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The radial attraction between microspheres straddling at the air/
water interface (Bond number «1), whose origin is the irregular
shape of the contact line and its concomitant distortion of the
water surface, is measured using two light beams of a time-sharing
optical tweezer. The colloidal particles used to make the measure-
ments are microspheres made of hydrophobically covered silica to
reduce the electrostatic interactions to a minimum. The measured
radial force goes as a quadrupolar power law, r ", with n = 5.02 +
0.18 and n = 5.04 + 0.18 for particles of 3 pm and 5 pm, respectively.
In both cases, the electrostatic interaction is negligible.

More than 35 years ago, de Gennes™? suggested that the solid-
liquid-vapor contact line must have an irregular shape to
explain the contact angle hysteresis in partial wetting, because
of the pinning of this line on nanoscopic sites due to roughness
or chemical heterogeneities on the solid surface.

The anchorage of the triple line on defects of the solid
surface and its dynamics have significant consequences in the
behavior of colloidal particles trapped at interfaces. Free energy
traps colloids irreversibly at interfaces. When gravity is not playing
a role, Bond number (capillarity length/particle radius) «1, the
interface where colloidal particles are trapped is not deformed,
and if the particle is in equilibrium, the contact angle given by
Young’s law, in principle, entirely determines it flotation level.
However, the interface close around the particles can still be
deformed due to the irregular shape of the contact line, also
pinned on nanoscopic sites on the colloid surface. Therefore,
particles trapped on a planar interface can strongly interact to
lower surface energy, even when they are not charged.

Stamou et al® theoretically derived a lateral attraction
between homogeneous uncharged microparticles trapped at
the air/water (A/W) interface, whose origin is the irregular shape
of the contact line and its concomitant distortion of the water
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surface. Capillary interaction occurs between particles as they
move to minimize the interfacial area. The most relevant term of
the interaction potential found by these authors and by others® is:

V(r) = —121pH,> cos[2(ga + ¢u)](re/r)", )

where the sphere and the water surface intersect at the average
contact radius r., and r is the center-to-center distance between
spheres. H, is the height of the meniscus at the contact line, y is
the liquid surface tension, the ¢; are orientation angles of
particles (A and B) relative to a line joining their centers.
Therefore, when interface deformations of neighboring particles
overlap, particles rotate and approach each other, and assemble to
minimize the interfacial area excess.

In this communication, we present precise measurements
addressed to determine if the capillary interaction force
between spherical particles of silica (Bangs Labs, USA), chemi-
cally covered by methyl groups, using dichloro dimethyl silane
(Sigma-Aldrich, USA), trapped at the A/W interface depends on
distance as a 7> power law. These measurements are relevant
because there are no precise measurements of the exponent of
the power law; most of the time it is used as a convenient
assumption, and there is no direct evidence of the corrugation
line and the interface distortion in spherical microspheres.
Boniello et al.’ using phase-shifting interferometry, where the
vertical resolution was enhanced to 1 nm, found no noticeable
deformation of the interface in the range of a few micrometers
around the bead position trapped at the A/W interface. Despite
this, the authors found a relationship between diffusion and
particle immersion in terms of thermally activated fluctuations
of the interface, at the triple line, driving the system out of
mechanical equilibrium and giving extra random forces on
the particle. As a consequence of the fluctuation-dissipation
theorem, these fluctuating forces induce an extra viscous drag
on the particle that leads to a measured diffusion slowing
down. Also, with an optical technique, Kaz et al.® captured
the details of a particle approaching an interface, the moment
it breaches, and the slow logarithmic time relaxation that
follows. The contact line and its undulations move along the
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particle surface. Therefore, the accompanying interfacial distortion
can fluctuate over time. The observed dynamics agree with a model
describing activated hopping of the contact line over nanoscale
surface heterogeneities, resembling the aging dynamics in glassy
systems. As a consequence, colloidal particles trapped at interfaces
present novel challenges for understanding their behavior that
is not relevant when they are spread in bulk. Some of the
inquiries dealing with particles straddling at interfaces include their
adsorption,”® equilibrium position and how it is reached,’ colloidal
interactions among them,>® self-assembly,'>"* behavior under
shear,"'* and applications for systems with particles trapped at
interfaces."”” In this last point, we could include stabilization of
large-interface materials, like particle-stabilized emulsions,'® and
bijels,"”*® or colloidosomes™® and porous materials,*® which would
be useful to employ interfaces as a scaffold or template to control
how colloidal particles self-assemble to make novel materials.

