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The effects of contact-line pinning are well-known in macroscopic systems, but are only just

beginning to be explored at the microscale in colloidal suspensions.

We use digital holography to

capture the fast three-dimensional dynamics of micrometer-sized ellipsoids breaching an oil-water
interface. We find that the particle angle varies approximately linearly with the height, in contrast
to results from simulations based on minimization of the interfacial energy. Using a simple model
of the motion of the contact line, we show that the observed coupling between translational and
rotational degrees of freedom is likely due to contact-line pinning. We conclude that the dynamics
of colloidal particles adsorbing to a liquid interface are not determined by minimization of interfacial
energy and viscous dissipation alone; contact-line pinning dictates both the timescale and pathway

to equilibrium.

The adsorption of a microscopic colloidal particle to a
liquid interface is a dynamic wetting process: in the ref-
erence frame of the particle, the three-phase contact line
moves along the particle’s surface. Our understanding
of analogous wetting processes in macroscopic systems
is based on two types of models: those that relate the
motion of the contact line to the viscous dissipation in
the fluid “wedge” bounded by the solid and the liquid
interface [1-3], and those that consider dissipation local
to the contact line [4, 5]. Models in this second class
treat the motion of the contact line as a thermally acti-
vated process, in which the contact line transiently pins
on nanoscale defects and hops between them. The two
viewpoints are not incompatible: both types of dissipa-
tion can be relevant to experiments [6], and thermally
activated motion of the contact line can be viewed as a
model for how slip occurs at the solid boundary [7]. The
nanoscale defects responsible for pinning the contact line
are now understood to be important in macroscopic wet-
ting experiments at small capillary number [7-9] and in
phenomena related to contact-angle hysteresis [10].

Such defects—and the associated hopping of the con-
tact line—have also proven important for understanding
the dynamics of microscopic colloidal particles at liquid
interfaces. These particles can strongly adhere to the in-
terface, owing to the large change in the total interfacial
energy of the system once the particles bind [14]. The re-
sulting systems are used to study phase transitions and
self-assembly in two dimensions [15-21], to fabricate new
materials [22-24], and to formulate Pickering emulsions
and colloidosomes [25-28]. But nearly all particles used
in such systems have nanoscale surface features that can
pin the contact line [29]. Whereas strong pinning sites
can affect interactions [30] and motion on curved inter-
faces [31], even weak pinning sites can dramatically af-
fect dynamics. For example, Boniello and coworkers [32]
showed that the in-plane diffusion of particles straddling
an air-water interface is inconsistent with models of vis-
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FIG. 1. a) Schematic showing the cross-section through the
long axis of an ellipsoidal particle breaching an interface. Sim-
ulations assuming interfacial energy is minimized at each time
step predict trajectories (solid lines) that are non-monotonic
in both center-of-mass position and polar angle [11, 12]. Our
experimental results (shaded ellipses) show a monotonic in-
crease in both height and polar angle. See also the movie in
the Supplemental Material [13]. b) Schematic of contact-line
motion for one scenario in a). A line shows where the contact
line moves in the frame of reference of the particle after time
At. The dynamic contact angles at two points are shown.
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cous drag in the bulk fluids but consistent with mod-
els of contact-line fluctuations caused by nanoscale de-
fects. Also, Kaz, McGorty, and coworkers [33] showed
that spherical colloidal particles breaching liquid inter-
faces relax towards equilibrium at a rate orders of mag-
nitude slower than that predicted by models of viscous
dissipation in a fluid wedge. Dynamic wetting models
based on thermally activated hopping [4, 34] fit the ob-
served adsorption trajectories well over a wide range of
timescales.

Here we examine the effects of transient pinning and
depinning on the pathway that ellipsoidal colloidal parti-
cles take to equilibrium, and not just the time required
to get there. By “pathway” we mean the way in which
the degrees of freedom vary with time. For example, a
spherical particle has one degree of freedom—its height
relative to the interface. Its pathway to equilibrium does



not depend on pinning effects: at low Reynolds number,
the height changes monotonically with time, regardless of
whether the contact line becomes pinned along the way.
By contrast, an ellipsoid of revolution, or spheroid, has
two degrees of freedom—its center-of-mass position and
orientation—which need not vary monotonically with
time. In fact, molecular dynamics [11] and Langevin
dynamics studies [12] predict that both the height and
orientation of ellipsoidal particles breaching an interface
vary non-monotonically with time (Figure la). These
simulations assume that the particles follow a quasi-static
approach to equilibrium, such that the total interfacial
energy is minimized at each step along the way, and they
do not model contact-line pinning. They predict an equi-
libration time of 10 us based on the viscous dissipation,
but previous experimental studies of prolate spheroids at
interfaces by Coertjens et al. [35] and Mihiretie et al. [36]
suggest that the equilibration time is much longer, hint-
ing at pinning effects.

