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ABSTRACT: Density functional theory is used to study polymer solutions between surfaces in equilibrium
with a bulk solution. We investigate the effect on the surface interaction free energy of having star
polymers with different numbers of arms. In addition, we consider the role played by the strength of the
adsorption potential and the concentration of the polymer molecules. The interaction free energy is found
to scale quite well with the number of arms on the stars, and the separation dependence of the interaction
scales approximately with the radius of gyration. When the adsorption potential is weak, the polymer
molecules are depleted. A free energy barrier is nevertheless presentsa phenomenon often referred to as
depletion stabilization. The barrier scales with the number of arms on the star polymers.

1. Introduction

The stability of colloidal suspensions is often con-
trolled by the addition of polymer. Both experimental1-7

and theoretical8-21 investigations have studied the
effects of polymer on surface forces between particles.
In addition, computer simulations of polymers between
surfaces have enriched our understanding of these
systems. Surface interactions have been been investi-
gated by us recently using density functional theory.22-24

Here we will use density functional theory to study the
effect on surface interactions of having star-shaped
polymer molecules in the solution. Other theoretical
studies have investigated the behavior of star polymers
at surfaces.25-34 This includes some early simulation
work.

In this article we will focus on the case of attractive
surfaces. Polymer molecules will adsorb onto attractive
surfaces to form layers. These will usually impart a
repulsive barrier to surface aggregation due to the
overlapping of the adsorbed layers as the surfaces
approach. However, polymers are also able to bridge
between surfaces, giving an attractive contribution to
the interaction between the surfaces. The overall be-
havior of the surface free energy depends on the sum of
these effects. Underlying these factors are even more
subtle effects, which depend on both the size and
geometry of the polymer molecules involved. For ex-
ample, surfaces restrict the number of configurations
that polymer molecules are able to exhibit. The resulting
loss in configurational entropy will make the environ-
ment at surfaces less favorable to polymer molecules
and counters the action of the surface attraction. The
strength of the depletion effect will depend on the degree
of polymerization of the polymer molecules and, in the
case of star polymers, on the number of arms.

In many theoretical treatments of polymer solutions,
the solvent enters the description implicitly. This model
is appealingly simple. Nevertheless, in many circum-
stances this may be a poor description of a system where
the major constituent is the solvent. For example,

fundamental thermodynamic phenomena, such as tran-
sitions between binary phases, which may be induced
by the surfaces, cannot be described by an implicit
solvent model. In this work, we will use an explicit
solvent model within the density functional theory
framework.

Several different versions of density functional theory
for polymeric systems have been proposed in the
literature,35-40 with subsequent further develop-
ments.41-45 An important aspect of these latter theories
is that they contain a nonlocal treatment of excluded-
volume effects. This nonlocality, which was originally
introduced by Nordholm and co-workers in the general-
ized van der Waals theory of simple fluids,46 admits an
accurate description of packing effects. The polymer
density functional theory of Woodward37 has the same
structure as the generalized van der Waals theories, i.e.,
an equation of state enters the theory explicitly. Con-
nectivity is properly included in the sense that for ideal
chains the theory is exact. Even with a very simple
equation of state, the theory is able to predict structural
properties and surface forces for athermal polymer
melts and solutions, with surprisingly high accu-
racy.17,37,47,48 Woodward and Yethiraj43 improved the
functional by adopting the generalized Flory-Dimer
(GFD) equation of state,49-51 which has been shown to
be to be very accurate when compared with simulations
of short athermal polymers.50,52 In this study, we will
employ a recently developed functional,22 which was
derived from an equation of state by Wichert et al.53

1.1. Polymer Solution Model and Density Func-
tional Theory. We shall give a brief outline of the
density functional theory here. A more detailed descrip-
tion can be found elsewhere.22,54

