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ABSTRACT: We report on a measurement of forces between
particles adsorbed at a water−oil interface in the presence of
an oil-soluble polymer. The cationic polymer interacts
electrostatically with the negatively charged particles, thereby
modulating the particle contact angle and the magnitude of
capillary attraction between the particles. However, polymer
adsorption to the interface also generates an increase in the
apparent interfacial viscosity over several orders of magnitude
in a time span of a few hours. We have designed an experiment
in which repeated motion trajectories are measured on pairs of
particles. The experiment gives an independent quantification
of the interfacial drag coefficient (10−7−10−4 Ns/m) and of
the interparticle capillary forces (0.1−10 pN). We observed
that the attractive capillary force depends on the amount of polymer in the oil phase and on the particle pair. However, the
attraction appears to be independent of the surface rheology, with changes over a wide range of apparent viscosity values due to
aging. Given the direction (attraction), the range (∼μm), and the distance dependence (∼1/S5) of the observed interparticle
force, we interpret the force as being caused by quadrupolar deformations of the fluid−fluid interface induced by particle surface
roughness. The results suggest that capillary forces are equilibrated in the early stages of interface aging and thereafter do not
change anymore, even though strong changes in surface rheology still occur. The described experimental approach is powerful for
studying dissipative as well as conservative forces of micro- and nanoparticles at fluid−fluid interfaces for systems out of
equilibrium.

■ INTRODUCTION

The strong adsorption of colloidal particles to fluid−fluid
interfaces is used and studied for many applications, such as
food technology,1,2 biomedicine,3,4 and materials science.5−7

The interface represents a plane where micro- and nano-
particles can laterally diffuse and self-organize into ordered
structures,8,9 and the properties on macroscopic length scales
depend on the materials of particles and fluids, the shape of the
particles, and the spatial dimensions between the particles.7 The
resulting particle assemblies can be deposited on solid
substrates for surface patterning6 or can be used to modify
the rheology of the interface.10,11 Furthermore, the use of
polyelectrolytes in combination with nanoparticles is becoming
an attractive approach for the single-step production of
microcapsules, which is relevant for biomedical applications,
cosmetics, and food science.4,12 These technologies strongly
depend on the knowledge and control of interparticle forces,
which may change during sample preparation. This calls for the
development of new tools, able to measure interparticle
interactions at fluid−fluid interfaces with single-particle

resolution and applicable to systems with a strongly time-
dependent character.
The interactions of particles at fluid−fluid interfaces differ

both in nature and range with respect to the interactions in a
single fluid phase. A particle at a polar/nonpolar interface
generates an electric dipole that is responsible for long-ranged
electrostatic interactions.13−15 Deformations of the fluid
interface are responsible for long-ranged capillary interactions,
driven by surface minimization.16−18 The resulting interparticle
force depends on how the interface is deformed at the three-
phase boundary, e.g., by gravity, shape anisotropy, or surface
heterogeneities.19−22

The interparticle potential can be measured with both
indirect and direct experimental approaches. When the
concentration of colloids at the interface is sufficient to form
a 2D crystal (surface fraction ϕs ≥ 0.2), Zwanzig et al.23

demonstrated that the interaction potential can be calculated
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from the dependence of the macroscopic shear modulus on
surface coverage. However, this approach is sensitive to both
hydrodynamic interactions and defects in the crystal, providing
a lower limit for the interaction force.24 At a low surface
fraction of colloids at the interface (ϕs → 0), it is possible to
measure the pair correlation function g(r) from digital images
and then determine the pair interaction potential from fitting
the Boltzmann distribution U(r) = −kBT ln g(r).18,24 This
method requires a large number of particles and images and
provides only an average potential. Alternatives have focused on
self-assembly processes of anisotropically shaped particles
monitored using video microscopy.19,21,25,26

Direct methods are able to measure interactions on single
pairs of particles. The studies have been mainly restricted to
optical tweezers experiments.27−29 Force versus distance curves
were measured on pairs of particles within a force range of 0.1−
100 pN and with a position accuracy of a few nanometers, from
which the interaction potential is determined. These experi-
ments have shown that electrostatic and capillary forces can be
modulated by the addition of salts, surfactants, or polyelec-
trolytes as a result of changes in particle wettability, particle
surface charges, and surface tension.30 On the other hand, the
adsorption of macromolecules to the interface is responsible for
changes in the interfacial rheology,31,32 which may contribute to
variations of interparticle interactions over time. Several
microrheology techniques are available to monitor the
interfacial viscosity, such as magnetic microneedles,33,34

magnetic microbuttons,35 and optical tweezers, but only the

latter is suited to measure interparticle forces. Most of the
studies have been limited to measurements of capillary forces
for interfaces at equilibrium. Time-dependent interparticle
interactions at fluid interfaces have been previously reported
only for a particle ensemble but are not yet fully under-
stood.18,36,37 The study of nonequilibrium systems poses
several challenges, as changes in surface rheology and
interparticle forces can be very large and can occur over a
wide range of time scales.
Here, we propose a method to disentangle conservative

