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Attractive Potential between Confined Colloids at Low Ionic Strength
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Digital video microscopy is used to locate the positions of 1.27 um diameter polystyrene spheres
suspended in low ionic strength water and confined between two glass plates. A method is devel-
oped to obtain the pair potential of the colloidal particles from measurements of the pair-correlation
function of both dilute and moderately concentrated dispersions. We find that the measured pair po-
tential has an attractive component much greater than predicted by the Derjaguin-Landau-Verwey-
Overbeek theory of nonconfined colloids and suggest that the confining plates are responsible for

the observed deviations from theory.

PACS numbers: 82.70.Dd, 05.40.4j, 61.25.Hq

The force and pair potential between charged col-
loids have been measured with a variety of techniques
and systems. These include the force between charged
mica cylinders of macroscopic size [1,2] and between 2
pum diameter polystyrene spheres [3]. Additionally, the
potential of a single colloidal sphere confined between
two charged glass plates has also been determined with
several techniques [4,5]. In all of these cases, good
agreement between theory and experiment has been ob-
tained by treating the interparticle interaction as a bal-
ance between the electrostatic repulsion of the charged
spheres and their associated counterions and the van der
Waals attraction. This theoretical framework is known
as the Derjaguin-Landau-Verwey-Overbeek (DLVO) po-
tential [2,6,7]. However, none of the above techniques is
suitable to determine the potential between colloids in
confined geometries.

In this paper we report on a technique to determine
the pair potential between colloidal particles in a con-
fined geometry, even for the case of a nondilute suspen-
sion. We use video microscopy to locate the positions
of micron sized spheres in colloidal suspensions confined
between two glass plates and directly determine the pair-
correlation function g(r) as a function of ionic strength.
For sufficiently dilute dispersions the relationship

g(r) = exp[-U(r)/kpT] (1)

can be used to directly obtain the pair potential [8]. At
higher concentrations U(r) will not be the true pair po-
tential, but some larger effective potential that includes
the pair potential and the effect of many-body correla-
tions. For example, g(r) of a hard-sphere system with
no attractive pair potential will show a peak and eventu-
ally oscillations as the density is increased. To extract the
true pair potential Up(r) from U(r) we performed a Brow-
nian dynamics simulation with the same particle density
as the experiment using U(r) as the pair potential. If
U(r) has a deeper minimum than U,(r) due to many-
body interactions, it follows that the simulated pair-
correlation function will have a maximum larger than

the experimentally measured g(r). We then reduce the
minimum of U(r) to obtain a trial pair potential Us(r)
and repeat the simulation with U,(r) until the simulated
and experimental g(r) agree. At this point we identify
Us(r) with the true pair potential Up(r).

The experimental confined-geometry sample cell con-
sists of two parallel windows of 25 x 25 mm microscope
slide glass. A small glass post (3 x 3 x1.5 mm) is glued
to the upper glass window with transparent optical ad-
hesive, and the spacing of the plates is adjusted until
the gap between the post and the lower glass window is
sufficient to confine the motion of the spheres to a single
plane. The colloidal particles were polystyrene spheres of
1.27 pm diameter, which have a negative surface charge
(~ 0.1e/nm?) and are repelled by the negative charge of
the glass plates (~ 0.5e/nm?) in water. This acts to con-
fine the spheres to a plane midway between the glass
plates. The gap is typically 2-6 um depending upon
the ionic concentration and is adjusted with the aid of
a monochromatic light source, so that the fringes can be
used to monitor parallelism [9]. We measured the fluctu-
ations of the spheres out of the midplane to have a rms
value between 0.06 and 0.16 um [4]. The spheres were
suspended in a density-matching 50:50 mixture of DO
and H2O. De-ionizing resin was present in some of the
cells to reduce the ionic concentration, though none was
present in the thin gap.

Because of the confined geometry, the ionic strength
and density of spheres in the gap cannot be directly con-
trolled. The relationship between the concentration of
the bulk solution and the concentration of colloid in the
gap is dependent on many variables, including the charge
and spacing of the plates, and whether de-ionizing resin
is in the cell since the colloid tends to stick to the cation
exchange resin. The ionic strength of the colloidal dis-
persions is difficult to measure because of the small di-
mensions of the gap. In addition, the large surface area
to volume ratio of the cells means that the ionic strength
of any dispersion added to the cell may be different than
the ionic strength within the cell due to ions leaching
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from the glass surfaces.