We use a fast 3D imaging technique, digital holo-
graphic microscopy, to observe ellipsoidal (prolate
spheroidal) colloidal particles adsorbing to an oil-water
interface. We find that not only is the equilibration time
orders of magnitude larger than that predicted by simu-
lations, but the position and orientation of the particle
vary monotonically with time, in contrast to the non-
monotonic pathways found in simulations [11, 12]. Inter-
estingly, the center-of-mass position and the polar angle
of the particle are coupled, so that the particle “rolls”
into its equilibrium position as if it were subject to a
tangential frictional force (Figure la and Supplemental
Material [13]). We argue that these effects are due to
contact-line pinning.
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FIG. 2. Schematic of experimental setup. a) The sample is
illuminated with a red collimated laser (A = 660 nm). A coun-
terpropagating infrared laser (A = 785 nm) is used to gently
push the particles against gravity towards the interface. In
the coordinate system used here, the imaging axis lies along
z, and the interface is at z=0. The center-of-mass position
and the polar angle 6 of the particle are defined relative to
the laboratory frame by a unit vector u that points along the
long axis of the ellipsoid. b) A typical hologram of an ellip-
soid at an interface. See also the movie in the Supplemental
Material [13].

To make ellipsoidal particles, we heat 1.0-pm-diameter
sulfate-functionalized polystyrene particles (Invitrogen)

above their glass transition temperature and stretch
them [13]. Using the apparatus shown in Figure 2, we
capture holograms of individual ellipsoids at 100 frames
per second as they approach an interface between decane
and a water /glycerol mixture. The holograms encode the
three-dimensional position and orientation of the particle
in the spacing and shape of the interference fringes. We
extract this information, along with the particle size and
refractive index, by fitting a T-matrix model [37] of the
scattering from the particles to our data [13].

We find that the particles relax to equilibrium slowly,
despite some abrupt motion along the way, as shown in
Figure 3a. After 1 s, or five orders of magnitude longer
than the equilibrium time observed in simulations [12],
the particles are still not equilibrated. Furthermore, their
height scales roughly linearly with the logarithm of the
elapsed time after the breach. Because this is the same
scaling observed by Kaz and coworkers [33], the likely ori-
gin of the slow dynamics is contact-line pinning and de-
pinning, the same mechanism observed in spherical parti-
cles. The slow dynamics are perhaps unsurprising, since
the particles are stretched versions of those used by Kaz
et al. [33].

More surprisingly, we find that the abrupt changes in
height (Figure 3a) correlate with abrupt changes in the
polar angle 6 (Figure 3b). Indeed, when we examine 6
as a function of z we find that the relationship is ap-
proximately linear (Figure 3c). Furthermore, although
the particles approach the interface from a variety of dif-
ferent polar angles, the 6—z plots form lines with similar
slopes, hinting at the presence of a dynamical attractor.

The linear relationship between 6 and z is reminis-
cent of rolling, where translation and rotation are cou-
pled by friction. The particles “pivot” into the interface,
as shown by the rendering of individual points along the
observed trajectories (Figure la and Supplemental Ma-
terial [13]). In contrast, the simulations by Giinther et
al. [11] and de Graaf et al. [12] predict that 6 and z should
vary non-monotonically in time (Figure 1a).

We therefore seek a different model to explain the ob-
served rotational-translational coupling, one that takes
into account contact-line pinning. We adopt the view-
point of Kaz et al. [33] and assume that the contact line
pins to defects on the surface of the particle and hops
between pinning sites with the aid of thermal kicks. We
calculate the velocity of the contact line using an Arrhe-
nius equation coupled to a model for the force, deter-
mined by the dynamic contact angle ap(t). In contrast
to the model for spheres, our model allows ap(t) to vary
as a function of position on the particle, though we still
assume that the interface remains flat at all times, a sim-
plification that we justify based on the energetic cost of
bending the interface.

