point height 〈ze〉 ) 〈z(t)1)〉 and that for a noninteracting
Gaussian polymer anchored at an impenetrable wall
〈ze〉0

Note that the effective stretching parameter is also of
experimental interest. The normalized segment prob-
ability amplitude for a noninteracting anchored polymer
can be calculated by the method of images and is given
by4

The average end-point distance for the anchored Gauss-
ian noninteracting polymer is obtained by a weighted
average to give

The dependence of the effective stretching parameter
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Figure 1. Theoretical results for the rescaled monomer
number density, (3/2â)1/2φ ) F/NFa, as a function of the rescaled
distance from the grafting surface z/R0 for â ) 1, 10, 100.
Shown are both the results of the (finite stretching) SCF theory
(solid lines) and those in the infinite-stretching limit (dashed
lines).
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γ, eq 8, on the parameter â, following from the SCF
theory is shown in Figure 2. As can be seen, for
vanishing â the effective stretching parameter γ ap-
proaches unity. The curve in Figure 2 will be later used
as a gauge in order to estimate the value of â that
corresponds to our MD simulations. Also, this curve
allows direct comparison with experimental results,
since it is typically the parameter γ that can be easily
determined in experiments. Of course, the impenetrable
wall by itself has an influence on the statistics of a
Gaussian polymer and in fact stretches it away from
the wall. The mean square end-to-end distance along
a certain direction of a free Gaussian polymer is
〈z2(t)1)〉0,free ) R0

2/3. The mean square separation from
the impenetrable wall is for a Gaussian polymer given
by 〈ze

2〉0 ) 2R0
2/3. For a Gaussian chain, the effect of

the wall is therefore to increase the mean square radius
in the direction perpendicular to the wall by a factor of
2.

In Figure 3 we plot scaled average polymer paths
which end at a certain distance ze from the wall as well
as the mean polymer paths obtained by averaging over
all paths. The values of the stretching parameter â are
those for which the density profiles are shown in Figure
1. To get an idea of their relative weight, we plot the
polymer paths together with the normalized density of
free ends Fe(z) such that ∫0

∞dz Fe(z) ) 1. We observe the
salient feature that paths which end further from the
grafting surface than the average path are stretched
through their entire length, including their end points,
while those paths which end closer to the surface than
the average path bend around such that their free ends
point toward the surface. This feature is more promi-
nent for smaller values of â. It is worth pointing out
that the average path is indeed almost unstretched at
its end.

This result is somewhat puzzling, since one would
normally expect free polymer ends to be unstretched.
To understand the origin of the end-point stretching in
a simple manner, let us consider the behavior of
noninteracting, Gaussian polymers. The normalized
end-point distribution for a Gaussian polymer of length
tN which starts at a position r0 is

In fact, qt(r,r0) is the Green function. The end-point
distribution is normalized to unity, and the mean square

end-to-end distance is correctly given by 〈(rt - r0)2〉 )
tR0

2. The average path for a polymer of length N with
the two end points held fixed at positions r0 and r1 can
be formulated in terms of the Green function as

The integral can be performed straightforwardly, giving

As could be expected, the average path is just a straight
line, and the polymer is on average uniformly stretched,

Figure 2. Effective stretching ratio γ as defined in eq 8 versus
stretching parameter â. SCF results with the dashed line being
a guide to the eyes.

Figure 3. SCF results for average polymer paths which end
at a certain distance ze from the wall (on the left) and for the
end-point distribution (on the right) for â ) 1, 10, 100 (from
top to bottom), i.e., for γ ) 1.1, 1.9, 5.6 (compare Figure 2).
The thick solid lines show the mean paths obtained by
averaging over all end-point positions.

qt(r,r0) ) ( 3
2πtR0

2)3/2
exp[- 3

2
(r - r0)

2/tR0
2] (11)
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including the start and the end point. This simple
exercise shows that one should expect polymers to be
stretched on average if one only looks at polymers with
their end point confined to a certain location, i.e., if one
only considers a subset of all possible polymer paths.
Going back to the brush problem, it is clear that if one
looks only at a subset of polymers which end at a certain
distance away from the wall, they should be stretched
at their end points. That the end-point stretching
changes sign close to the wall is a feature that in fact
already results for noninteracting polymers which are
anchored at an impenetrable wall.4 In the following
section, we show that this interesting feature is con-
served upon addition of fluctuations. This means, in
specific, that the nonvanishing end-point stretching
should be experimentally observable, as we will discuss
in our final section.