capillary forces from dissipative viscous forces. We study
attractive capillary forces between spherical magnetic particles
adsorbed at a water−oil interface in the presence of an oil-
soluble amino-modified silicone polymer. The cationic polymer
penetrates to the water side of the interface and interacts
electrostatically with the negatively charged particles. This in
turn modulates the particle contact angle and the magnitude of
capillary attraction between the particles. Moreover, polymer
adsorption to the interface generates changes in the surface
rheology over several orders of magnitude in a time span of a
few hours. We quantify the interfacial drag coefficient of pairs
of particles using the intrapair magnetophoresis (IPM)
technique, as described in a previous paper.38,39 Pairs of
magnetic particles are displaced using well-controlled magnetic
dipole−dipole forces (∼pN), allowing one to measure changes
in drag coefficients within a few seconds and over large
variations (10−7 to 10−4 N s/m). In the absence of a magnetic
field, we record multiple trajectories of particle attraction

Figure 1. Principle of the colloidal attraction experiment. (a) Pairs of superparamagnetic particles at a water−oil interface are separated by briefly
applying a magnetic field in the direction normal to the interface.38 Thereafter, in the absence of a magnetic field, spontaneous attraction is observed.
(b) Sketch of magnetic particles at a water−oil interface in the presence of an amino-modified silicone polymer. Particles adsorb to the interface only
in the presence of the polymer, as a result of electrostatic interactions between the carboxylated surface of the magnetic particles, with negative
charges, and the amine group of the polymer exposed to the water phase, with positive charges.4,39 The scanning electron microscopy (SEM) image
of M270 particles (2R = 2.8 μm) shows a particle surface roughness of about 50 to 150 nm. Panels c and d show time traces of the center-to-center
separation distance S during colloidal attraction experiments for particles at a water−oil interface and for particles in bulk water moving on a glass
substrate, respectively. (c) Highlighted points (colored solid symbols) show the trajectories of spontaneous (nonmagnetic) particle attraction, which
is observed for particles adsorbed to the water−oil interface (as in panel c) but is not observed for particles in bulk water (as in panel d). This proves
that the spontaneous attraction is caused by the fluid−fluid interface and not by magnetic forces.
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utilizing the same particle pair (Figure 1). The experiment gives
an independent quantification of the interfacial drag coefficient
and of the magnitude of nonviscous interparticle forces in the
system.

■ MATERIALS AND METHODS
Materials. Silicone-based amino-functionalized polymer (KF8004)

was provided as samples by Shin-Etsu Silicones Europe B.V. The
polymer is soluble in the oil phase but not in water. The oil phase is
isononyl-isononanoate (Lanol 99, Seppic, ηoil = 6 mPa s, and polymer
concentrations are prepared by weighting the components. The
aqueous phase consists of phosphate-buffered saline (PBS), prepared
by dissolving PBS tablets (PBS tablets, pH 7.4, Sigma-Aldrich) in 200
mL of ultrapure water (resistivity > 18.2 MΩ·cm) according to the
supplier and then further diluting to a final concentration of 20 mM.
All of the components were used as received from the suppliers
without any further purification.
Carboxylic superparamagnetic particles (Dynabeads M-270 carbox-

ylic acid, diameter 2R = (2.8 ± 0.1) μm, Life Technologies) were used
to quantify the particle interfacial drag coefficient and interparticle
interactions. In the presence of a magnetic field, the induced
magnetization follows a Langevin function, with a particle-to-particle
variation of magnetic susceptibility of about 8%.38 Larger carboxylic
ferromagnetic particles (CFM-300-5 carboxylic acid, ferromagnetic,
nominal size 28−34.9 μm, Spherotech) were used to study the particle
dynamic contact angle at the water−oil interface for different
concentrations of amino-polymer (section S5 of the Supporting
Information). Both particle types were magnetically washed four times
in ultrapure water in order to remove surface-active elements present
in the storage buffer and were then dispersed in each corresponding
buffer in a ratio of 1:104 from the stock solution. The fluid cell and the
setup required to actuate magnetic particles are described elsewhere.39

Quantification of Particle Drag Coefficients and Attractive
Capillary Interactions at a Water−Oil Interface. We quantify the
particle forces at the water−oil interface with intrapair magneto-
phoresis (IPM).38,39 Pairs of magnetic particles are attracted and
repelled by well-controlled magnetic dipole−dipole forces F⃗magn
induced by an external magnetic field. The magnetic forces are
balanced by electrostatic forces F⃗el, capillary forces F⃗cap, and drag forces
F⃗drag, with a total force expression of

⃗ + ⃗ + ⃗ + ⃗ =F F F F 0magn cap el drag (1)

The magnetic repulsion force between two magnetic dipoles with an
out-of-plane orientation can be approximated by the relation38