For a horizontal interface defined by a denser aque-
ous phase on the bottom and an oil phase on top (Fig-
ure 2), the force on each segment of the contact line is
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FIG. 3. The height (a) and polar angle 6 (b) of ellipsoids after
they breach (breach at ¢ = 0 s) appear correlated (example
marked with blue circles). To compare data from particles
of different aspect ratios on the same plot, we normalize the
center-of-mass height relative to the interface [12] to obtain
zcom = z/v2a? +b% |, where a and b are the semi-minor
and semi-major axes of the spheroid. c¢) The polar angle
varies with the height. Our model (red), based on contact-
line hopping over defects, produces almost linear relationships
between z and 6 for the particles from the experiments.

then determined from the imbalance between the three
interfacial tensions (oil-water oo, particle-water opy,
and particle-oil op,):

Fo = 0ow cosap(t) + 0pw — 0po
_ (1)

= Oow (COsap(t) — cosag)
where ag is the equilibrium contact angle. To understand
this relation, consider Figure 1b. The force is tangent to
the particle. Because the contact angle is defined rela-
tive to the aqueous phase, F is positive and the contact
line moves down the particle (in the particle frame) if the
particle approaches the interface from the aqueous phase
(ap < ag). If the particle approaches the interface from
the oil phase (ap > ag), Fg is negative and the contact
line moves up the particle. Because the particle is non-
spherical, the force per unit length along the contact line
is asymmetric about the short axis of the ellipsoid unless

the particle breaches the interface at exactly 6 = 7/2.

The direction and magnitude of this force determine
the velocity of the contact line along the particle surface.
We relate Fi; to the velocity of the contact line using
an Arrhenius equation that is valid when forward hops
dominate [4, 33] (lag — ap| 2 0.01, as discussed in the
Supplemental Material [13]):

_ Falt) ex
V=T p(

where V is the velocity of the contact line tangent to the
particle, Vg is a molecular velocity scale, A is the area
per defect on the surface of the particle, and U is the en-
ergy with which each defect pins the contact line. When
spherical particles start in the aqueous phase, Equation 2
reduces to the form described in the Supplementary In-
formation of Kaz et al. [33]. Further details of the model
are given in the Supplemental Material [13].

Before comparing the model to the data, we first de-
termine which parameters in the model control the tra-
jectory. The dynamic contact angle is greater near the
tips of the particle than it is near the center (aptip >
QD center), as illustrated in Figure 1b. The part of the
contact line nearest the tip travels more slowly than the
part nearest the center (Viip < Veenter according to Equa-
tions 1 and 2), leading to the observed pivoting motion.
Considering only these two points, the ratio Vienter/Viip
= exp (owA (COS AD center — COS D 4ip) /2kT) approxi-
mates the rate at which z and 6 change relative to each
other. We therefore expect the shape and aspect ratio of
the particle, which determine the values of ap for a given
f and z, and the area per defect A to control the form
of the #—z curve. Changing the size of the particle, U,
or ag alters how 6 and z depend on time, but not how
# and z evolve with each other. We explore the effect of
particle shape further below.

The model produces trajectories that agree with ex-
perimental observations. In Figure 3c, we plot calcu-
lated 6-z trajectories for each of the particles using the
measured aspect ratio determined from fitting the holo-
grams and a defect area equal to that measured in Kaz
et al. [33], A = 4 nm?  We have strong evidence that
A is nanoscale, as discussed in the Supplemental Mate-
rial [13]. The modeled 6 and z are both monotonic with
time, in contrast to the predictions from earlier simula-
tions. Moreover, 6 varies linearly with z, reproducing
the translational-rotational coupling in our experimental
results. The slope predicted by the model (-1.75 £ 0.16
rad) agrees with the average slope in our experimental
results (-1.64 £ 0.76 rad).

Our model predicts that all trajectories collapse onto
one line for a given A (Figure 3c). de Graaf and cowork-
ers found a similar “dynamical attractor” for ellipsoids in
their Langevin simulations [12], while Giinther et al. [11]
found that the adsorption trajectory depends sensitively

E |Fcl(t)|A) (2)

kT 2kT



on the angle of the particle when it first touches the inter-
face. Our model predicts an attractor, but the attractor
arises from the pinning, and in particular from how pin-
ning ensures that the contact-line velocity near the tip is
always smaller than that near the center.