The spheres were viewed with an inverted microscope,
with a 40x objective and long working length condenser
operated in transmission mode. Images were recorded
on a time-lapse video tape recorder (typically 1.2 sec per
field) using a charged coupled device camera mounted on
the microscope. The error in the measurement of sphere
separations for spheres in the same plane was measured
to be 0.02 um. In addition, the spheres have some small
motion out of the plane and a resulting error in measure-
ment of the (2D) sphere separations. In microscopy, we
measure the projection of the sphere separations onto the
image plane, so that out-of-plane fluctuations distort the
true g(r) leading to a softening of the repulsive part of
the pair potential, as well as a shift of the minimum to
smaller interparticle separations. However, for the mag-
nitude of the out-of-plane fluctuations given above, the
error in the sphere separation measurements is estimated
to be 0.014 pm.

After video taping, digital image analysis provided the
particle positions from which the pair-correlation func-
tion was calculated. For the results reported here, be-
tween 500 and 5000 images (90x70 um) were processed
for each data set, depending upon the density of the sam-
ple, which varied from ~ 30 to 300 particles per image.

Figure 1 shows the experimentally obtained g(r) data
for different cells as a function of the normalized sphere
separation, /o, where r is the center-to-center spacing
of the spheres and o is the sphere diameter. In all cases,
there is only a single peak in g(r) and no liquidlike os-
cillations. Since the spheres have identical charges they
will repel each other at small separations. An effective
diameter of the spheres can be defined as the separation
at which the pair potential is equal to kT, and can be
located in Fig. 1 [using Eq. (1)] as the distance where
g(r) = 1/e. This effective diameter will increase as the
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FIG. 1. Experimentally measured pair-correlation func-
tions g(r), for dilute suspensions of confined polystyrene
spheres of diameter o = 1.27 um. The data shown here rep-
resent six different cells with decreasing ionic strength, as ev-
idenced by the increase of the effective diameter [the distance
where g(r) = 1/e]. Actual measurements of the ionic strength
were not possible in the confined geometry. The number den-
sities for the data were as follows: a, 5.8 x 1073; b, 21 x 1073,
c,12x 1073, d, 24 x 1073, ¢, 15 x 1073; f, 19 x 10~ 3um~2.

Debye screening length (k') increases, or as the ionic
strength decreases.

The Brownian dynamics simulations used in the iter-
ative procedure to extract the pair potential from U(r)
of Eq. (1) were carried out for 960 particles with posi-
tions updated according to the algorithm of Ermak [10].
Simulation conditions included wrap-around boundary
conditions, a layered-cell method [11] for determining
pairs of interacting particles, and a lookup table for pair
forces. The lookup tables were generated from a piece-
wise fit of the initial U(r) that were obtained from the
experimental g(r) of Fig. 1. The potentials were fit to
a modified Lennard-Jones (LJ) potential, U(r)/ksT =
4¢[(1/p)?® — (u/p)®], where p = (r/o) —1, o is the sphere
diameter, € is the depth of the potential minimum, and p
and a are the fitted parameters. If the simulated g(r) had
a maximum greater than the experimental, then the pa-
rameter € governing the potential minimum was reduced
producing a new trial pair potential Us(r) for the next
iteration of the simulation.

This iterative procedure was tested in two ways. First,
a simulation was performed using a known Lennard-
Jones pair potential with ¢ = 0.2, which is similar to
the potential derived directly through Eq. (1) from the
data of Fig. 1 curve a, but at a higher particle density
of 63 x 10~3 um~2, where many-body interactions begin
to contribute to g(r). Using the simulated g(r), an ef-
fective potential was directly obtained through Eq. (1).
This effective potential showed a deeper minimum than
the pair potential with ¢ = 0.3 due to the many-body
interactions, and when this effective potential was used
to perform a second simulation, the resulting g(r) had
a maximum greater than the first simulated g(r). After
several iterations of reducing e, the simulated g(r) agreed
with the test g(r). The pair potential that was extracted
from the effective potential had slight systematic devia-
tions from the true pair potential. The position of the
potential minimum was underestimated by 12%, while
the depth of the minimum was determined within 5%.
The deviations arise for Lennard-Jones particles because
an increase in particle density will cause the g(r) peak
to shift towards smaller sphere separations. Thus the de-
rived potential will tend to underestimate the sphere sep-
aration corresponding to the potential minimum. From
the results of this test, we conclude that the iterative
procedure is reasonable for densities that are not too far
from dilute.