μ
π
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S

3
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where S is the center-to-center separation distance between the
particles, μ0 is the vacuum permeability, and md,i is the magnitude of
the induced magnetic moment (in units of A m2) of particle i.
Capillary forces originate from the overlap of deformations of the

interface around the particles. Danov et al.20,40 formally treated the
concave and convex deviations of the meniscus shape from planarity as
positive and negative capillary charges, by analogy to electrostatics.
The interparticle potential can then be described as a superposition of
capillary multipoles of order m, where m = 0, 1, 2,... represents capillary
charges, dipoles, quadrupoles, and so forth. In the far field (S ≫ RA +
RB) and for mA, mB ≥ 1, the interaction energy can be approximated
as16,18
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where γ is the surface tension between the two fluid phases, Hi is the
undulation amplitude of the menisci around particle i with orientations
ϕi, and ri is the radius of the particle cross-section with the interface,
which is related to the equilibrium contact angle θ by the geometrical
relation rc = R sin θ (Figure 1b). In the near field (S ≈ RA + RB), eq 3
should be expanded because higher-order terms in the interaction

potential become relevant. For particles with a diameter below 10 μm,
deformation due to gravity can be neglected (Eötvös number Eo≪ 1).
In the absence of any external torque, the first nonvanishing term is
the quadrupolar interface deformation (m = 2), and the resulting force
between two identical particles equals the negative of the gradient of
the interparticle potential of eq 3, yielding
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where γ θ= πF H sin
R0,cap

3
2 2

2 4 is the closest-proximity capillary force,

i.e., the force with condition S = 2R. In the derivation of eq 4, we
neglected the particle rotational degrees of freedom, i.e., ϕA,B in eq 3.
Rotations around the axes parallel to the plane of the interface are
strongly inhibited by interfacial forces.39,41 Rotations around the axis
normal to the plane of the interface may occur under rotational
Brownian motion and capillary forces. In the capillary attraction
experiments in this article, the attraction times vary between a few
seconds to several tens of seconds, depending on the magnitude of the
particle drag. On this time scale, the particle rotation due to Brownian
motion is on the order of tens of degrees, so we can assume that the
particle pair dynamically equilibrates to the minimum in the
interaction potential.

Electrostatic forces originate from an asymmetric distribution of
charges across the interface. The resulting force is always repulsive, it
may extend over several micrometers, and it can be modulated by
changing the charged species on the particle surface, the particle three-
phase contact angle, or the ionic strength of the aqueous
subphase.13,14,18,20,30 Although a consensus on the underlying physical
origin of the electric dipole is still lacking,27,42 the electrostatic dipole−
dipole force between two particles at a fluid−fluid interface can be
described by the functional form18

=
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R R
Sel 0,el
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where F0,el is the closest-proximity force, i.e., for S = RA + RB, that
depends on the particles and fluid properties and Ri is the radius of
particle i.

The hydrodynamic force acting on a particle moving in a
Newtonian fluid is proportional to the particle velocity, with a particle
drag coefficient f that depends on the particle size and fluid viscosity.
For a particle moving in a fluid−fluid interface, the particle drag
coefficient depends on the viscosity ratio between the two phases, on
the three-phase contact angle, and on the interfacial viscosity ηs. The
relation between f and ηs relies on the assumptions of the underlying
hydrodynamic models,32,43−45 and depends on the actuation dynamics
of the probe (e.g., rotation or translation).46 In a previous paper,39 we
addressed these issues related to the IPM measurement technique and
we demonstrated that the response of the interface for the material
system used in this study is essentially viscous. Here, we will
characterize the aging of the interface through the particle drag
coefficient f.

In absence of a magnetic force (F⃗magn = 0), the particle motion is
determined by electrostatic, capillary and drag forces. We performed
experiments in absence of a magnetic force using different ionic
strengths of the aqueous phase. For an aqueous solution containing
150 mM PBS, no significant repulsion or attraction was measured for
all polymer concentrations (data not shown), while experiments with
an aqueous solution with 20 mM PBS showed significant attractive
forces. The contribution of the dissociated charges on the water side of
the interface is negligible for both PBS concentrations, with Debye
lengths of κ−1 ≃ 0.8 and 2 nm for 150 and 20 mM PBS, respectively. A
small number of surface charges may be present in the oil phase due to
residual water in the nonpolar solution or to water trapped in cavities
present on the surface of rough particles. This could be sufficient to
generate long-ranged repulsive forces.27 However, in our experiment
the negative charges exposed to the oil side of the interface are
expected to be counterbalanced by the positive charges of the cationic
polymer.47 Indeed, in the experiments no distance dependence of ∼1/
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S4 was observed. Therefore, we conclude that electrostatic forces can
be neglected in the experiments. Using eq 1, with F⃗el = 0 and

⃗ =F f
drag 2

dS
dt
, eqs 2 and 4, the equation of motion is
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where we introduced the closest-proximity magnetic force

= μ

π
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0 d,1 d,2

4 by analogy to the notation we used for the

expression of the capillary force; see section S3 in the Supporting
Information for details on the derivation. The left side of eq 6
represents the dissipative drag force. The right side of eq 6 represents
the conservative interparticle magnetic and capillary forces.
To disentangle the conservative interparticle forces from dissipative

effects caused by interfacial aging, both F0,cap and f need to be
quantified in eq 6. We designed an experiment in which for every
particle pair, repulsion trajectories are measured in the presence of an
out-of-plane magnetic field and attraction curves are measured in the
absence of a magnetic field. Repulsion trajectories are measured by
applying a repulsive field for 4 s, thereby separating the particles by a
few particle diameters. Attraction trajectories are measured as follows.