Our model consists of polymer molecules, each with
r monomers, and solvent. Both solvent particles and
monomers are hard spheres with the same diameter,
σ, though the theory is able to treat differently sized
particles as well. That is, the polymer molecules are
immersed in a good solvent. In the case of star-shaped
polymers, the polymer molecule consists of a central
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monomer with f arms attached, all of equal length, i.e.,
r ) mf + 1, where m is the number of monomers in a
single arm. The configuration of a polymer molecule is
represented as R ) (r1, ..., rr), where ri is the coordinate
of monomer i. The total bonding potential is given by
Vb(R). This potential defines the architecture of the
polymer chains, i.e., linear or star-shaped. For the case
of linear polymer molecules, the bonding potential has
the form

where δ(x) is the Dirac delta function and â is the
inverse thermal energy. The generalization of the above
function to create star-shaped architectures is ac-
complished by simply defining the required connectivi-
ties between monomers via the delta functions.

The multipoint polymer density distribution is de-
noted by by N(R), i.e., N(R) dR is the number of polymer
molecules having configurations between R and R + dR.
For a fluid of ideal chains, the exact expression for the
free energy functional, F p

id, is37

where Vm
ext(R) is an external potential, which acts on

the monomers. The total free energy will contain ideal
terms from the solvent as well as excess contributions
due to hard-sphere interactions between the fluid
particles. A general expression for the grand potential,
Ω, can be written as37

where µp and µs are the polymer and solvent chemical
potentials, respectively. In this expression we have
written the interaction with the external potential in
terms of the monomer and solvent particle densities,
which are denoted by ns(r) and nm(r), respectively.
F ex[njm(r), njs(r)] is the excess free energy. Forsman et
al.22 have derived an expression for this functional by
integrating an equation of state developed by Wichert
et al.53 Since monomers and solvent particles have equal
size, the coarse-grained densities, njm(r) and njs(r), have
a particularly simple form:

This nonlocal formulation for the excluded-volume
contribution is able to describe nonuniform fluid struc-
tures with reasonable accuracy.46 The density functional
theory does not include intramolecular correlations,
apart from the bare bonding constraints between the
monomers.

In this work we shall study polymer solutions con-
fined by parallel, flat surfaces separated by a distance
h. The planar symmetry simplifies the expressions for
the density functional significantly as we need only
consider functions which vary in the z-coordinate (per-

pendicular to the surfaces). The total external potential
due to the surfaces is given by the general relation

It acts equally on monomers and solvent particles; i.e.,
we do not consider cases of preferential adsorption in
this study. The contribution from each wall is

where A is a parameter that regulates the strength of
the potential. It acts on an exponentially decaying
reference potential, given by

The function wL-J(z) is the usual Lennard-Jones inter-
action.

This choice of potential makes our results directly
comparable to those in a previous study on similar
systems.23 In this work, the value of the decay length τ
is fixed to be τ/σ ) 1, giving rise to a short-ranged
surface interaction. Aref is chosen such that the net
adsorption of an ideal fluid at a wall with surface
potential wref is identical to the net ideal adsorption with
a surface potential wL-J. Specifically, with τ/σ ) 1, this
constraint leads to Aref ≈ 2.7057.

1.2. Numerical Solution. The equilibrium monomer
and solvent density profiles are obtained by minimizing
the free energy functional. For example, one obtains the
following expression for the equilibrium monomer den-
sity profile for a linear polymer:

where

and Θ(x) is a step function

The solution to eq 9 can be obtained by using a Picard
iteration scheme.37 This can be efficiently achieved via
repeated matrix-vector multiplications, the vector di-
mension set by the number of grid points used to
partition the z-coordinate.55,56 We used a relatively fine
grid spacing of δz ) 0.01σ, which gave more than
sufficient precision.

