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The depletion of polymers near an interface is a
phenomenon that determines the stability of colloid-
polymer mixtures occurring in many systems. As an
example, in food formulations the depletion of polysac-
charides from the protein surface is a common situa-
tion,1-7 determining the (in)stability of such products.
The onset of phase separation is an item that directly
relates to consumer acceptance. In the past the focus
has mainly been on either the “colloid limit”,8-11 where
the polymers are relatively small as compared to the
spheres, or on the “protein limit”,12-15 where the sphere
size is negligible with respect to the characteristic
polymer length scale. The final aim is to understand
the depletion interaction for arbitrary polymer-sphere
size ratio with the excluded-volume interaction of the
polymer segments taken into account. To be able to do
so, the polymer density around a single sphere for
arbitrary size ratio is a quantity of primary importance.
In this note we propose an equation that describes the
polymer concentration profile very well as a function of
the polymer-sphere size ratio.

The polymer density around a single sphere can be
obtained if the (nonlinear differential) Edwards-de
Gennes diffusion equation16-19

is solved, where ê is the correlation length, with bound-
ary conditions g ) 0 at the sphere surface and g ) 1 far
from the sphere. The quantity g is defined as g2 ) n(r)/
nb, where n(r) is the segment concentration at position
r and nb is the bulk segment concentration. No general
analytical solution for arbitrary size ratio ê/R, where R
is the sphere radius, has been found for this differential
equation yet. Odijk13 solved the profile around a single
hard sphere for the case R , ê and found

where x is the distance from the sphere surface. This
result is compared with numerical solutions to eq 1 in
Figure 1 for various size ratios ê/R in the small sphere
range: ê/R ) 10, 30, and 100. The symbols are the
results of the numerical solution to eq 1 (see ref 15),
and the dashed curves are the results of eq 2. For ê )
100R the agreement is satisfying, indicating that Odijk’s
limit can be used for small spheres. For the size ratio
ê/R ) 30 and for 10 the deviation of eq 3 from the
numerical result is however significant.

For ê , R, the lowest order in curvature expansion
of eq 1 was solved by Maassen, Eisenriegler, and
Bringer.20 This leads to

where

In eq 3 the flat wall result g ) tanh(x/ê) of de Gennes
(see ref 17) is recovered for ê/R f 0. Numerical results
(symbols) are given for ê/R ) 0.01, 0.1, 0.25, and 0.5 in
Figure 2. Clearly, eq 3 (dashed curves) describes the
trend well: an increase of ê/R moves the concentration
profile toward the sphere surface. However, eq 3 over-
estimates the curvature effect already for ê/R values
exceeding 0.3. The limiting cases, discussed above, are
useful but do not cover the entire range of ê/R ratios.* Corresponding author. e-mail: h.n.w.lekkerkerker@chem.uu.nl.
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Figure 1. Concentration profile of polymer segments for
various polymer-sphere size ratios in the small sphere regime.
Dashed curves are given by eq 2, and the symbols are
numerical results to eq 1.

Figure 2. Polymer segment concentration profile near a single
sphere for ê/R ratios of 0.01, 0.1, 0.25, and 0.5 as indicated.
The data points are numerical solutions to eq 1, and dashed
curves follow eq 3 of Maassen, Eisenriegler, and Bringer (see
Appendix E of ref 20).
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Thus, the situation where the size ratio is of the order
unity remains a problem.

By interpolating between depletion behavior near a
small sphere, g ) x/(R ) x), and the depletion near a
large sphere, g ) tanh(x/ê), we propose

In Figure 3a, eq 4 is plotted as the full curves and is
compared with numerical solutions15 of eq 1 (symbols)
for a wide range of ê/R ratios as indicated in the plot. It
follows that the simple approximation equation (4)
works well but gives a slight underestimation of the
polymer density for intermediate size ratios.

The form of the polymer density profile of ideal
polymer segments by Taniguchi et al.21 (see also ref 14),
which applies for arbitrary size ratio, suggests a solution
of the form

with B ) tanh2(x/ê) and A(x/ê) an unknown function.
From the numerical results it follows that A(x/ê) is

independent of R/ê; for various size ratios the numerical
results of A(x/ê) follow a single curve. We found that
A ) tanh(x/ê) (leading to eq 4) gives a slight under-
estimation of the numerical data while A ) 1 -
exp(-2x/ê) gives a slight overestimation and that the
mixed form A ) (1/3)[tanh(x/ê) + 2(1 - exp(-2x/ê))]
provides an extremely accurate solution for g:

The accuracy of eq 6 is illustrated in Figure 3b, where
eq 6 is compared (full curves) with numerical data from
Figure 3a (symbols).
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Figure 3. (a) Concentration profile of polymer segments for
polymer-sphere size ratios ê/R ) 0.1, 1, 3, 10, 30, and 100 as
indicated. Equation 4 is given as the full curves, and the
symbols are numerical results to eq 1. (b) As (a) but the full
curves are given by eq 6.
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