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Like-charged particles
at liquid interfaces

ikolaides et al.! propose that the puz-

zling attraction that occurs between

micrometre-sized particles adsorbed
at an aqueous interface is caused by a dis-
tortion of the liquid interface that is due to
the dipolar electric field of the particles and
which induces a capillary attraction. Here
we argue that this effect cannot account for
the observed attraction, on the fundamental
grounds that it is inconsistent with force
balance.

To estimate the influence of the surface
deformation, the authors assume that the
sum total of the electrostatic pressure acting
on the liquid interface is equivalent to an
external force, F, pushing the particle into
the water. The resulting deformation of the
interface would give rise to a long-range
interparticle interaction energy

u(r) = (F¥/27y) In(r/r) )

where vy is the surface tension, r is the dis-
tance between particles, and r, is an arbi-
trary constant. However, the electrostatic
force acts on the particle and the liquid
interface simultaneously, so equation (1)
does not apply.

The force F on the sphere is balanced by
surface tension, creating a dimple in the
water surface. The shape of the dimple is
governed by the Young-Laplace equation

[A/R)+(A/R)]y=Ap @

If the force acts only on the particle, then
the pressure difference across the interface
Ap=0 and the radii of curvature R, and R,
of the surface are equal but opposite
(Fig. 1). The resulting water level around an
isolated sphere would be h(r) =F/(2wy)
In(r/r,) for small surface slopes, such that
F=2wryh'(r,), where 2mr, is the length of
the contact line. Owing to the long range of
the logarithm, the force on the sphere is
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Figure 1 Pushing a sphere into water creates a dimple (left) in the
surface, caused by the force on the particle being balanced by the
surface tension. But if the electrostatic force pushing the sphere
into the liquid is balanced by the electrostatic pressure on the
liquid interface, there is no force on the rim and the surface is
flattened again (right), inhibiting capillary attraction. Ry, R are
the radii of curvature of the surface.
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passed on to the rim of the vessel contain-
ing the liquid (Fig. 1, left).

The situation changes fundamentally
when the force F is not external but originates
from a surface pressure Ap o« 1/r® as stated
in ref. 1. Now the meniscus profile is
h(r) = —F/(8wy)(r,/r)* — that is, very short
range. The electrostatic force F pushing the
sphere into the liquid is balanced by the sum
total of electrostatic pressure on the liquid
interfaceand there isnoforce on the rim of the
vessel (Fig. 1, right). In contrast, by unques-
tioningly applying equation (1), one implicit-
ly admits that there isalso a force on the vessel,
aforce not balanced by any other force. Thisis
inconsistentwith Newton’s third law.

Capillary attraction between spheres is
caused by the overlap of their dimples, which
reduces the total surface area of the water?.
Theresulting attraction energy is

Un) = —(Fmy)(rdr)° ®

for large r. This interaction has a much
shorter range than that shown in equation
(1), even a shorter range than the dipole—
dipole repulsion between like-charged par-
ticles that is proportional to 1/r® so overall
there is no attraction at all. The capillary
deformation of the interface contributes a
mere 1.8x107° KT to the interaction
potential, so it is insignificant thermo-
dynamically. Thus, the mechanism pro-
posed by Nikolaides et al.! does not account
for the observations, and the origin of the
observed attraction remains enigmatic.
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Nikolaides et al. reply — Our experiment®
provides a clear measure of the interactions
between charged particles at fluid—fluid
interfaces and demonstrates that there can
be a long-range attractive interaction
between such particles.

However, Megens and Aizenberg raise
important points about our interpretation
of these results. Our calculations account
for the electrostatic stresses acting on the
fluid—fluid interface, but neglect the force
that the electric field exerts on the particle
itself. A detailed evaluation of this force,
obtained by calculating the change in electro-
static energy as the particle is pushed into the
fluid, shows that the interfacial force pulling
the particle out of the fluid is exactly can-
celled by the electrical force pushing the
particle into the fluid, in agreement with
the suggestion of Megensand Aizenberg.
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This creates a puzzle: the data show
unambiguously that there is a long-range
attraction, but what is its origin? The parti-
cles have a long-range repulsive interaction,
owingto their charges; thisisdipolar in char-
acter, with the electrostatic energy decaying
as 1/r%. The attractive interaction must bal-
ance this electrostatic repulsion, so, if it
decays as a power law, the attractive inter-
action energy must decay more slowly than
1/r® to create the stable energy minimum
observed experimentally. This eliminates
possibilities such as asymmetries in the con-
tact line or fluctuation-induced forces, all of
which have a power-law decay that is more
rapid than 1/r®. The most likely interaction
that has sufficient range therefore remains
capillary distortion of the interface.

Capillary distortion can occur only if
there is an imbalance between the force
pulling the particle into the water and the
force pushing the interface outwards
towards the oil. However, it is sufficient for
these forcesto beimbalanced only up to dis-
tances comparable to the interparticle sepa-
ration: this would still lead to distortion of
the interface between the particles, causing
the attractive force. The resolution of the
puzzle could lie in charges on the particles
on the oil side, rather than on the water
side?. As the density of free charges in oil is
much lower than that in water, the screen-
ing length is correspondingly larger; this
significantly extends the range of the
force imbalance and can account for our
experimental observations. The origin of
the capillary distortion therefore remains
electrostatic in nature.

We have since confirmed that the parti-
cles do have a measurable charge, even when
immersed in oil. Measurements of the elec-
trophoretic mobility and pair correlation
functions of these particles indicate that
their charge can be as high as 200e in oil.
In the absence of additional solubilized
charges, this would result in a screening
length of the order of 20 wm for the particle
volume fraction of about 10~ used in our
experiments. This is larger than the particle
separation, allowing the force imbalance
between the particle and the interface to
persist far enough for significant interfacial
distortion to exist at scales comparable to
the interparticle separation. We therefore
believe that electric-field-induced capillary
distortion remains the likely culprit for the
attractive interactions between like-charged
interfacial particles.
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