After magnetically positioning the particle pair at S = 2R, we use a
short repulsive field to separate pairs of magnetic particles. Then, in
the absence of any magnetic field, we record motion trajectories of the
resulting interaction (Figure 1c) and compute the average of the
curves that show the full approach. The procedure is repeated three
times (Figure 1c), and the entire motion trajectory can be recorded in
about 60 s. During colloidal attraction, magnetic forces are not present
(i.e., F⃗magn = 0 in eq 1), and the resulting equation of motion can be
expressed as

= − − +S
R F

f
t t S

12(2 )
( )6

5
0,cap

0 0
6

(7)

With these two measurements, we are able to independently quantify f
and F0,cap using eqs 6 and 7, as our technique provides magnetic forces
within a range similar to that of the attractive forces measured in the
experiments (in the range of hundreds of fN to tens of pN). Equation
7 is based on eq 3, which is, strictly speaking, valid only in the far field.
However, in our experiments we found that eq 7 closely fits the data so
that higher multipole orders can be neglected. The analysis method is
described in more detail in section S4 of the Supporting Information.

Figure 2. Colloidal attraction experiments for particles at the water−oil interface for increasing concentrations of polymer in the oil phase (cP) and
different aging times (tage). (a) Center-to-center separation S as a function of particle approach time tappr. The dashed line represents S = 2R = 2.8
μm. Each individual panel (a1, a2, and a3) shows three approach trajectories measured on the same particle pair. Different panels (a1, a2, and a3)
show different particle pairs. (b) To quantitatively compare measurements performed at different aging times (i.e., to take into account the drag
coefficient f of particles (as described in section S4) experienced at a different tage), we plot attraction curves expressing f S ̅6 as a function of particle
approach time for particles with full approach in panel a (i.e., S = 2R at tappr = 0). Points and error bars in panels b2 and b3 represent the mean and
the standard deviation. The solid red line is a fit according to eq 7, performed only on the linear part of f S ̅6 attraction curves close to tappr = 0, as
shown in the insets. From the fit, we extract the value of the capillary force F0,cap (i.e., the capillary force at S = 2R). For comparison, the gray arrow
on the y axis indicates equal magnitude in the different panels.
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Numerical Methods. We performed Brownian dynamics (BD)
simulations in order to generate trajectories of particles that undergo
Brownian motion in the presence of a total (conservative) force F. The
aim of BD simulations was twofold. On one hand, we determined the
interplay between dissipative (viscous) forces and conservative
(capillary) forces. On the other hand, we validated and determined
the accuracy of the analysis method as described in the previous
section to determine both f and F0,cap. Simulations were performed by
following the approach described by Grassia et.al.48 A massless particle
i is moving with a tensor coefficient of linear friction ξij and diffusivity
tensor Dij = kBT/ξij, where kBT is the Boltzmann energy. The
trajectories of particles are obtained by adding at each time step δt a
random displacement xi

ran to the systematic displacement Fi(ξij
−1)δt. If

we consider a constant linear friction coefficient ξij = f and neglect
hydrodynamic interactions between the particles, then BD trajectories
xi(t) are computed from the relation

δ δ= + ++

f
t D tx x

F
r(24 )i

n
i
n i

i
n1 1/2

(8)

where ri
n is a random vector with independent components, each

extracted from a uniform distribution over the interval [−0.5, 0.5]. The
generated random displacements will converge to a Gaussian
distribution, provided that a sufficiently small time step and the
correct moments of the distribution are taken49 (i.e., zero mean and a
variance that follows from the dissipation−fluctuation theorem50).
Simulations were performed with a time step of δt = 2 × 10−5 s. We
validated this numerical method following the approach proposed by
Northrup et al.,51 as shown in section S1.

■ RESULTS AND DISCUSSION
We studied the interaction of carboxylic magnetic micro-
particles at a water−oil interface in the presence of an amino-
modified silicone polymer in the oil phase. For an aqueous
solution containing 20 mM phosphate-buffered saline (PBS),
we observed an attractive interaction between particles over

tens of micrometers, depending on the polymer concentration.
On the other hand, polymers are known to adsorb to fluid−
fluid interfaces, where interactions between the adsorbed
polymers (e.g., hydrogen bonding and hydrophobic or
electrostatic interactions) can contribute to large variations of
the interfacial shear viscoelasticity31,52 on a time scale varying
from a few seconds to several hours. We have designed an
experiment in which pairs of particles are magnetically
separated by a few micrometers using the IPM method.
Then, repeated motion trajectories are recorded on the same
particle pair. These two independent measurements allow us to
disentangle and quantify conservative forces and dissipative
effects.
In the next section, we present the results as follows. We first

provide examples of colloidal attraction experiments for
particles at a water−oil interface for different concentrations
of polymer in the oil phase. Then, we use Brownian dynamics
simulations to interpret the experiments and to validate our
analysis method to quantify capillary and viscous forces. Finally,
we quantify the interfacial drag coefficient of particles and
attractive capillary forces as a function of polymer concen-
tration, and we discuss the origin of particle attraction and how
changes in interfacial viscosity correlate with the conservative
attractive capillary force.