We denote the minimized free energy as Ωeq. From
this quantity, we can obtain the net solvation free
energy per unit area, gs:

where Pb is the bulk pressure and S is the surface area.

e-âVb(R) ∝ ∏
i)1

r-1

δ(|ri+1 - ri| - σm) (1)

âF p
id[N(R)] ) ∫N(R)(ln[N(R)] - 1) dR +

â∫N(R)(Vb(R) + Vm
ext(R)) dR (2)

âΩ[N(R),ns(r)] ) âF p
id[N(R)] + ∫ns(r)(ln[ns(r)] -

1) dr + âF ex(njm(r), njs(r)] + ∫â(Vm
ext(r) -

µp)nm(r) dr + ∫â(Vs
ext(r) - µs)ns(r) dr (3)

njR(r) ) 3
4πσ3∫|r-r′|<σ

nR(r′) dr′ (4)

Vext(z) ) w(z) + w(h - z) (5)

w(z) ) Awref(z) (6)

wref(z) ) Arefe-z/τwL-J(z) (7)

âwL-J(z) ) 2π[ 2
45(σz)9

- 1
3(σz)3] (8)

nm(z) ) eâµp∑
k)1

r ∫0

h
δ(z - zk)∏

i)1

r-1

Θ(|∆zi| -

σ)∏
j)1

r

e-λ(zj) dz1...dzr (9)

λi(z) ) ∂âF ex

∂nm(zi)
+ â Vext(z) (10)

Θ(x) ) {1 x e 0
0 x > 0 (11)

gs ) Ωeq/S + Pbh (12)
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gs will approach twice the interfacial tension of the fluid
at a single wall. The interaction free energy between
the surfaces was obtained by subtracting these surface
tension terms, i.e.

In our calculations, gs(h)∞) was reliably estimated at
h/σ ≈ 50.

The net solvation pressure, Ps, can be obtained as the
following derivative

or via the virial expression

where R ) m, s represent monomers and solvent
particles, respectively. When attempting to determine
the physical mechanisms, which account for the interac-
tions between the surfaces, it is useful to decompose the
solvation pressure into the various contributions that
act across the plane midway between the surfaces (z )
h/2).57 These are the following:

• An entropic contribution, Pen, simply given by the
total particle density at the midplane

This term is repulsive and is due to the confinement of
the fluid particles in the region between the surfaces.

• A repulsive contribution, Pcoll, which is due to
collisions between particles on either side of the mid-
plane. This term is due to the nonlocal interactions
between hard spheres and can be obtained from the
excess part of the free energy. We begin by writing the
excess free energy in the following very general form

Using this expression, we obtain

where

is the coarse-graining kernel.
• An attractive contribution, Pacr, due to particles on

one-half of the midplane interacting with the wall on
the other side

• An attractive contribution, Pbridge, due to monomer-

monomer bonds bridging across the midplane. For linear
polymers, this has the form

where N(z1, z2, ..., zr), is the reduced r-point polymer
distribution, obtained by integrating over the x-y plane.
For star polymers, the expression above is generalized
to include all distinct bonded pairs. Bridging attractions
arise from polymer molecules that stretch between both
surfaces, literally drawing them together. The attraction
can be thought of as being due to the loss of configura-
tional entropy that occurs as polymer molecules, ad-
sorbed to both surfaces, are uncoiled when the surfaces
are moved apart.

These contributions add to give the total solvation
pressure, i.e.

where Pb is the bulk pressure.

2. Results
In these calculations, the bulk pressure was fixed at

âPbσ3 ) 1.690 382. This resulted in a bulk solution with
a liquidlike density; i.e., the total volume fraction was
about 0.26-0.28. It is well-known that oscillatory
behavior will be observed in the interaction free energy
between surfaces which contain a dense fluid. In the
calculations presented below, the polymer concentration
is so low that oscillatory forces would be due mainly to
the structuring of solvent molecules at the surfaces.
However, in the presence of long polymer molecules,
nontrivial behavior in the surface free energy occurs at
separations much greater than those where structuring
would manifest itself in the free energy. At these
separations, the interaction free energy is determined
mainly by the behavior of the polymer molecules.
Nevertheless, as we have seen in earlier work,22,23 the
presence of a solvent can still have a noticeable effect
on surface interactions, even at large separations. This
is due to the influence that solvent molecules have on
the interaction between polymer molecules and surfaces.
Despite the fact that solvent and monomer particles
have similar interactions with the surfaces, polymer
molecules are preferentially adsorbed at larger surface
potentials due to the cooperative adsorption of bonded
monomers. Another way of viewing this is that the
bonded monomers in a polymer molecule suffer a
smaller loss in entropy when they adsorb onto surfaces
compared with solvent particles. This is because the
latter have full translational freedom. However, polymer
adsorption is modified by solvent structure at the
surfaces, induced by nonlocal hard core effects, as well
as the loss of configurational entropy suffered by
polymer molecules close to the surfaces.

