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Introduction

In this Note we consider the interaction between an
end-tethered polymer layer and a solid surface which
can adsorb the free end segments of the polymer chains.
Our main motive for studying end-adsorbing polymer
brushes is to gain a better understanding of the interac-
tion between two surfaces in a solution containing end-
adsorbing triblock copolymers. Experiments have been
reported which studied both the interaction between an
end-adsorbed triblock copolymer layer and a bare
surface and the interaction between two such adsorbed
triblock copolymer layers.1 The equilibrium statistical
thermodynamics of the interaction between two ad-
sorbed triblock copolymer layers has been published
previously.2 Johner and Joanny3 have studied the
interaction between a polymer brush and a bare surface
which can adsorb the end segments of the polymer
chains. At the equilibrium separation, they predict the
volume fraction profile to contain two distinct regimes.
Near the grafting surface the profile will be parabolic.
Near the adsorbing surface there will be a region with
constant polymer density, where no free chain ends are
located (“dead zone”). This approach should be valid
for relatively long chain lengths and large grafting
densities. Under those conditions the noninteracting
tethered polymer layer can be described using an
analytic self-consistent field (SCF) theory which predicts
a parabolic concentration profile. However, in experi-
mental systems the conditions will often not be met that
are required in order to have a parabolic concentration
profile. We have used a more general lattice SCF model
to investigate the influence of chain length and grafting
density on the interaction. The predictions of this model
are compared with Johner and Joanny’s results. Fur-
thermore, we briefly consider how the equilibrium
interaction changes when the free end segments can
also adsorb to the grafting surface.

Model

A full description of the lattice SCF model can be
found in the literature. Originally developed by
Scheutjens and Fleer4 to describe homopolymer adsorp-
tion, the theory has been extended to end-grafted
chains5 and adsorbing copolymer chains.6 In this paper,
we investigate the interaction between an end-tethered
BN-1A1 polymer layer and a solid surface in a nonselec-
tive, athermal solvent. The polymer chain consists of
N - 1 (nonadsorbing) B segments and one (adsorbing)
A segment. The solution between both surfaces is
divided intoM parallel layers, which are numbered z )
1, 2, 3, ..., M, starting in the layer adjacent to the
grafting surface. Each layer consists of L lattice sites.
The first B segment of each polymer chain is located in
layer z ) 1. If an A segment is in layer z ) M, it gains
an adsorption energy of øAS/6 (where øAS is the Flory-
Huggins parameter between A segments and surface
molecules; all results presented here were computed

using a simple cubic lattice, which has a coordination
number of 6).

Results and Discussion
In Figure 1A the volume fraction profile of a tethered

layer is shown for N ) 200, σ ) 0.1, andM . H, so that
there is no influence from the adsorbing surface. We
define H as the height of the grafted layer without the
exponential “foot”. The value of H can be calculated
using the “strong-stretching approximation”. This is
done in exactly the same way as described in ref 5. If
the mixing free energy of a polymer brush is described
using a virial expansion retaining terms up to φ3, one
recovers the well-known scaling behavior H ∼ Nσ1/3. In
Figure 1B the free energy of interaction Aint per surface
area is shown as a function of the surface separationM
for øAS ) -60. At a certain separationD the interaction
free energy has a minimum value Amin. The main aim
of this paper is to study the dependence of this equilib-
rium distance D on N, σ, and øAS, as well as the
structure of the polymer layer at the equilibrium
separation. In Figure 1C the volume fraction profiles
of the polymer (B and A segments) and of the A
segments only are given for the equilibrium separation