A second test of the iterative procedure used the pair-
correlation data of Fig. 2 obtained with two cells of
roughly the same ionic strength, with the lower density
data corresponding to the data in Fig. 1, curve a. De-
spite almost an order of magnitude difference in density
between the two cells (5.6 x 10~2 and 52 x 1073 pm~2),
the peak in g(r) remains essentially the same. The fact
that g(r) is not changed by a significant increase in den-
sity would indicate that the peak in g(r) is not the result
of many-body correlations, but rather arises from an at-
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FIG. 2. Comparison of the pair correlation g(r) for two
different cells with the same ionic strength, but different den-
sities: (solid circle) 5.8 x 1072 and (triangle) 52 x 1073 um™2.
Also shown are the g(r) obtained from computer simulations:
(solid line) 5.8 x 102 and (dashed line) 52x 10™® pm~2. The
pair potentials used in the simulations were obtained directly
from Eq. (1). Both the experimental and simulation data
show that g(r) is density independent, despite almost an or-
der of magnitude difference in density. Also shown are g(r)
curves from simulations using a WCA potential consisting
of only the repulsive component of the pair potential: (long
dasht;d line) 5.8 x 1072 and (short dashed line) 52 x 1073
pm™°.

tractive pair potential. Thus the relationship in Eq. (1)
can be used to obtain the pair potential directly.

Computer simulations using the data in Fig. 2 corrob-
orate the suggestion that the peak in g(r) arises exclu-
sively from an attractive potential. The pair potential
used in the simulations was obtained using the more di-
lute g(r) data in that figure. Simulated g(r) at the lower
density showed good agreement with the experimental
curves without the need to reduce €. As a further check,
a constant was added to the LJ potential to set the min-
imum to zero and the potential was also set to zero for
all greater distances. This procedure is used to separate
out the purely repulsive component of the interparticle
forces, in the manner of Weeks, Chandler, and Ander-
son (WCA) [12]. The g(r) that resulted from simula-
tions with this repulsive interaction is also shown in Fig.
2. The fact that the peak in g(r) disappears indicates
that the peak is the result of the attractive component
of the potential and is not caused by many-body corre-
lations. Simulated g(r) at the higher density also show
good agreement with experiment without the need of it-
eration, though the g(r) peak may be slightly increasing.
Simulations at the higher density with the purely repul-
sive WCA potential show a small peak in g(r).

Figure 3 shows the final pair potentials obtained from
the data of Fig. 1 using the iterative procedure. For the
first two data sets (a, b) with the greatest ionic concentra-
tions, the dilute approximation was valid and the initial
U(r) obtained directly from g(r) using Eq. (1) needed no
modification in order to obtain good agreement between
the experimental and simulated g(r) curves. The origi-
nal pair potential for the third data set (c) needed only a
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FIG. 3. The pair potential U(r) per thermal energy kgl
as a function of sphere separation r per sphere diameter o
obtained from the pair-correlation data of Fig. 1. The pair
potentials shown in a and b were obtained directly from Eq.
(1) and the experimental g(r). The pair potentials in curves
c—f were obtained using the iterative simulation technique,
with starting potentials obtained through direct inversion of
the experimental g(r) according to Eq. (1). Initially as the
ionic strength decreases, the depth of the shallow minimum
remains fairly constant even as the position of the minimum
moves towards larger sphere separations. Eventually as the
sphere separation increases, the depth of the minimum de-
creases, until it completely vanishes (curve f).

slight adjustment; the depth of the minimum, ¢, was re-
duced by a factor of 0.91. For all three cases, simulations
with only the repulsive component of the pair interaction
resulted in g(r) curves with no significant peaks, indicat-
ing that the peak in the experimental data is entirely
accounted for by the attractive component of the inter-
action.