III. Simulation Model and Method
We use a polymer molecular dynamics method sug-

gested by Grest and Kremer16 in which all the chain
segments are coupled to a heat bath. This method has
been used before to study various polymer problems,
including polymer brushes.17 Each particle i with mass
m moves according to a Langevin equation

where rbi is the position vector of particle i and the
friction of the particles with the heat bath is denoted
by Γ. Ui is the total potential acting on particle i. The
interaction with the solvent is represented by the
random force WB i(t), which can be taken as a Gaussian
white noise. Due to the fluctuation-dissipation theorem
Γ and WB i are coupled and obey the relation

where kBT is the thermal energy. In our simulation
model the total potential Ui has three terms

where rij is the particle-particle distance rij ) |rbi - rbj|
and zi is the distance of particle i to the grafting surface.
The chains are assumed to be in a good solvent, giving
rise to a repulsive interaction between the monomers
described by a purely repulsive Lennard-Jones potential

where rc is the interaction cutoff, chosen as rc ) 21/6σ.
In addition to the Lennard-Jones repulsion, connected
monomers interact with a finite extensible nonlinear
elastic (FENE) interaction

Following previous simulation studies on grafted chains17

in most of our simulations the parameters are set to k
) 30ε/σ2, rm ) 1.5σ which gives an average bond length

a ≈ 0.97σ. Additionally we make a comparison to data
based on simulations with rather extensible chains
applying a parameter set used in simulations of poly-
mers in solution,18 i.e., k ) 7ε/σ2, rm ) 2σ, which gives
a ≈ 1.1σ. Although in the latter case bond crossing
cannot be neglected in the high-density brush regime,
for average quantities considered in the paper we obtain
rather good agreement provided the average bond
lengths are properly rescaled. To make sure that none
of the particles crosses the hard interface at z ) 0 where
the chains are anchored with one of their end segments,
a purely repulsive wall potential is taken as

where An and Bn are chosen such that both the wall
potential and the force vanish at z ) 0.5σ.17 The exact
form of Uw(z) is arbitrary. One can in principle use any
strongly repelling potential. We use potential (19) with
n ) 6, A6 ) 768, B6 ) -448 and n ) 12, A12 ) 98 304,
B12 ) -53 248.

In the simulation box of volume L × L × Lz there are
M chains each of which consists of N + 1 monomers with
N ) 20, 30, 50. The first monomer of each chain is firmly
attached at a random point to the grafting surface. If
not stated otherwise, the results we report in the paper
were obtained for systems of M ) 50 chains with the
N + 1 monomers bound by the strong FENE potential.
In the case of N ) 50 and strong FENE potential the
mean square end-to-end distance of identical free chains
was found to be RF ≡ 〈(rN - r0)2〉free

1/2 ) 12.55σ. With
soft FENE potential and N ) 20, 30, and 50, we obtain
RF ) 7.52σ, 9.73σ, and 13.46σ, respectively. The box
length L in x- and y-directions was chosen to give
anchoring densities Fa ) M/L2 from 0.02σ-2 to 0.17σ-2.
The box length in the z-direction is set to about
1.5Rmax(N), where Rmax(N) is the contour length of a
chain of N monomers. The simulations were carried out
at a reduced temperature kBT/ε ) 1.2. Furthermore, we
use units in which m ) 1. Setting the length scale by
using the characteristic Kuhn length of a flexible
polymer, we have σ ≈ a ≈ 10 Å. Hence, the anchoring
densities studied by simulations fulfill 2 × 10-4 Å-2 <
Fa < 1.7 × 10-3 Å-2, a range which is quite comparable
to that realized in experimental studies. With a typical
size of a chemical monomer a0 ≈ 2.5 Å, the number of
monomers per Kuhn length becomes n0 ≈ (a/a0)1/ν0 ≈
10, where the roughness of the freely jointed chain is
estimated from the large-q limit of the spherically
averaged structure factor S(q) to be ν0 ≈ 0.6. Thus, the
chemical polymerization index Ñ ) n0 × N is 200 < Ñ
< 500. Referring to, e.g., polystyrene, this corresponds
to a molecular weight 20 000 < Mw < 50 000, a range
which is also in a reasonable agreement with experi-
mental studies.