On the A/W interface, the charged functional groups on the
submerged colloid surface create an electric double-layer giving
rise to an electric dipole that induces dipole repulsion among
trapped particles. Park and Furst® confirmed the presence of a
long-range capillary attraction measuring the effect of the ionic
strength on the interaction force between spherical charged
colloidal particles, as well as, between colloidal doublets straddling
on a decane-water interface using optical tweezers that were
calibrated using the particle drag force method. They found that
the magnitude and dependence of the attraction on inter-particle
distance are consistent with a capillary quadrupole interaction,
but the precision was not high enough. In the same interface,
Kang et al.** obtained that the attraction force curve was somewhat
consistent with the scaling behavior F ~ >. Liu et al.** also found
some evidence of this power law during the migration of discs
around microposts.

If colloidal particles are made of silica, hydrophobically
covered, the electrostatic interactions can be reduced to a mini-
mum. The only remaining interaction comes from capillarity. In
our experiment, spherical silica particles ({potentiat ~ —25 mvV)
chemically covered with dimethylsiloxane of a diameter of 3 um
and 5 pm are trapped at the A/W (Nanopure-UV, resistivity
>18.3 MQ cm) interface, at T'= 23 °C. The interface with adsorbed
particles is in a Langmuir trough equipped with a window, where
a 100x objective introduces two beams of a time-sharing optical
tweezer from below for trapping the particles. Tweezer separation
and swept-frequency are controlled with an acousto-optic deflec-
tor driver (ISOMET) (Fig. S1, ESI). Particle motion is observed
and detected using a video camera; particle tracking was per-
formed using standard software. The position of the geometrical
center and the force constant of the tweezers, k;, for each trapped
particle, i, in a tweezer must be determined. These parameters are
obtained from the particle probability density, ¥(r,t), by solving
the Smoluchowski equation for a particle in Brownian motion
urged by the harmonic potential imposed by the optical tweezers.
When ¢ » (k/¢) " ~ 0.7 ms, where ¢ is the friction constant, ¥(r,t)
for each coordinate is given by:

P(x) = «/ki/anBTexp{M}. @)
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The first two moments, u; and p,, of the probability distribution
of the position fluctuations of the particle give the center position
of the tweezer, x, = u;, and the tweezer force constant, k; = kgT/ .

The pair interaction force is directly measured as two strad-
dling particles (i = 1, 2) at the A/W interface, optically trapped,
come close to each other. The force between them is obtained
by determining the average displacement of the two trapped
interacting particles at a distance r, from their corresponding
tweezer centers, dx; (Fig. 1a and b) using a mechanical model

Fig. 1 (a) Two spherical hydrophobic colloidal particles of mass m; adsorbed
at the A/W interface, with a Bond number «1, trapped with a time-sharing
optical tweezer. The corrugation of the air/water/particle contact line has
been exaggerated. (b) Mechanical model: dx; displacements of particles
interacting at distance r from the optical tweezer centers, and the k; are the
force constants of each optical tweezer fixed by the laser power. (c) Drawing
of the force—displacement curve. Straight lines represent the effective con-
stant and the black curve the interaction force with a harsh repulsion
(contact). Colored dots are mechanical equilibrium points given by the
intersection of the lines and the capillary force: 1, 2, 3, 2/, and 4’. When the
force gradient is larger than the effective elastic constant, interacting particles
become unstable generating discontinuities from which hysteresis follows:
the jJump-to-contact (2—-2’) in the approach curve and the jump-off-contact
in the withdrawal curve (4-4'). When the particles make contact, it is not
possible to separate them with the tweezers, because adhesion due to the
van der Waals force is very strong at contact (Fig. 2c).
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(Fig. 1b).>* Here, the total potential energy of the system is
given by Uy = U(r) + Uy(8x,) + Uy(dx,); where Uy(dx;) = 1/2k;0x;
represents the optical tweezer trapping potentials acting on
each particle (i = 1, 2), and U(r) represents the capillary
interaction potential for fixed ¢, The force of the capillary
origin is given by F = —VU(r) = —C/"; C is a fixed constant, 7 is
an unknown exponent, and r =z — (3x; + dx,); see Fig. 1b. When
particles are forced to approach in a stationary way (quasi-
static), i.e., dUy/8(8x;) = —dU/dr + k;Ox; = 0, this equation ensues:
k10x, = Cl(z — fdx,)", where 8 = (1 + ky/k,). From that expression
or F/k; = dx; = C/k;", the value of the constants of the potential
can be determined by fitting the measured values of dx;, and r.