Measurements of Colloidal Attractive Interactions. In
a typical experiment on particle attraction, pairs of magnetic
particles were first separated by a few particle diameters by
quickly applying an out-of-plane magnetic field, and then after
the field was removed, the field-free motion trajectories were
recorded (Figure 1a). To exclude the influence of any magnetic
component (e.g., setup, particle magnetic moment) on particle
attraction, we performed the same experiment using particles in

Figure 3. Brownian dynamics simulations for a pair of particles (R = 1.4 μm) in the presence of an attractive force as described in eq 4. (a) Center-
to-center separation S as a function of particle approach time obtained from six simulations performed with the same set of initial conditions (as
indicated in each graph). The dashed line represents S = 2R = 2.8 μm. (b) Attraction curves expressing f S ̅6 as a function of particle approach time.
Points and error bars represent the mean and the standard deviation of the curves that show full approach in the corresponding panel (a), i.e., S = 2R
at tappr = 0. The solid red line is a fit according to eq 7 of only the initial linear part of the f S ̅6 attraction curves. The dashed blue line represents the
simulated attraction curve without Brownian motion. For comparison, the gray arrow on the y axis indicates equal magnitude in the different panels.
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bulk water moving on a glass substrate (Figure 1d). In the
absence of the magnetic field, the particles showed diffusion
with a coefficient of ∼0.18 μm2/s, consistent with the diffusion
of a sphere with radius R = 1.4 μm in a fluid of viscosity η = 1
mPa s (free diffusion D = 0.15 μm2/s) in close proximity to a
solid substrate.53 In the absence of a magnetic field, particles
did not show a deterministic approach, and attraction was
observed only when an in-plane magnetic field was applied.
In Figure 2, we show the results of colloidal attraction

experiments for particles at a water−oil interface at increasing
initial concentrations of polymer in the oil phase. Panels a1−a3
show the center-to-center separation S as a function of the
particle approach time tappr = t − t*, where t* is the time for the
particle pair to reach S = 2R. In each graph, trajectories are
recorded on the same particle pair. For cP = 1 × 10−3 w/w%
(a1), the trajectories show either partial or full approach and
thermal (Brownian) noise is large as compared to the attractive
interaction. Attraction is clearly seen for S < 4 μm. For cP equal
to 2 × 10−3 and 4 × 10−3 w/w% (panels a2 and a3,
respectively), attraction is clearly seen for S < 6 and 8 μm,
respectively. The reproducibility of the trajectories is high, with
mean standard deviations of 6 and 3%, respectively.
According to the model described by eq 7, the time scale for

particle attraction is determined by the initial separation S0
between the particles, the interfacial drag coefficient of particles
f, and the magnitude of the capillary force F0,cap. To take into
account the drag coefficient f experienced by the particle at
different aging times tage of the interface, we plot the mean and
standard deviation of the trajectories that show full approach
(denoted as Nappr) as the product f S̅

6 and as a function of the
particle approach time tappr (Figure 2b). The drag coefficient f
was measured as described in section S4 and later in this
section. The data show two distinct regions. For separation
distances of a few particle diameters (i.e., for tappr < −2 s), the
curves show large variations. When the interparticle distance
decreases (i.e., for tappr > −2 s), the curves approach the
relationship described by eq 7 (Figure 2b, insets). The observed
increase in the steepness of f S ̅6 curves points to an increase in
the attractive force as a function of polymer concentration.
Brownian Dynamics Simulations of Capillary Attrac-

tion. To interpret the attraction curves measured in our
experiments and to determine the interplay between attractive
forces and thermal fluctuations, we performed BD simulations

using eq 8 to generate trajectories of pair of particles in the
presence of an attractive quadrupole force as described by eq 4.
In these simulations, we consider the diffusion of particles in a
purely viscous fluid with a constant drag coefficient f, and we do
not take into account the hydrodynamic interactions between
the particles or the relative angular orientation (cf. eq 3), as
discussed in the Materials and Methods section.
In each graph of Figure 3a, we show six trajectories of particle

attraction obtained with the same set of initial conditions. For a
capillary force of F0,cap

sim = 0.112 pN (a1), trajectories show both
partial and full approaches, with a high variation between
repeated simulations. For increasing values of F0,cap

sim , the range of
the attraction extends toward larger interparticle distances S
and the encounter rate of particles increases (section S2), with
a reduced variation between the trajectories.
Figure 3b shows curves expressing f S ̅6 as a function of

particle approach time. These results show similar features as
compared to the experimental trajectories shown in Figure 2b.
For a low interacting force (b1) and separations larger than ∼2
particle diameters, the motion is dominated by thermal
fluctuations, as the attractive interacting energy is less than
∼2kBT. At shorter separations, the attractive interaction
overcomes the thermal fluctuations and the curve approaches
the expected result based on eq 7. This becomes clearer for
increasing values of F0,cap

sim (b2), where the linear relationship
extends toward larger separation distances (S ≃ 7 μm).
Therefore, to correctly estimate F0,cap, we select the points close
to tappr = 0 that follow eq 7. With this approach, we are able to
retrieve values of the simulated parameters with an accuracy of
15% or better for F0,cap

sim ≤ 1 pN (section S2, Table S2).
The last step required to quantify the capillary force F0,cap

from the experiments shown in Figure 2b is to determine the
drag coefficient f of particles at the water−oil interface.