The equations of motion of the monomers were
numerically integrated using a velocity-Verlet algorithm
with a time step δt, chosen as large as possible, while
keeping the integration stable. We used δt )
0.002τ-0.004τ where the Lennard-Jones time is given
by τ ) σ(m/ε)1/2. Note that the time step δt cannot be
mapped directly onto a microscopic time scale, because
a single monomer in the model corresponds to several
real chemical monomers. The friction coefficient Γ was
set to Γ ) 1.0τ-1. The starting configurations consist of
chains fully stretched perpendicular to the grafting

m
d2rbi

dt2
) -∇B‚Ui - mΓ

drbi

dt
+ WB i(t) (14)

〈Wi(t)‚Wj(t′)〉 ) 6kBTmΓδijδ(t - t′) (15)

Ui ) ∑
j*i

{ULJ(rij) + UFENE(rij)} + Uw(zi) (16)

ULJ(r) ) {4ε[(σr)12
- (σr)6] + ε, if r e rc

0, if r > rc

(17)

UFENE(r) ) {-0.5krm
2 ln[1 - ( r

rm
)2], if r e rm

∞, if r > rm

(18)

Uw(z) ) {ε[(σz)n
+ An

z
σ

+ Bn], if z e 0.5σ

0, if z > 0.5σ
(19)
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surface. After a long equilibration run (typically of the
order 106 time steps), the average monomer profile F(z)
becomes stable and measurement runs were carried out
over a time of typically 1.5 × 104τ.

IV. Results and Discussion
The theoretically predicted scaling law of the brush

height h ∼ NFa
1/3 has been confirmed in several simula-

tions (see, e.g., refs 13, 14, and 17). Provided Fa is above
the critical overlap density Fa* ∼ N-6/5 the brush size,
as measured by the first moment of the monomer
density distribution h ) ∫zF(z) dz/∫F(z) dz, approaches
the predicted scaling form. Figure 4 shows this behavior
in an appropriate scaling plot of the brush height
and the z-component of the radius of gyration RG,z ≡
1/(N + 1)〈∑i)0

N (zi - zcm)2〉1/2, where zcm is the z-coordi-
nate of the center of mass. The horizontal scaling
variable is chosen as N(Faa2)1/3/RF. The scaling argu-
ments presented in section II show that this ratio scales
as N(Faa2)1/3/RF ∼ â1/2. Note that in the simulation model
the Flory radius obeys RF ∼ N3/5. In this way we obtain
a universal crossover point N(Fa*a2)1/3/RF ≈ 1.4. This is
consistent with the estimation NFa

1/3 J 15 given by
Murat and Grest17 for N ) 50. Thus, for the chain length
N ) 50, the case we will discuss primarily in the
following, the asymptotic scaling regime is reached for
higher surface coverages (see Figure 4). Figure 5 shows
the behavior of the reduced monomer density F(z)/NFa
at increasing anchoring density. The stretching of the
chains with increasing surface coverage is evident. In
Figure 6 we plot the effective stretching factor γ(Fa) )
〈ze(Fa)〉/〈ze,single chain〉, i.e., the chain stretching in the
brush compared to that of a single end-grafted chain
(see eq 8), versus the rescaled anchoring density
[N(Faa2)1/3/RF]2 ∼ â. The scaling behavior is reasonable
and quite similar to that predicted by the SCF theory
(see Figure 2). Thus, for the parameter range under
discussion the theoretical stretching parameter â is of
the order 1 < â < 20. We remember that, following
Figure 4, the scaling regime is expected to occur at
N(Fa*a2)1/3/RF J 1.4. Thus, using Figure 6 as a calibra-
tion curve, one can conclude that this regime is likely
to be reached at an effective chain stretching γ J 1.5.