The only discrepancy between the model and our data
is that the slopes of the modeled trajectories are more
narrowly distributed than the experimentally observed
slopes. This discrepancy may be due to deviations in
shape from perfect prolate spheroids (see image of the
particles in the Supplementary Material [13]), which
would affect the curvature of the particle and hence ap.
The area per defect A might also vary between particles.
Our data falls between the calculated attractors for par-
ticles with A = 1 nm? and 30 nm?. Finally, the stretching
of the particles might lead to an inhomogeneous defect
density, which we do not account for in our model. How-
ever, the agreement between the average observed and
calculated slopes suggest that our assumption of a uni-
form defect density is valid to within the uncertainties of
our measurements [13].
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FIG. 4. a) A hydrophilic spherocylinder (ag < 7/4; hemi-
spherical caps drawn in dotted lines) can reach a local min-
imum in the interfacial energy when the contact angle a =
ag. b) Experimental data showing that a hydrophilic silica
spherocylinder freely rotates about the z-axis once it has at-
tached to the interface (shaded region), but its polar angle
remains fixed. Arrows indicate the particle’s polar and az-
imuthal angles at the time points indicated by the red dotted
lines.

Our model further predicts that if the particles were
spherical, there would be no net torque on the parti-
cle, owing to the symmetry. To verify this prediction,
we examine spherocylindrical particles (Figure 4), each
of which consists of a cylinder with hemispherical caps.
If the spherocylinder is hydrophilic, such that a sphere
of the same material has an equilibrium contact angle
smaller than /4 (Figure 4a), it can attach to the inter-
face at a range of polar angles all having the same energy
(Figure 4a). Our model predicts that the contact line will

not exert a torque on the particle and that the particle
should therefore remain at the same polar angle.

Indeed, we observe that when hydrophilic spherocylin-
ders breach the interface, their polar angle remains fixed,
although their azimuthal angle can still fluctuate (Fig-
ure 4b). The absence of equilibration is surprising be-
cause the minimum-energy configuration for spherocylin-
ders is § = w/2. However, the observed trajectories agree
with the prediction of our model.

We therefore conclude that accounting for contact-line
pinning, and not just interfacial energy, is necessary to
understand the dynamics of nonspherical particles at lig-
uid interfaces. The slow relaxation observed in such sys-
tems is just one manifestation of the pinning; as we have
shown here, the pinning can also alter the pathway to
equilibrium. The agreement between model and exper-
iment suggests that the pathway is controlled not only
by the size of the defects on the solid surfaces, but also
by the local curvature of the particle. Thus, not only is
the road to equilibrium long, but it also depends on the
details of the shape of the particle.

These results have practical implications for assem-
bling particles at an interface and, at the same time,
lead to new fundamental understanding of how dynamic
wetting influences particles at interfaces. In terms of
practical implications, the unexpectedly long adsorption
times we find in our experiments might significantly af-
fect the aging of Pickering emulsions. Although we have
neglected the curvature of the interface in our simple
dynamical model, ellipsoidal particles should induce a
quadrupolar capillary field in equilibrium [38]. There-
fore the equilibration of multiple particles at the interface
might be complicated by the slowly evolving capillary in-
teractions between them. Also, the shape of the particle
might play a large role in determining if and how such
systems arrive at equilibrium. Particles like the sphero-
cylinder (and related particles such as FE. coli and other
pill-shaped bacteria), can get stuck at a particular angle
after attaching to the interface because the contact line
“sees” a sphere (Figure 4a). Such particles would there-
fore need a large thermal fluctuation to rotate toward
their equilibrium configuration.

In terms of fundamental understanding, the ability of
our model to recreate the nearly linear 6—z adsorption
trajectories for ellipsoids validates the idea that contact-
line pinning couples orientational and translational de-
grees of freedom. The role that pinning plays is akin
to the role of friction in rolling. Here, however, the
friction arises not from the interactions between micro-
scopic features on two solid surfaces, but from the in-
teractions between nanoscale defects on a solid surface
and a deformable liquid-liquid interface. Though these
interactions are weak enough to be disrupted by thermal
fluctuations, and the capillary driving forces are large,
the frictional coupling can nonetheless drive adsorption
trajectories that are observably different from those ex-



pected from interfacial energy minimization and viscous
dissipation.
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