
VOLUME 81, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 10 AUGUST 1998
Direct Measurement of Depletion Potentials in Mixtures of Colloids and Nonionic Polymers
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In colloidal suspensions containing a binary mixture of hard spheres depletion forces occur which
substantially contribute to the interaction of the larger spheres among themselves and a wall, respec-
tively. We investigated the depletion force acting on a large colloidal polystyrene sphere immersed in
a solution of small, noncharged polymer coils close to a flat glass surface by means of total internal
reflection microscopy. When the distance between the polystyrene sphere and the wall is smaller than
the diameter of the polymer coils, an attractive potential acting on the sphere is observed which de-
pends strongly on the polymer concentration. Our results are in agreement with theoretical predictions.
[S0031-9007(98)06755-6]
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The stability of colloidal mixtures consisting of large
and smaller particles is well known to be strongly influ
enced by entropic depletion forces. Accordingly, tho
forces are essential in understanding phase separation
nomena and flocculation of binary hard-sphere mixture
colloids in the presence of micelles, and of colloid poly
mer mixtures [1,2]. Very recently, it was suggested th
depletion forces even may play an important role in t
shape changes of phospholipid vesicles [3].

The principal phenomenon of depletion interaction
easily understood when, e.g., a hard sphere of radiusR
suspended in a fluid containing smaller spheres of rad
r (the latter are referred to as macromolecules in the f
1330 0031-9007y98y81(6)y1330(4)$15.00
r
-

se
phe-
s,
-
at
he

is

ius
ol-

lowing) in front of a wall at distancez is considered (see
Fig. 1). If z decreases below the diameter of the mac
molecules they are expelled from the region between
sphere and the wall. Consequently, the concentration
macromolecules becomes depleted in this region compa
to that of the bulk, and an effective osmotic pressure ca
ing a net attraction between the sphere and the wall occ
Such an attractive force is also observed when the wa
replaced by another hard sphere.

The first quantitative explanation of this effect wa
given by Asakura and Oosawa [4]. According to the
calculation the change in the Helmholtz free energyDF
of a single sphere positioned at distancez from a wall and
suspended in a fluid of macromolecules can be written
DF
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wheren is the concentration of the macromolecules andQ

is the Heaviside step function, respectively. Equation (
is valid only for systems where the constituents can
considered as hard spheres, i.e., in systems which
driven solely by entropy. Because of this simple mod
the depletion force is predicted to be always attracti
and nonzero only for distancesz , 2r. It should be
emphasized, however, that this theory is valid only
first order ofn. In contrast, large deviations, e.g., eve
repulsive parts of the depletion potential, are predict
if correlation effects between macromolecules are tak
into account [5,6]. The magnitude of depletion force
for small concentrationsn is typically on the order of
nano- or piconewtons; therefore experimental techniqu
like surface forces apparatus [7], atomic force microsco
(AFM) [8], or total internal reflection microscopy [9]
(the latter is also used in the present study and will
discussed in more detail below) are required for dire
measurements of Eq. (1).

If long range interactions like electrostatic forces be
tween the sphere and the macromolecules are addition
1)
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taken into account, Eq. (1) is no longer valid. According
to a force balance model the magnitude and the rang
of the depletion forces are then predicted to be large
increased due to electrostatic repulsion [10]. In fac
most of the direct measurements of depletion forces we

FIG. 1. Illustration of depletion interaction in a binary sphere
mixture. The dashed regions correspond to areas not access
to the centers of smaller spheres.
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be
performed on solutions of highly charged macromolecul
like cetyltrimethylammonium bromide micelles [7],
charged silica spheres [11], or polyelectrolytes [9].

In contrast to this, only a few experimental studies in
volving macromolecules with hard-sphere interaction a
found in the literature. The entropic forces in binar
hard-sphere systems have been studied with video m
croscopy [12] and laser radiation force techniques [13
respectively. Those measurements confirm the linear
crease of the force acting on the larger particles when t
concentration of macromolecules is increased, but the e
periments do not provide the distance dependence of
interaction. In contrast to this, distance dependent me
surements have been performed [8] by attaching a c
loidal sphere to the cantilever of an AFM. It is not clear
however, to what amount this method (the sphere ca
not be regarded as free) is intrusive to the investigat
system.

In this paper we present the first systematic study
the depletion potential of a free colloidal sphere close
a wall in the presence of noncharged macromolecules.
contrast to previous work we investigated the dependen
of the potential both on distance and on polymer conce
tration. We found that the potential is strongly affecte
by the concentration of macromolecules which was varie
in our experiments.