In agreement with the SCF profiles shown in Figure
1, the monomer density decays smoothly to zero at
distances far from the anchoring plane. However,
comparing the shape of the profiles in more detail, there
appears a clear difference. Our simulation results as

well as previous results by Murat and Grest17 show the
presence of a region over which the monomer profiles
become rather flat for anchoring densities Fa J 0.1σ-2.
According to Figure 6 and Figure 2, respectively, this
corresponds to stretching factors γ J 2 or â J 10. On
the other hand, the SCF profiles do not indicate such a
behavior. This discrepancy between results obtained on
the basis of interaction potentials that contain higher
order terms in the virial expansion (like in the simula-
tion model) and results found by means of Hamiltonians
that do not contain such terms (like in the SCF model)
was already pointed out before by Zuckermann and co-
workers.13 The conditional polymer paths 〈zze(n)〉/〈ze〉
with 1 e n e N (N ) 50), i.e., averaging over a subset
of those trajectories which end at a certain distance from
the grafting plane ze < z′ < ze + dze, together with the
corresponding normalized density of free ends Fe(z) are
shown in Figure 7 for three typical anchoring densities
corresponding to stretching factors γ ≈ 1.3, 1.8, and 2.7.
The trajectories are very similar to those predicted by
the SCF theory (see Figure 3). Paths which end far from
the anchoring surface are stretched through their entire
length, including the free end point. The paths which
end farthest from the wall are almost uniformly stretched
and appear almost as a straight line. On the other hand,
paths which end close to the anchoring surface are
nonmonotonic, first moving away from the wall, reach-
ing a maximum, and then turning back toward the
anchoring surface. Except at the maximum separation

Figure 4. Simulation results for the rescaled average mono-
mer height h/N(Faa2)1/3 (a) and z-contribution to the radius of
gyration RG,z/N(Faa2)1/3 (b) versus N(Faa2)1/3/RF (full symbols M
) 50, strong FENE; open symbols M ) 6, weak FENE).

Figure 5. Monomer number density per chain, F(z)/NFa, as a
function of the scaled distance from the grafting surface z/RF.
Simulation results for anchored chains (M ) 50) of length N
) 50 at Faσ2 ) 0.02, 0.04, 0.06, 0.09, and 0.17 (from top to
bottom).

Figure 6. Effective stretching factor γ as a function of the
rescaled anchoring density [N(Faa2)1/3/RF]2. Simulation results
with the dashed line being a guide to the eyes (full symbols M
) 50, strong FENE; open symbols M ) 6, weak FENE).
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from the surface, these paths are stretched everywhere,
including the end point. These results agree qualita-
tively quite well with the SCF theory. However, they
seem to contradict previous numerical SCF results10

which appear to show that the polymer paths are
unstretched at the free end, in apparent agreement with
ISL theory of Milner, Witten, and Cates2 and Zhulina
and co-workers.1 However, we believe that in ref 10 the
average was taken over all polymer paths, regardless

of their end-point position ze. As can be seen from Figure
3 as well as from Figure 7, the stretching, proportional
to (dz/dt) or (dz/dn), respectively, is positive for some
particular paths and negative for others, so that the
average, plotted as thick line in the figures, can be
rather small. Figure 8 shows these average trajectories,
i.e., the scaled mean distance of the nth monomer from
the wall 〈z(n)〉/〈ze〉 obtained after averaging over all end
points, together with SCF results for three different
values of â (see Figure 3) and the ISL prediction

On the one hand, the figure clearly shows that the end-
point stretching of the mean polymer paths actually
vanishes or becomes very small if the average is taken
over all polymer paths. On the other hand, the agree-
ment with both SCF and ISL results is rather poor. In
contradiction to general arguments as well as to previ-
ous simulation results,13 it becomes even worse with
increasing coverage. As pointed out above, this discrep-
ancy is likely to occur due to higher order interactions
being present in our simulation model. Indeed, replot-
ting the mean polymer paths obtained in a very similar
model by Neelov and Binder15 (their Figure 4), one
obtains a behavior showing actually the same tenden-
cies as Figure 8. Note that the average path for â ) 100
is almost not distinguishable from the infinite-stretching
limit. As noted by Johner and Joanny,19 within the
Gaussian classical approximation the end-point stretch-
ing π(ze) is related to the logarithmic derivative of the
end-point distribution by the relation4