Quantification of the Particle Drag Coefficient f in the
Presence of Polymer-Induced Aging. We quantified the
drag coefficient f of particles at the water−oil interface from
magnetic repulsion experiments using the IPM method.38,39 In
particular, we studied the aging of the interface by quantifying f
as a function of polymer adsorption time for different initial
polymer concentrations cP in the oil phase. We consider the
moment at which the interface is formed within the fluid cell as
the reference time for the experiments.

Figure 4. Capillary attraction in the presence of polymer-induced interfacial aging. (a) Interfacial drag coefficient f as a function of interfacial aging
time, as measured by IPM experiments.38 Experiments were performed for different initial polymer concentrations cP (colors) using an aqueous
solution with 20 mM PBS. In both graphs, connected symbols represent data recorded for the same particle pair (a total of eight pairs are shown).
(b) F0,cap as a function of f. Error bars include a variation of the particle magnetic moment of 8%38 and the error from the iterative fitting used to
estimate the particle drag coefficient f and the capillary attraction force F0,cap, as described in section S4.
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For all polymer concentrations, data show an increase in f as
a function of the polymer adsorption time (Figure 4a). The
time onset for drag increase shifts toward lower adsorption
times for higher values of cP, consistent with a higher diffusive
flux of polymer toward the interface. Values obtained from
different particle pairs show a variation within the experimental
error (∼10%), suggesting a homogeneous aging of the
interface. As we will show in the next section, capillary forces
may become comparable to the magnetic forces used to
separate particles. This can be taken into account in our
analysis, as described in Materials and Methods and
demonstrated with BD simulations (sections S3 and S4).
Quantification of the Colloidal Attractive Force. With

the same particle pairs used to quantify f in Figure 4a
(represented by open symbols connected by a solid line), we
computed the magnitude of the capillary attractive force F0,cap,
thus providing a direct correlation between f and F0,cap. Figure
4b shows values of F0,cap as a function of f for different initial
concentrations of polymer in the oil phase (represented as
different colors). For a fixed polymer concentration, the
capillary attraction varies strongly between different particle
pairs, but for a given particle pair, interestingly the capillary
attraction does not depend on f or on the amount of polymer
adsorbed to the interface. In particular, for cP = 2 × 10−3 w/w%
the represented pairs (up and down red triangles) show similar
values for f, but F0,cap differs by almost 1 order of magnitude.
For increasing amounts of cP, F0,cap increases with values
ranging between ∼0.1 and ∼10 pN. For cP > 4 × 10−3 w/w%
(data not shown), the attractive force exceeds the maximum
magnetic repulsive force achievable with the configuration of
the electromagnets used for this study (Fmagn ≃ 20 pN) so that
particles could not be separated with magnetic forces.
Interpretation of Capillary Attraction Curves. Defor-

mations of fluid−fluid interfaces are known to be responsible
for long-range capillary forces and torques between particles.
The interparticle potential can be described in terms of capillary
multipoles, as described by eq 3, of which the terms depend on
the nature of the deformations (e.g., gravity, shape, or chemical
anisotropy).15,17,19,21,54,55

Stamou et al. suggested that quadrupolar interface
deformations may originate from the pinning of the three-
phase contact line to local heterogeneities (e.g., chemical or
topological) of the surface of the particles,16 with the
corresponding interacting force as described by eq 4. For the
system in this study (2R = 2.8 μm, γ = 20 mN/m, ρP = 1.8 g/
cm3), the Eötvös number is Eo ≃ 10−6 ≪ 1, so deformations
due to gravity (m = 0) are negligible. For spherical particles,
dipolar deformations (m = 1) occur in the presence of an
external torque or in the presence of surface chemical
anisotropy, such as for Janus particles.41 Superparamagnetic
particles are known to have a small remanent magnetic
moment. In a previous paper, we demonstrated that the torque
required to deform a fluid−fluid interface is well above the
maximum available magnetic torque in our system.39 Therefore,
the first nonvanishing term in eq 3 is the capillary quadrupole
(m = 2). The particles used in this study (M270, carboxylic, 2R
= 2.8 μm) have a surface roughness of between 50 and 150 nm,
as determined from SEM images (Figure 1b). According to eq
4, a contact angle of θ ≃ 16° (with H2 = 50 nm, γ = 20 mN/m)
would be sufficient to generate attractive forces as large as F0,cap
≃ 1 pN (Table S1).
The results in Figure 2 show that at large separations, motion

trajectories are dominated by thermal (Brownian) motion.