The three data sets with the lowest ionic concentra-
tions (d-f) all needed substantial adjustment of the po-
tential minima. Simulations with only the repulsive com-
ponents of the pair interactions show an increasing peak
in g(r) as the ionic strength decreases. For data set f,
with the lowest ionic concentration, the entire experi-
mentally observed peak in g(r) appears to be a result
of many-body correlations of spheres interacting through
a purely repulsive pair potential. Though the density is
fairly constant among the samples, the dilute approxima-
tion is becoming less valid as the ionic strength decreases.
This is reasonable since the effective diameter and ef-
fective density of the spheres increases as the screening
length increases.

The pair potentials of Fig. 3 show a shallow potential
minimum of approximately 0.2kgT" at a sphere separa-
tion of 1.40, which remains fairly constant up to a sphere
separation of 1.8¢0. For greater separations the attractive
potential decays to zero.

We made a quantitative comparison of the final po-
tentials with the DLVO potential for charged spheres
in a nonconfined space because at present no theories
are available that account for the influence of the highly
charged glass plates on the sphere pair potential. We
fitted the experimentally measured potentials to the fol-
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lowing form {7]:
A 1 1 z? -1
VA=EI::B2_1+;2'+21H( = )],

q)% exp[_'i;(x _ 1)]’ (2)

Vs = meego

where V4 and Vy are, respectively, the attractive and re-
pulsive components of the potential, A is the Hamaker
constant, o the particle diameter, ®¢ the surface poten-
tial (fixed at 25 mV), and = = r/o. These equations are
valid for the case of ko large. The fits were weighted to
emphasize the depth, location, and width of the mini-
mum of the pair-potential well.

With the surface potential fixed, the position and
depth of the potential minimum are used to solve Eq.
(2) for the Hamaker constant and Debye screening length
(,k~1) [13]. The fitted values of the Debye screen-
ing length (0.062, 0.093, 0.14, 0.17, and 0.23 pm) and
Hamaker constant (1.1 x 10719, 3.4 x 10719, 11 x 10719,
16 x 10719, 33 x 10719 J) for the data sets (a—e) of Fig.
3 increased as the ionic strength decreased, as one would
expect [15]. However, the fitted Hamaker constants are
several orders of magnitude larger than previous mea-
surements [3] and theoretical calculations [15], which put
it in the range of 102! to 10720 J . We also fitted the
data by Eq. (2) using a higher surface potential (100
mV) and used the constant charge boundary condition
instead of constant voltage [2,7], but the same conclu-
sion was always reached: The fitted Hamaker constants
are orders of magnitude too large. Alternatively, we fixed
the Hamaker constant in the range of 1072° J and let the
other parameters vary, but this resulted in too small val-
ues of the surface potential (~ 5 mV) and predicts rapid
aggregation of the colloids, in contradiction with obser-
vation. This leads us to the conclusion that the DLVO
potential for nonconfined colloids is inapplicable to the
case of colloids confined by charged plates.

In this paper video microscopy techniques were used to
directly measure the pair-correlation function g(r) for di-
lute colloidal suspensions in a confined geometry. This re-
sults in a model independent method of deducing the ef-
fective interparticle potential U (r). Using the Boltzmann
expression [Eq. (1)] and Brownian dynamics simulations,
the sphere pair potential was obtained over a wide range
of sphere interaction lengths. The experimentally mea-
sured potential could be made to fit a DLVO potential
only by using Hamaker constants much greater than the
literature values. We do not interpret this to imply that
the Hamaker constants are enhanced by the presence of
the plates, or to imply a failure of the DLVO theory, espe-

cially in light of the agreement between the DLVO theory
and experiment for nonconfined objects discussed in the
first paragraph of this Letter. Rather, we speculate that
the origin of the measured attractive pair potential of
Fig. 3 arises.from the electrostatic influence of the con-
fining glass plates and suggest the need for theoretical
work to investigate this possibility.
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