2.1. Effects of Degree of Polymerization and
Number of Arms. In this section we compare the
surface interaction free energy, ∆gs, for polymer solu-
tions containing linear and star polymer molecules. The
number of arms on the stars and degree of polymeri-
zation were varied, using combinations of r ) 145, 289,
577 and f ) 2, 4, 6, 8. In all cases, the bulk monomer
concentration was fixed at Fm

b σ3 ) 0.01. We chose a

âPbr ) -2∑
i)1

r-1∫0

h/2
dzi∫h/2

h
dzi+1∫0

h ∏
k*i,i+1

dzk N(z1, z2, ..., zr) δ(zi+1 - zi - σm) (21)

Ps ) Pen + Pcoll + Pacr + Pbridge - Pb (22)

∆gs ) gs - gs(h)∞) (13)

Ps ) -
∂gs

∂h
(14)

Ps ) -∫0

h∑
R

nR(z)
∂w(h - z)

∂h
dz - Pb (15)

âPen ) nm(h/2) + ns(h/2) (16)

âF ex ) ∑
R
∫0

h
nR(z) aR

ex(z) dz (17)

âPcoll ) -∑
R
∑

â
∫max(0,h/2-σ)

h/2 ∫h/2

min(z+σ,h)
nR(z)

nâ(z′)
∂K(z′ - z)

∂z′ {∂aR
ex(z)

∂njâ(z)
+

∂aâ
ex(z′)

∂njR(z′)} dz dz′ (18)

K(z′ - z) ) 3
4σ3

(σ2 - (z - z′)2) (19)

Pacr ) -∑
R
∫0

h/2
nR(z)

∂wR(h - z)

∂z
dz (20)
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surface potential strength of A ) 2.0 (see eq 6), which
gives rise to a significant amount of surface adsorption
by polymer molecules. This is illustrated in Figure 1,
which shows the monomer and solvent density profiles
for the case r ) 577 and f ) 2. Significant structuring
adjacent to the surface is evident, reflecting the strong
adsorption potential as well as hard-sphere packing
effects. Very similar density profiles are obtained for
star polymers with different numbers of arms.

The results for the interaction free energy are given
in Figure 2. There is a similar qualitative shape for the
free energy curves for all the parameters. That is, the
surface interaction is attractive at short separations,
repulsive at intermediate separations, and very weakly
attractive at long range. The most noticeable feature is
the presence of a free energy barrier at a separation,
and with a height, determined by the degree of polym-
erization and number of arms of the polymer molecules.
To understand the mechanisms that underlie the be-
havior of the free energy, it is useful to consider the
various contributions to its derivative, the solvation
pressure, as described above.

Typical behavior for these contributions is illustrated
in Figure 3, which shows the net pressure components
for a solution of linear polymers with r ) 577. At short
surface separations, polymer bridging dominates the
free energy, with Pac also becoming more important as
the separation decreases. At intermediate separations,
the repulsive collision and entropic terms become rela-
tively more significant and a free energy barrier builds.
However, as the separation increases further, the net
pressure components change sign, giving rise to a
weakly attractive interaction well beyond the barrier.
This change in sign of the pressure components is due
to a decrease in the density of polymer molecules at the
midplane. This occurs at a separation large enough to
hinder bridging by adsorbed polymer molecules but
small enough so that molecules from the bulk are not
easily able to fill in the resulting density hole around
the center of the pore.

The main variation for the interaction free energy for
the systems shown in Figure 2 is the separation at
which the free energy barrier occurs and the height of
the barrier. The position of the barrier depends on the
extent that surface adsorbed polymer molecules are able
to protrude out into the solution. Increasing the degree
of polymerization, r, of the polymers will increase the
average coil size. Thus, the barrier occurs at larger
separation for longer polymers. However, increasing the
number of arms, f, of star polymers (for a fixed degree
of polymerization) decreases the size of the polymer coil,
and the free energy barrier will occur at smaller
separations.