In agreement with the ISL theory eq 21 yields vanishing
end-point stretching in the limit â f ∞. To apply the
relation directly to simulation results, it is rewriten in
terms of segment number n and dimensional coordi-
nates z to give

Figure 7. Conditional average height of monomers 〈zze(n)〉/
〈ze〉 for polymer paths which end at a certain distance ze < z′
< ze + dze from the wall as a function of n/N (N ) 50, M ) 50)
(on the left) and the density of free ends Fe versus scaled end-
point position ze/〈ze〉 (on the right). Simulation results with
anchoring densities Faσ2 ) 0.02, 0.06, and 0.17 (from top to
bottom) corresponding to stretching factors γ ≈ 1.3, 1.8, 2.7.
The thick solid lines show the mean paths obtained by
averaging over all end-point positions. The thin dashed lines
correspond to the hypothetical path with maximum end-point
distance at fixed average bond length a ≈ 0.97σ.

Figure 8. Scaled average height of monomers 〈z(n)〉/〈ze〉 as a
function of n/N. Simulation results (symbols) for the same
cases as in Figure 5, SCF results for â ) 1 (dot-dashed), â )
10 (dashed), â ) 100 (doted) (see Figure 3), and ISL prediction
(solid curve) following from eq 20.

〈z(n)〉 ) 〈ze〉 sin nπ
2N

(20)

π(z̃e) ≡ dz̃(t)
dt

|t)1 ) - 1
2â

d ln Fe(z̃e)
dz̃e

(21)

π(ze) ≡ dz(n)
dn |n)N

) -
RF

2

3N
d ln Fe(ze)

dze
(22)
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The vanishing end-point stretching in the ISL limit is
now hidden in the logarithmic derivative of Fe(ze). Figure
9 shows the end-point stretching on the one hand taken
directly from the polymer paths (crosses) and on the
other hand evaluated from the end-point distribution
by means of eq 22 (circles) using the measured mean
square end-to-end distance RF of a free reference chain.
Note that there is no fit parameter in eq 22. As long as
the anchoring density is not too high, the agreement is
quite good. Polymer paths ending more distant from the
anchoring plane than the mean path undergo a positive
end-point stretching while paths ending closer exhibit
a negative one. The disagreement at higher surface
coverages may be due to higher order interactions
becoming important at higher monomer densities. On
the other hand, Figure 9 shows that end-point stretch-
ing becomes very small with increasing anchoring
density for a growing set of trajectories.

V. Conclusions
In this article we confirmed by molecular dynamics

simulations that the end points of grafted polymer
chains are stretched even in the presence of fluctuations,
in agreement with predictions of classical3 and self-
consistent field calculations.4 The end-point stretching
is shown to change its sign with increasing separation
of the free ends from the anchoring surface. Free ends
point toward the wall for small separations while they
point away from the wall for larger end-point distances.
This finding is of clear conceptual importance, since it
shows that these intricate effects exist even in the
presence of density fluctuations. Furthermore, obviously
the model we used for the simulations is a more realistic
polymer model, including the finite extensibility of the
bonds, and a monomer-monomer interaction potential

incorporating the hard-core interaction. Our results
show that the end-point stretching effects, which were
originally predicted for a Gaussian polymer model with
second-virial repulsion, are rather model independent
and also occur for a more realistic polymer model. We
conclude that these effects should also be present in
experimental systems. To measure the end-point stretch-
ing, one would have to attach an orientationally active
group to the terminal monomer of a grafted polymer
chain. A convenient technique to measure the orienta-
tion of this labeled group would be, e.g., second-
harmonic generation.20 A distance-dependent measure-
ment is then possible with an evanescent beam.
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Figure 9. End-point stretching π(ze) as a function of the
scaled distance ze of the end points from the grafting surface
taken (i) directly from the polymer paths shown in Figure 7
(×) and (ii) from the density of free ends Fe(z) by using eq 22
(circles). Simulation results for the same cases as in Figure 5,
i.e., for anchoring densities from Faσ2 ) 0.02 (top) to 0.17
(bottom). Each curve is shifted vertically with respect to the
previous one by 1.
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