Figure 1. Volume fraction profile at large separation (A),
interaction free energy curve (B), and volume fraction profiles
of all segments (left ordinate) and of the adsorbing end
segments only (right ordinate) for an end-adsorbing grafted
polymer layer (C); N ) 200, σ ) 0.1, øAS ) -60. In (A), the
solid curve follows from the lattice SCF theory, and the dashed
curve follows from the strong-stretching approximation (see
ref 5).
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M ) D. We will discuss these profiles in more detail
later. In Figure 2 the results are collected for a range
of different (N,σ) combinations.
The data in Figure 2 are all given as a function of

the reduced adsorption parameter ø* ) øAS/6Nσ2/3 (in
the “scaling picture” of a polymer brush, the free energy
per chain µ is proportional to Nσ2/3). The open symbols
in Figure 2 denote the fraction of chains that form
bridges (that is, their end segment is in layer M). The
filled symbols give the value of D/H.
First of all, it appears that by scaling the adsorption

energy by Nσ2/3, most of the D/H values collapse onto a
master curve with a not too large degree of scatter.
However, as a general trend, the value of D/H does
increase when either the grafting density is reduced at
constant chain length or the chain length is decreased
at constant grafting density. This increase can already
clearly be seen for (N ) 100, σ ) 0.05) and becomes very
pronounced for (N ) 100, σ ) 0.01). For these param-
eter sets, one moves out of the regime where the grafted
layer forms a brush with a parabolic concentration
profile. The chains become less strongly stretched and,
what is very important in this context, the volume
fraction profile is largely dominated by the exponential
decay at the periphery of the grafted layer. This “foot”
of the profile extends far further into the solution than
the height H. That is why for (N ) 100, σ ) 0.01), D/H
> 1 over a large range of ø* values. However, for most
systems in Figure 2, D/H > 1 for ø* < 1.5. This
indicates that at low adsorption densities the “foot” of
the profile dominates the interaction even for grafting
densities which are relatively high. This foot is least
important for (N ) 200, σ ) 0.1). For these parameters,
the strong-stretching approximation works very well to
describe the free (noninteracting) grafted layer (see
Figure 1C).5,7 Nevertheless, even in this case, D/H still
becomes larger than unity for low adsorption strengths.
For large adsorption strengths,D/H has a limiting value
of 0.8. Except for the (N ) 100, σ ) 0.05) system, this
limiting value is reached for ø* ≈ 0.6.
The fraction of chains forming bridges shows a similar

behavior as a function of ø* as does D/H. An increase

of D/H at constant ø* is always accompanied by a
decrease of the bridging fraction. Again, for (N ) 100,
σ ) 0.05) the data deviate greatly from those for the
other parameter sets. For large adsorption strengths,
when D/H reaches its limiting value, all chains form
bridges. For low adsorption strengths, the bridging
fraction is zero. The range of ø* values for which this
fraction remains zero is roughly equal to that for which
D/H > 1.
From an experimental point of view, a grafting

density of 0.1 is very large for a polymer with N ) 200.
(This chain length, for example, corresponds to a mo-
lecular weight of 105 for polystyrene, if the diameter of
one segment is taken as the length of a Kuhn segment.)
A grafting density of 0.01 for a chain length of 100
segments (parameters for which ø* must be relatively
very large in order to have appreciable bridging) is still
very realistic for many experimental systems.
The solid curves in Figure 2 show the predictions of

Johner and Joanny for D/H and the bridging fraction
(eqs 4.5, 4.11, and 4.12 in ref 3b) for an excluded volume
parameter equal to unity. For a given adsorption
strength, the numerical results consistently predict a
lower bridging fraction and a larger value for the ratio
D/H. Increasing the grafting density (or the chain
length) at constant ø* leads to a smaller D/H ratio and
a larger bridging fraction. For all parameter sets, the
bridging fraction becomes unity when the adsorption
energy is sufficiently large. The D/H ratios from the
numerical calculations are then still larger than the
value of 0.744 given in ref 3.
In Figure 1C the structure of the polymer layer for

(N ) 100, σ ) 0.1, øAS ) -60) was given at the
equilibrium separation. In this case (which corresponds
to ø* ) 0.23), half the chains form bridges. The volume
fraction profile can indeed be divided into two distinct
regimes, the polymer concentration being nearly con-
stant over a region of 10-15 layers near the adsorbing
surface. Directly adjacent to the adsorbing surface a
depletion zone appears, analogous to the depletion zone
at the grafting surface. The free chain end distribution
has a maximum in layer 39, corresponding to the end
of the parabolic zone in the strong-stretching ap-
proximation. Due to fluctuations which have to be
added to the most probable distribution used in the
strong-stretching approximation, the free chain end
distribution does not abruptly fall off to zero beyond
this maximum but decays smoothly. This causes the
gradual transition from the parabolic to the constant-
density regime (“dead zone”) in the overall volume
fraction profile. According to ref 3, the ratio of the
parabolic and dead zone sizes is 0.3 for a bridging
fraction equal to 1/2.
When the polymer end groups can also adsorb to the