The barrier height is also affected by r and f, though
it appears that it is the number of arms, f, which has
the largest influence. The entropic, collision, and bridg-
ing contributions to the pressure depend on the density
of monomers around the midplane. We expect that
density would depend approximately linearly with the
number of arms. We attempted to quantify the depen-
dence of the interaction free energy on f and r by
attempting an approximate, empirical scaling the free
energy using these variables. We anticipated that the
free energy would scale roughly linearly with the
number of arms and that its separation dependence
should scale with the size of the loops that an adsorbed
polymer molecule projects into the solution. An ap-

Figure 1. Monomer and solvent reduced density profiles as
a function of distance from one surface, when the separation
is h/σ ) 50. Densities are in units of σ-3. The dotted curve is
the monomer density profile. We show the case of a linear
polymer, f ) 2, with r ) 577. The bulk monomer density is
fixed at Fm

b σ3 ) 0.01, and the surface interaction is A ) 2.0.

Figure 2. Interaction free energy as a function of separation.
The legend indicates the type of polymer molecule in solution
with the nomenclature (r: f), where r is the degree of polym-
erization and f is the number of arms. The bulk monomer
density is fixed at Fm

b σ3 ) 0.01, and the surface interaction is
A ) 2.0 for all cases.

Figure 3. Components of the solvation pressure Ps, as
described in the text, for the solution of linear polymers, r )
577, described in Figure 1. In all cases, the bulk value for each
component has been extracted to give the net component value.
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proximate measure for the latter is provided by the
mean-square radius of gyration for a star polymer in a
θ solvent, which is exactly given by

Relevant examples of Rg for specific choices of r and f
are given in Table 1. Using this expression, we applied
the following scaling to the data in Figure 2, ∆gs f ∆gs/f
and h f h/x〈Rg

2〉. The results are given in Figure 4.
The magnitude of the free energy does seem to scale
reasonably well with the number of arms. Note that we
have treated the linear polymer as f ) 2, rather than f
) 1, as this preserves the rough scaling of the monomer
density discussed above. On the other hand, though
scaling distances with the radius of gyration has caused
the free energy curves to have similar shapes, they
appear to be grouped according to the degree of polym-
erization of the polymer. The polymers with the higher
degree of polymerization display the free energy barrier
at shorter scaled separations. The variation in the
position of the free energy barrier is most likely related
to the extent to which polymer molecules are flattened
by the attractive potential of the surfaces. This flatten-
ing appears to be greater for polymers with a larger
degree of polymerization. Clearly, this effect will not be
present in our simple approximation for Rg.

We should note that the scaling relations, proposed
here for the free energy, are only empirical in nature,
and we make no attempt to rigorously justify our result.
Furthermore, we have used only an approximate mea-
sure for the polymer radius of gyration, which ignores
both surface effects and monomer-monomer repulsions.

2.2. Effect of Surface Potential. In Figure 5, we
show the effect on the interaction free energy of varying

Figure 5. Interaction free energies for various values of the
surface potential strength parameter, A. The polymers are
linear with r ) 577. The bulk monomer density is fixed at
Fm

b σ3 ) 0.01. (a) Linear polymers, (b) 4-armed stars, (c)
6-armed stars, and (d) 8-armed stars.

Figure 4. Scaled interaction free energies for the systems
described in Figure 1. The free energy is scaled by the number
of arms of the polymer molecule, f, and the separation is scaled
by the root-mean-square radius of gyration, 〈Rg〉.