Therefore, we performed BD simulations in order to
disentangle the contribution of thermal noise from that due
to the attractive force and to validate the analysis method
described in section S4. We demonstrated that from the linear
part of f S ̅6 curves (Figure 3b) it is possible to compute the
magnitude of the capillary coefficient F0,cap with an accuracy of
15% or better depending on the magnitude of the attractive
force, using the particle drag coefficient f as a fixed parameter
(section S2, Table S2). We tested the ability of our approach to
discriminate between different orders of attraction by perform-
ing BD simulations using m = mA + mB = 3, 4, 5 in eq 3. With
this analysis method, we were able to discriminate between the
different orders in the presence of capillary forces greater than a
few pN (section S2). The attractive force observed in
experiments performed at the water−oil interface (Figure 2)
agrees in range (∼10 μm) and magnitude (∼pN) with BD
simulations (Figure 3). In particular, for increasing concen-
trations of the amino-polymer in the oil phase, the data clearly
reveal an interparticle distance dependence of ∼1/S5. Although
the model describing the interaction potential is valid in the far-
field (eq 3), in our data we did not observe significant
deviations from eq 4, so higher-order multipoles are not
important. Therefore, we interpret the force as being caused by
quadrupolar deformations of the fluid−fluid interface induced
by particle surface roughness. A similar conclusion was reported
by Park et al. from measurements of attractive forces between
polystyrene beads confined at a water−decane interface using
time-shared optical traps.29 The authors measured forces with
the same functional form as eq 4 and magnitudes similar to
those shown in Figure 4b, with values that depended on the
fluid composition and particle contact angle.
Electrostatic interactions may also occur between particles at

fluid−fluid interfaces.18 The asymmetry of the charge
distribution across the interface is responsible for long-ranged
repulsive forces that scale with interparticle distance as ∼1/S4
(cf. eq 5). In our experiments, the negative charges on the
particle surface exposed to the oil side of the interface are
expected to be counterbalanced by the positive charges of the
cationic polymer. Indeed, we did not observe any significant
repulsion between the particles nor a distance dependence of
∼1/S4, so electrostatic interactions can be neglected in our
analysis. Other forces, such as van der Waals and solvation
forces, may be present but are relevant only at very small
distances (∼nm), with a contribution to the total potential
energy of only a few kBT.

13

Capillary Attraction as a Function of Interface Aging.
We quantified the dissipative effects caused by interfacial aging
using the IPM method.38,39 With this technique, we were able
to quantify the drag coefficient f of particles at the water−oil
interface within a few seconds (∼5 s) and over long time scales
(several hours), with a sensitivity to changes in interfacial
viscosity as low as ηs = 7 × 10−9 N s/m.39 Using BD
simulations, we demonstrated that attractive capillary forces can
be extracted by the analysis and that the input parameters are
retrieved with an accuracy of better than 4% (section S3).
When both f and F0,cap are unknown, our analysis method
provided results with accuracies of 9 and 30%, respectively, with
respect to the input parameters (section S4, Table S2).
When the interface is formed, polymers adsorb to a pristine

interface without steric hindrance. In the absence of an energy
barrier for adsorption, at short times (t → 0) the surface
coverage can be estimated by diffusive transport.56 For longer
times, the adsorption rate is lowered by the limited presence of
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remaining unoccupied adsorption sites in the interface.57 In the
experiments in this article, the interactions between the
adsorbed polymers contribute to strong interface aging, as
shown by the increase in the particle drag coefficient f over
several orders of magnitude ( f ≈ 10−7 to 10−4 N s/m, Figure
4a). In a previous paper, we demonstrated that the response of
the interface to the motion of the particles is essentially
viscous.39

The polymer at the interface is also responsible for the
modulation of the position of the particle at the interface (i.e.,
its contact angle) as a result of electrostatic interactions
between the cationic polymer and the carboxyl-functionalized
particle (Figure 1).4,39 Particles adsorb to the interface only in
the presence of the polymer, and for a sufficiently high polymer
concentration, the particles transit into the oil phase. Typically,
the adsorption of particles to fluid−fluid interfaces is driven by
strong interfacial forces, with time scales varying from
milliseconds to several minutes or hours.58−60 In Figure 4b,
we observe that capillary attractive forces increase for increasing
polymer concentrations in the oil phase. According to eq 4,
F0,cap depends on the surface tension, the particle contact angle
and the interface profile around the particle. Pendant drop
surface tension measurements (data not shown) show
variations from 30 to 20 mN/m within the same range of
concentrations and time scales as the experiments shown in
Figure 4, thus contributing to variations of F0,cap by about 30%.
Measurements of the contact angle of larger particles (2R ≃ 34
μm, with a surface chemical functionality similar to that of small
particles, see section S5) showed an increase in the particle
contact angle for increasing polymer concentrations, with a
time-dependent increase for cP > 5 × 10−2 w/w% on the time
scale of minutes (Figure S7). Therefore, we conclude that
attractive capillary forces are dominated by changes in the
particle three-phase contact angle rather than the fluid−fluid
interfacial tension. This is in agreement with the observation of
attractive forces exceeding magnetic repulsive forces for higher
concentrations of polymer.
Interestingly, for a fixed polymer concentration, F0,cap is not