The system is in stable equilibrium when: 5*U/8(3x;)*> > 0,
ie., k,/p > OF/Or. Here k,/f is an effective force constant. If the
force gradient is larger than the effective constant, the system
becomes unstable, and particles jump into contact (Fig. 1c).
This jump-to-contact discontinuity is equivalent to the jump-to-
contact and the jump-off-contact instabilities found in AFM
cantilevers that makes it difficult to measure force curves
because the effective spring constant is fixed. In our case,
changing the power of the laser, we can access different values
of the effective constant making it easier to measure the
capillary force and the value of n.

It is an unreliable way to proceed to plot the experimental
values, supposedly coming from the power-law, in logarithmic
scales and fit them by a least squares adjustment to get the
constants. We used the reliable method of maximum likelihood,*
where:

-1

k
Xi n
n=1+k ln( ') and 6 = ——

Xmin

Here, x;, i = 1...n are the measured values of x and x,;, is
the minimum of them, and ¢ is the statistical expected error.
In previous measurements, authors do not mention the use of a
method for avoiding statistical bias.

Fig. 2 presents the interaction force between hydrophobic
colloidal particles of 3 pm adsorbed at the A/W interface.
The points in the graph come from many different values of
measured k;, dx;, and r, obtained in different experiments. From
the fitting curve, we find n = 5.02 £+ 0.18 and C = —26.326 £
2.284 pN um’. With these values, the average value for H, can
be estimated, H, ~ 30 nm. The inset (b) of Fig. 2 presents the
same results for many experiments made on particles of 5 um;
here n = 5.04 + 0.18. However, here, we did not evaluate C; we
just measured 7 from the experimental values of r and dx;. The
inset (c) of Fig. 2 presents snapshots of a couple of particles in
Brownian motion at the interface optically trapped at different
distances where r and dx; are measured.

Our results support the theoretical model of Stamou et al.*
for explaining the origin of the interaction between uncharged
colloidal particles trapped at the A/W interface, due to the
irregular shape of the contact line. In our case, there is no
evidence of electrostatic interaction. Now, a natural step for future
research is to measure the interaction between patchy particles
trapped at interfaces that are more complex. In particular, Janus
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Fig. 2 The capillary interaction force between hydrophobic colloidal
particles adsorbed at the A/W interface of a diameter of 3 um. Inset (b):
The same for 5 um. Inset (c): Snapshots of a couple of particles in Brownian
motion at the interface optically trapped at different distances. Different
experiments denoted by color.

particles®® without charge are much more complicated, because
the Janus boundary is not necessarily parallel to the interface,”
and this boundary can be at a different height with respect to the
flat interface depending on the Janus balance.® The tilted non-
equilibrium orientations give rise to inter-particle interactions
with a complex angular interaction and a pair potential inversely
proportional to the third power of the inter-particle distance
(capillary dipolar interaction).>® The interaction between Janus
particles has been estimated using the drag force.”” However, the
thermally activated fluctuations of the interface discussed above
are not taken into account, nor the Janus balance and the role of
the charge. With our precise measurements, we found that in
addition to the quadrupolar interaction, there is a hexapolar
contribution. This will be discussed in a forthcoming paper.
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