Table 1. Radius of Gyration, Rg, for Various Choices of
Polymer Length, r, and Number of Arms, f, As Calculated

by Eq 23

r f Rg/σ r f Rg/σ

145 2 4.92 577 4 7.75
289 2 6.94 577 6 6.54
289 4 5.49 577 8 5.75
577 2 9.81

〈Rg
2〉 ) (3f - 2

f 2 )r
6

(23)
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the potential strength, A, acting on the longest polymer
(r ) 577). As the surface strength increases, the free
energy barrier increases in height and occurs at a
smaller separation. This is due to the higher concentra-
tion of adsorbed polymers, giving larger steric and
entropic repulsions. In addition, the bridging interac-
tions become stronger. However, more attractive sur-
faces also cause the polymer molecules to adopt flatter
configurations on the surfaces. This has the effect of
decreasing the separation at which the bridging attrac-
tion becomes important.

It is interesting to note that, at the weakest surface
potential, A ) 0.5, the interaction free energy is
predominantly attractive, with only very weak repulsive
barriers present. The interaction mechanisms in this
system are completely different to those where the
surface potential is larger. At A ) 0.5, the surface
attraction is not strong enough to maintain a positive
adsorption of polymer molecules, and they become
depleted as the surfaces approach one another. This
effect is clearly illustrated in Figure 6, which gives the
various pressure components as a function of surface
separation for 8-armed stars, with r ) 577. We chose
this system, as it displays the largest free energy
barrier. Here we see that the components Pen and Pcoll
decrease with surface separation, indicating that poly-
mer molecules are depleted from the region between the
surfaces. Interestingly, there is some oscillatory struc-
ture in these contributions due to hard-sphere packing
effects. However, the sum of the entropic and collision
contributions is a smooth function, which is monotoni-
cally increasing with separation. The depletion effect
on these components of the pressure is responsible for
the attraction at short separations. On the other hand,
the bridging component increases with decreasing sepa-
ration. That is, bridging gives a net repulsive contribu-
tion to the surface interactions, which is completely
opposite to the behavior we see between more attractive
surfaces. Furthermore, the bridging contribution is
sufficiently large at intermediate separations to mani-
fest a free energy barrier. The bridging contribution is
more repulsive than would be the case if molecules were
simply being removed from the pore created by the
surfaces. This suggests that the molecules that remain
in the pore contract because of the restrictive environ-

ment, leading to a more repulsive bridging contribution.
This provides a mechanism for depletion stabilization.
In general, our results indicate that the greater the
number of arms on the star polymers, the greater is the
depletion stabilization barrier. This is supported by a
plot of the scaled free energies, Figure 7, which shows
that the star polymers appear to satisfy the empirical
scaling relationship described in the previous section.
However, the linear polymers seem not to follow the
universal function.

Measurements of depletion stabilization in polymer
solutions, which display some degree of polymer ag-
gregation, have suggested that the repulsive barrier
increases with the amount of aggregation.5,6 This is
consistent with our results if we were to assume that
aggregated polymers behave similarly to star polymers.

2.3. Bulk Density. The bulk solution determines the
chemical potential of the interstitial fluid. The results
in this section were obtained by varying the polymer
concentration in the bulk, while the solvent density was
adjusted so as to keep the pressure of the bulk solution
constant at âPbσ3 ) 1.690 382. Increasing the density
of polymer molecules, while maintaining the bulk pres-
sure, means that the overall density of the solution will
usually have to increase. This is because polymer
molecules exclude less volume in the fluid than a
collection of solvent particles with the same molecular
volume.37

We consider star polymers with r ) 577 and f ) 2, 4,
6, 8. The surface interaction is fixed at A ) 1.0. The
effect of changing the bulk polymer concentration on the
interaction free energies for is shown in Figure 8. As
the density is increased, the free energy barrier occurs
at a smaller separation. The height of the barrier is a
nonmonotonic function of the polymer concentration and
is largest at Fm

b σ3 ) 0.01. This result can be understood
as follows. At low polymer density, not many polymer
molecules are adsorbed, and the repulsive steric and
entropic contributions are small. Instead, the bridging
term will dominate the free energy, giving rise to a small
barrier at large surface separation. At larger polymer
density, the greater number of polymer molecules, as
well as an increase in packing effects (due to the higher
overall fluid density), leads to stronger polymer adsorp-
tion. However, the adsorbed polymer chains lie flatter

Figure 6. Components of the net solvation pressure as a
function of separation for 8-armed stars with r ) 577. As in
Figure 2, the bulk values have been subtracted from each
component. The surface potential strength is given by A ) 0.5,
and the bulk monomer density is Fm

b σ3 ) 0.01.