correlated with f and differences are dominated by particle-to-
particle variation. The data in Figure 4b show that F0,cap
depends only on the initial amount of polymer in the oil
phase and does not depend on time (in contrast to f). For low
and constant values of f, the density of the polymer at the
interface is low (ηS ≈ 0) and the motion of the probe is
subphase-dominated (Boussinesq Bo ≪ 1).44 In this regime,
the drag of the particle is sensitive to changes in θ. For cP = 1 ×
10−3 w/w%, f increases by a factor of 2, but F0,cap does not show
any correlation with f. Therefore, we attribute the increase in
drag to an increase in polymer concentration at the interface,
while the contact angle remains constant. For increasing values
of f, the motion of the probe is dominated by changes in surface
rheology, so measurements of drag are insensitive to changes in
the particle contact angle.
The lack of correlation observed between f and F0,cap suggests

that the contact angle of the particles at the interface is fixed in
the early stages of polymer adsorption. In our experiments, the
polymer exposes the amine groups to the water side of the
interface, where they interact with the carboxylic groups on the
particle surface. The density of polymer at the interface in the
early stages of polymer adsorption (tage ≈ 0) is determined by
the initial concentration of polymer in the oil phase and on the
ionic strength of the aqueous subphase.39 Thereafter (tage > 0),
the further accumulation of polymers at the water−oil interface

contributes to an increase in the interfacial viscosity, apparently
without changing the capillary forces between the particles. The
variation of capillary force between particle pairs observed in
Figure 4b may be caused by differences in the particle surface
structure at the contact line, in the particle contact angle, and in
the polymer adsorption properties. Further research is needed
to disentangle these mechanisms and further clarify the origins
of polymer-mediated particle adsorption in relation to contact
line motion and interface aging.

■ CONCLUSIONS
We have used magnetic particles to investigate interparticle
capillary forces at a water−oil interface with strong polymer-
induced aging. The colloidal attraction experiments give an
independent quantification and a direct correlation of the
interfacial drag coefficient (10−7−10−4 Ns/m) and the
nonviscous interparticle capillary forces (0.1−10 pN) in the
system. We have validated the method by performing Brownian
dynamics (BD) simulations, showing good qualitative and
quantitative agreement with experiments. Given the direction
(attraction), the range (∼μm), and the distance dependence
(∼1/S5) of the observed interparticle force, we interpret the
force as being caused by quadrupolar deformations of the
fluid−fluid interface induced by particle surface roughness, a
mechanism proposed by Stamou et al.16

The magnitude of the attractive force was modulated by the
addition of a cationic polymer in the oil phase, where the amine
groups of the polymer exposed to the water phase (with
positive charges) interact electrostatically with the carboxylic
groups (with negative charges) on the surface of the particles.4

The increase in the attractive force for increasing concen-
trations of polymer in the oil phase are consistent with an
increase in the particle three-phase contact angle (i.e., the
particle cross-section with the interface (cf. eq 3)), as confirmed
by contact angle measurements (S5). Surprisingly, for a fixed
polymer concentration in solution, the magnitude of the
attractive capillary force shows no dependence on time, even
though the viscous forces change over several orders of
magnitude. These results show that the dissipative effects of
interfacial viscosity stabilize much more slowly than the
conservative capillary forces between particles at the fluid−
fluid interface. The different time scales could be related to
different dependencies on interfacial polymer density. The
interfacial viscosity may depend much more nonlinearly on the
interfacial polymer density than the particle contact angle does
because of nonlinear mechanisms such as polymer conforma-
tional changes and polymer entanglement.61,62 Ideally, one
would like to know the time dependence of the interfacial
polymer density at the fluid−fluid interface as well as at the
fluid−particle interface. In follow-up research, it will be
interesting to test such hypotheses on the dissipative versus
conservative interfacial forces, with theoretical studies as well as
experiments.
To our knowledge, this represents the first study of

interparticle capillary forces in a fluid−fluid system far from
equilibrium, which gives new opportunities. A current issue in
particle-based microrheology is that for a low Boussinesq
number the interfacial drag coefficient of particles is sensitive to
changes in the particle contact angle.32,46 Measured variations
in the capillary attraction, together with surface tension
measurements (e.g., with a Langmuir trough) could be used
to indirectly determine changes in the particle contact angle,
thereby helping to obtain more reliable rheological parameters.
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The availability of magnetic colloids with a tailored surface
roughness would allow one to further investigate the relation
between attractive capillary forces and surface structures. In
particular, IPM could be used to study capillary interactions at
different length scales. In the far field (S ≫ 2R), capillary
interactions can be described as a superposition of capillary
multipoles, with the quadrupolar term being the leading
one.16,20,21 In the near-field (S ≃ 2R), the interaction is
dominated by the shape details of the undulated meniscus
around the particle, and higher orders may appear. Moreover,
rotational dynamics could be studied by applying an in-plane
rotating magnetic field.63 These experiments could be
compared with lattice Boltzmann simulations,64 where the
interaction potential is derived directly from the shape of the
interface around the particles. We foresee that IPM will help
scientists to shed light on the complex interaction of micro- and
nanoparticles at fluid−fluid interfaces for a wide range of
materials, with particular interest for systems out of equilibrium.
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Wahlgren, M. Biomass-based particles for the formulation of Pickering
type emulsions in food and topical applications. Colloids Surf., A 2014,
458, 48−62.
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