We used total internal reflection microscopy (TIRM
[14] to measure the potential of a colloidal sphere im
mersed in a fluid of coiled, nonionic polymer chains clos
to a glass surface. When light is reflected at a solidyfluid
interface above the angle of total internal reflectionQC

(Fig. 2), an evanescent wave is formed which leaks in
the fluid. The intensity of this evanescent wave deca
exponentially perpendicular to the interface with a chara
teristic decay lengthb21 which depends on the incident
angleQ, the wavelength of the light beam, and the refrac
tive indices at the interface. When an object which sca
ters light, e.g., a colloidal sphere, approaches the surfa
close enough to enter the evanescent field frustrated to
reflection will occur. The scattering intensityI of the col-
loidal sphere is then proportional to that of the evanesce
wave and can be written asI ~ e2bz [15]. MeasuringI
(which fluctuates due to Brownian motion of the sphere
as a function of time thus provides a sensitive and no

FIG. 2. Schematic TIRM setup used in our experiment.
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intrusive method to determinez. In thermal equilibrium
the sphere-wall-interaction potentialFszd can be calcu-
lated as a function ofz by using the Boltzmann distri-
bution pszd  e2fFszdykBTg. For details regarding TIRM
and the data evaluation we refer to the literature (see, e
[14–16]).

Figure 2 shows a schematic representation of our TIR
setup. A cell was composed of two fused silica glas
plates of 2 mm thickness each, separated by a spacer (d 
1 mm, not shown). After assembling the cell, a BK7
prism was optically matched to one of the glass plate
Then the cell was connected to a closed circuit which co
tained the colloidal suspension. We used monodisper
polystyrene (PS) spheres with radiusR  1.5 mm which
are suspended in water (IDC spheres). The particl
are charge stabilized with sulfate surface groups. On
highly diluted suspensions with a particle density les
than0.5 mm23 were used to guarantee that only a singl
particle was in the field of view and contributed to the
scattering signal during our experiments. The suspensi
was pumped through the circuit which also contained a
ion exchange resin and an electrical conductivity probe
control the ionic strength of the suspension. After adjus
ing the desired ionic strength a given amount of polyethy
ene oxide (PEO) with a molecular weightMW  2 3 106

was added. We chose PEO because it is one of the m
extensively studied of all water-soluble nonionic and non
adsorbing synthetic polymers [17]. It is well known tha
below a critical concentrationnC PEO forms coiled chains
in water with a characteristic gyration radiusrG which has
been determined for theMW used in our experiments to
rG  100 nm [18]. The maximum polymer concentration
used in our experiments was25.5 mm23 which is smaller
than nC by a factor of 2.4. Therefore the polymer coils
will be considered as hard-sphere-like macromolecule
The evanescent wave was obtained by reflecting a He
laser (l  632.8 nm, 10 mW) from the glassyfluid inter-
face at an angleQ which corresponded to a penetration
depth ofb21  0.845 mm. The measured potentials do
not depend on the laser intensity which excludes the i
fluence of light forces. No detectable change in the pen
tration depth and the electrical conductivity was observe
after PEO was added to the suspension. The scatte
intensity was collected by a microscope objective (Pla
L503, Leitz) and focused onto a photomultiplier tube. To
obtain sufficient data and to minimize statistical errors th
scattering intensity of a particle was sampled over at lea
1000 s at a sampling rate of 50 Hz. In the absence
depletion forces the potential of a negatively charged P
sphere above a glass plate is composed of two parts:
wards larger distancesz the potential increases linearly,
because the dominant force acting on the particle is due
gravity. At smallerz the potential increases exponentially
due to the electrostatic interaction between the negative
charged PS sphere and the fused silica surface which
also negatively charged when in contact with water [19
In this case the potential acting on the sphere can
1331
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written as

Fszd
kBT

 Be2kz 1
G

kBT
z ; F0szd , (2)

where B is a function of the surface potential of the
plate and the sphere, respectively.G  srP 2 rW dVg
is the weight of the particle withrP and rW being
the density of the particle and water,V the volume
of the sphere, andg the acceleration of gravity. This
potential is experimentally confirmed by several group
using TIRM [14,16,20]. However, if polymer is added
to the system, the potential between the sphere and
surface is considerably modified due to depletion forc
as will be shown in the following.

Figures 3a–3c show typical scattering curves obtain
from TIRM experiments at three different polymer con
centrations. According to the above, high scattering i
tensities correspond to small distancesz between the PS
sphere and the surface, whereas low intensities indic
large z. Figure 3a corresponds to a polymer concentr
tion n  0. The relatively large intensity fluctuations
are characteristic for a particle in a broad potential we
driven by Brownian motion. However, when some poly
mer (n  7.6 mm23) is added to the suspension, a qual
tative different behavior is observed (Fig. 3b). Beside
large intensity fluctuations we also find time interval