Figure 7. Scaled interaction free energies as described in
Figure 3. The legend uses the nomenclature (r: f), where r is
the degree of polymerization and f is the number of arms. The
surface potential strength is given by A ) 0.5, and the bulk
monomer density is Fm

b σ3 ) 0.01.
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on the surfaces. This means that the net collision and
entropic contributions to the free energy are larger but
will be of shorter range. This is illustrated in Figure 9,
which gives the pressure components at the highest and
lowest polymer concentrations for 4-armed stars. The
bridging interactions are also seen to be of shorter range
at the higher concentration. The net result is a free
energy barrier that moves to smaller surface separa-
tions, while the sum of the repulsive and attractive
forces may actually decrease the barrier height. The
scaled free energies are given in Figure 10. Though it
is not perfect, the scaling relationship is a useful guide
to the behavior of the interaction free energy.

3. Conclusion
In this article we have used density functional theory

to investigate the interaction between surfaces im-
mersed in dilute polymer solutions. In particular, we
have compared linear and star-shaped polymers in
solution and their influence on the free energy of
interaction between the surfaces. Polymer molecules
will display positive adsorption at surfaces that are
sufficiently attractive. As the surfaces are brought
together, the interaction between the adsorbed layers
will give rise to a repulsive barrier in the interaction
free energy. At even closer separation, bridging interac-
tions will dominate, giving rise to attractions between
the surfaces. Interestingly, for star polymers, the mag-
nitude of the free energy barrier appears to scale with
the number of arms. Furthermore, scaling the separa-
tion dependence of the interaction free energy with the
radius of gyration of the polymer molecule (under Θ
conditions) gives rise to interaction curves with similar
shapes, though the position of the barrier depends on
the degree of polymerization. Polymers with a larger

Figure 8. Interaction free energies for various values of the
bulk monomer density. The potential strength is given by A
) 1.0 and r ) 577. (a) Linear polymers, (b) 4-armed stars, and
(c) 6-armed stars.

Figure 9. Net components of the solvation pressure for the
highest and lowest bulk monomer densities, Fm

b σ3 ) 0.1 and
0.001, for four-armed stars with r ) 577. In both cases, the
surface potential strength is A ) 1.0, and the bulk pressure is
âPbσ3 ) 1.690 382.

Figure 10. Scaled interaction free energies as described in
Figure 3. The legend uses the nomenclature (r: f), where r is
the degree of polymerization and f is the number of arms. The
surface potential strength is given by A ) 1.0, and the bulk
monomer density is Fm

b σ3 ) 0.1.
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number of monomers have the barrier occurring at
closer separations relative to the radius of gyration. This
suggests that these molecules are adsorbed to surfaces
with relatively “flatter” configurations.

As the strength of the surface attraction decreases,
the polymer molecules are less strongly adsorbed, and
the barrier height decreases. This effect is larger the
greater the number of arms on the star polymers. At
the lowest surface attraction that we considered, poly-
mer molecules were actually depleted from the pore, as
the surface separation decreased. Nevertheless, a weak
free energy barrier remained. We conclude that this
barrier is due to the compression of polymer molecules
that remain in the pore. This mechanism provides an
explanation for the depletion stabilization phenomenon,
and it will be investigated further in future work.

Finally, we considered the effect of increasing the
concentration of polymer molecules, while maintaining
the bulk pressure. For moderately attractive surfaces,
we have found that a higher polymer concentration
cause the surface interaction to become shorter-ranged,
with a barrier height that is a nonmonotonic function
of the concentration. This is due to the fact that polymer
molecules adsorb with flatter configurations at higher
concentration. Thus, the free energy barrier moves to
smaller separation, where it is decreases in magnitude
by the more strongly attractive bridging forces.
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