surface onto which the chains are grafted, results
different from those shown in Figure 2 can in general
be expected. However, for low adsorption strengths,
only relatively small deviations occur. This is il-
lustrated in Figure 3. Here the data from Figure 2 for
(N ) 100, σ ) 0.05) are reproduced. Data are added
for the system wherein the end segment can also adsorb
to the grafting surface. For low adsorption strengths,
this extra possibility to adsorb to the grafting surface
has no effect on D and only a very small effect on the
fraction of chains that form bridges. When the adsorp-
tion strength increases, it becomes more likely that an
end segment adsorbs to the grafting surface, thus
forming a loop conformation. The fraction of chains in

Figure 2. Equilibrium separation of the end-adsorbing
tethered layer (D/H) and fraction of chains that form bridges
at this separation distance as a function of the reduced
adsorption strength ø*. The values of N and σ are given in
the legend. The symbols in the legend refer to D/H; all other
symbols refer to the bridging fraction. The solid curves follow
from ref 3.
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such a loop conformation at the equilibrium separation
is also shown in Figure 3. When the adsorption
strength increases further, the fraction of bridging
chains does not become unity, because of these loop
conformations. For large adsorption strengths, D is
slightly larger when the end segments can also adsorb
to the grafting surface. This change in the value of D
is, however, very small.
The values of ø* in Figure 3 do not correspond to the

adsorption energies of adsorbing, symmetric triblock
copolymers. When ø* ) 3.7, only 30% of the end
segments are adsorbed to the grafting surface in the
isolated tethered layer (that is, for M . H). In equi-
librium, a triblock copolymer adsorbs with (a large
majority of) both blocks to the surface. However, this
is only the case for symmetric molecules (when both end
blocks have the same adsorption energy). If one end
block has a larger adsorption energy than the other,
triblock copolymers will form an adsorption layer simi-
lar to the tethered layers of Figure 3. The larger the
asymmetry of the polymer, the smaller ø* will be.
Finally, we study the dependence of the interaction

free energy minimum Amin (see Figure 1) on N, σ, and
ø*. Johner and Joanny3 argued that the corresponding
force divided by Nσ/H is a unique function of M/H,
independent of N and σ. This implies that Amin/Nσ5/3 is
a unique function of ø*. The validity of this scaling
relationship is explored in Figure 4. Most of the data
indeed collapse onto a master curve within a relatively
small range of scatter. For (N ) 100, σ ) 0.01) the
scaled free energy values are far smaller than for the

other parameter sets. This is not surprising as for this
system the fraction of chains forming bridges is also far
smaller. For a given value of ø*, the scaled free energy
is always largest for (N ) 200, σ ) 0.1), as is the fraction
of bridging chains. For low values of ø*, when the
fraction of bridges is (approximately) zero, the interac-
tion free energy also approaches zero. These trends are
understandable, as the attractive component of the
interaction curve is due to the adsorption energy of the
end segments. A practical consequence is that a small
adsorbing end group added to a polymer brush will not
destroy the stabilizing properties of such a system. At
low grafting densities the scaled adsorption energy may
even become relatively large, without a significant
attraction occurring.
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Figure 3. D/H and fraction of chains that form bridges for
(N ) 100, σ ) 0.05). The circles and symbols × give D/H for
the cases that the end segments can and cannot also adsorb
to the grafting surface. The squares and symbols + give the
bridging fraction for the cases that the end segments can and
cannot also adsorb to the grafting surface. The triangles give
the fraction of chains in loop conformations when the end
segments can adsorb to the grafting surface.

Figure 4. Scaled values of the minimum in the free energy
of interaction curve as a function of ø*. The values of N and
σ are indicated in the figure.
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