FIG. 3. Scattering intensity as a function of time for poly
mer concentrationsn  0 (a), n  7.6 mm23 (b), and n 
25.5 mm23 (c). Irreversible sticking of the sphere (d).
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whereI is very high and varies only slightly with time.
This finding which is very similar to the results o
Kaplan et al. [12] indicates that there is an attractive
narrow potential well close to the surface where th
sphere is trapped over several minutes. Increasing
polymer concentration further leads to a higher probabili
of finding the sphere in this trapped state until it i
unable to escape from it aboven  10.2 mm23 (Fig. 3c).
It is important to mention that even at the highe
polymer concentrations used in our experiments, the
spheres could be removed from the surface by gen
pumping the suspension through the cell. The observ
confinement of the PS particles to the surface is exac
what one would expect for a particle trapped in a
entropic potential and will be analyzed in the following
Only if the salt concentration in our circuit is increase
above 2 mM, irreversible sticking of the particles at th
surface is observed which is attributed to van der Waa
forces (Fig. 3d). The scattering intensity of such strong
sticking particles was assumed to correspond toz  0 and
was used to obtain absolute particle-wall distances.

From raw data such as in Fig. 3, potential curve
for different polymer concentrations were calculate
This is shown in Fig. 4 for (a) n  0, (b) 7.6 mm23,
(c) 10.2 mm23, (d) 12.7 mm23, and (e) 25.5 mm23,
respectively. The curves are separated in the verti
direction by4kBT for clarity. As already mentioned, in
the absence of macromolecules only gravity and elect
static repulsion are acting on the particle giving rise to
relatively broad potential well. However, if a polyme

FIG. 4. Measured potential curves (symbols) of a PS sphe
as a function of its distancez from a flat surface for
polymer concentrationsn  0 (a), 7.6 mm23 (b), 10.2 mm23

(c), 12.7 mm23 (d), and 25.5 mm23 (e). The solid lines are
calculations according to Eq. (3).



VOLUME 81, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 10 AUGUST 1998

is

gy
of

l
n

n
s

o
r

en
th

E

s.

s.

,

.

d

is added to the system (Figs. 4b–4e) the potential is
modified leading finally to a very pronounced potentia
well close to the surface. Since the depth of the potenti
well in Figs. 4d and 4e is about 3 to 5 timeskBT , the
particle does not leave the well during our measuring tim
and therefore no data outside the well were collected.

To compare our results with theory, we first determine
the exponential prefactorB and the inverse screening
lengthk21 by fitting curve 3a using Eq. (2). We obtained
values ofB  16.5 andk21  33 nm, the latter being in
agreement with the ionic conductivity measurement. A
mentioned above,B and k21 should not change when
varying the polymer concentration; therefore both value
were assumed to be constant when calculating the to
potential

Ftotszd  F0szd 1 Fdeplszd . (3)

The polymer concentrationn was determined before each
experiment by weighing; the radius of the PS spher
was obtained by electron microscopy and found to be
agreement with the value provided by the manufactur
(R  1.5 mm). Thus only one parameter, namely, the
radius r of the polymer, has to be determined. This
was achieved by variation ofr in Eq. (3) until best
agreement with all the experimental data in Fig. 4 wa
obtained. The solid lines in Fig. 4 show the calculate
results corresponding to a polymer radiusr  150 nm.
As can be seen our data are in good agreement with wh
is predicted by Eq. (3).

The radiusr can be compared to the characteristic lengt
scale of the PEO polymer, i.e., its radius of gyrationrG

which has been determined for different molecular weigh
[18]. For MW  2 3 106 a value of rG  101 nm is
obtained. However, it is not clear whetherr has to be
identical torG because Eq. (1) is based on the assumptio
of rigid spheres. If the interaction of the polymer is no
perfectly hard-sphere-like, e.g., due to steric interaction
r is expected to be larger thanrG . This idea is also
supported by the depletion measurements of Ohshimaet al.
[13] who used the same polymer in their experiment
(PEO, MW  2 3 106). Their experimental values for
the maximum depletion force are larger than expecte
if one assumesr  rG . If we replot their results with
r  150 nm, however, almost perfect agreement betwee
theory and their data is obtained.

Finally we want to address the question to what exte
higher order effects in the calculation of depletion force
have to be considered during our experiments. As h
been shown by Maoet al. [5] a virial expansion yields
a repulsive barrier at larger separations in addition t
the well-known attractive force. This potential barrier
is calculated asWmax

kBT  1.2n2 R
r . Since for theR

r ratio
and the polymer concentrations used in our experimen
Wmax is less than0.2kBT which is below the resolution
limit of TIRM, higher order terms do not significantly
contribute to our results and therefore justifya posteriori
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the assumption that the Asakura-Oosawa approximation
valid in our experiments.

In conclusion, we have measured the potential ener
of a single polystyrene sphere suspended in a fluid
nonionic polymer in front of a wall using total internal
reflection microscopy. We find the resulting potentia
to be strongly dependent on the polymer concentratio
which is a clear indication for the occurrence of depletio
forces. The potential curves can be understood in term
of a simple theory using excluded volume arguments. N
indications of repulsive depletion effects are found in ou
system. The radius for which best agreement betwe
theory and data is obtained is in excellent agreement wi
the results of other authors.
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