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Microscale Marangoni Surfers

Kilian Dietrich ,1 Nick Jaensson ,2’* Ivo Buttinoni,3 Giorgio Volpe ,4 and Lucio Isa

L

'Laboratory for Soft Materials and Interfaces, Department of Materials, ETH Ziirich, 8093 Ziirich, Switzerland
2Laboraz‘ory for Soft Materials, Department of Materials, ETH Ziirich, 8093 Ziirich, Switzerland

3 Institut fiir Experimentelle Kolloidphysik, Heinrich-Heine Universitdt Diisseldorf, D-40225 Diisseldorf, Germany

4Depczrtment of Chemistry, University College London, 20 Gordon Street, London WCI1H 0AJ, United Kingdom

® (Received 14 May 2020; accepted 23 July 2020; published 25 August 2020)

We apply laser light to induce the asymmetric heating of Janus colloids adsorbed at water-oil interfaces
and realize active micrometric “Marangoni surfers.” The coupling of temperature and surfactant
concentration gradients generates Marangoni stresses leading to self-propulsion. Particle velocities span
4 orders of magnitude, from microns/s to cm/s, depending on laser power and surfactant concentration.
Experiments are rationalized by finite elements simulations, defining different propulsion regimes relative
to the magnitude of the thermal and solutal Marangoni stress components.
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Microscale active materials constituted by ensembles of
self-propelling colloidal particles offer tremendous oppor-
tunities for fundamental studies on systems far from equi-
librium and for the development of disruptive technologies
[1]. Central to their functions is the ability to convert
uniformly distributed sources of energy, i.e., under the form
of chemical fuel or external driving fields, into net motion
thanks to built-in asymmetry in their geometry or compo-
sition. Both from a modeling and a control perspective,
minimalistic designs are particularly appealing. In such
designs, the complexity of the particles is kept to a
minimum, while still enabling functionality and the emer-
gence of novel physical behaviors. The simplest case is the
one of active Janus microspheres, i.e., colloidal beads
equipped with a surface patch of a different material, which
exploit their broken symmetry to self-propel and yet reveal a
broad range of complex phenomena, including dynamic
clustering [2,3], swarming [4], and guided motion [5].

Self-motility in Janus particles can derive from various
mechanisms—from catalytic reactions [6] to bubble pro-
pulsion [7] and electrokinetic effects [8]. Among the
available propulsion schemes, self-phoretic mechanisms
have emerged as a standard [9]. In self-phoresis, a particle
propels with a velocity that is proportional to a self-
generated gradient via a phoretic mobility coefficient
[10]. Self-thermophoresis, whereby motion is induced by
the asymmetric heating of light-absorbing Janus particles
[11], is particularly interesting due to the unique properties
of light as a source of self-propulsion [12]. Here, the
propulsion velocity is V = —D;VT, where both the
thermophoretic mobility Dz [13] and the self-generated
thermal gradient are independent of particle size [14]. The
propulsion speed simply scales with incident illumination
in a linear fashion, enabling robust possibilities for spatial
and temporal motion control by light modulation [15-17].
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However, direct self-thermophoresis in bulk liquids is
not an efficient propulsion mechanism. Its molecular
origin stems from particle-solvent interactions and the
magnitude of Dy is set by the temperature dependence
of the particle(solid)-liquid interfacial energy [18]. Because
the latter quantity depends weakly on temperature, thermo-
phoretic mobilities are small. Typical values of Dy are
O(107!2 m?/s), leading to speeds of O(um/s), i.e., just a
few body lengths per second for micrometric colloids,
for an increase of the cap temperature (AT) of 1 K,
as confirmed by experiments [11,14,17] and theoretical
predictions [19]. A powerful way to improve the efficiency
of thermal gradients for self-propulsion relies on coupling
them to other gradients, such as asymmetric chemical
gradients [20,21].

In this Letter, by employing Janus particles at fluid-fluid
interfaces, we couple thermal gradients to gradients of
interfacial tension. Upon heating, controlled surface
tension differences across the particle can lead to self-
propulsion velocities up to staggering 10* body lengths per
second, a vast increase over direct self-thermophoresis in
bulk. This enhancement follows the fact that, in the
presence of surface tension gradients, momentum conser-
vation at the interface prescribes the existence of tangential
stresses, called Marangoni stresses, defined as

do(T, T)

do(I.T)
or

V.o, T) = o

V,T + v, (1)

where o(I", T) is the interfacial tension, which is a function
of temperature 7 and surface excess concentration of
surface-active species I'. V, = (I —nn) -V is the surface
gradient operator, with I the unit tensor and n the normal to
the interface. Here, we identify two sources of stress:
temperature and surface excess concentration gradients,
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whose magnitude is set by do(I', T) /OT and do(I', T) /0T,
respectively [22]. Imposing a force balance on the particle’s
surface P and contact line L yields

/8 o mydS = i o(T. T)tdl, (2)

where ¢ is the bulk stress tensor, n » is the unit vector
normal to the particle surface, and ¢ is the unit vector
tangential to the interface and normal to the contact line.
Together with a no-slip boundary condition at the particle
surface, Eq. (2) allows solving for the particle velocity V
imposed by the Marangoni stress [23]. For a characteristic
interfacial tension difference Ao, simple dimensional argu-
ments lead to predicting a propulsion speed V « Ac/7,
where 7 is an effective viscosity experienced by the particle
straddling the interface. Considering thermal Marangoni
effects (a.k.a. thermocapillarity) alone, the predicted self-
propulsion speed is given by V = (Jo/0T)AT/(10n) [24].
Typical values of Jo/OT for oil-water interfaces are
O(107* N/(m-K)), leading to speeds V = O(cm/s),
independent of particle size and indeed corresponding to
10* body lengths per second for microparticles, for AT =
1 Kand 7 = O(1073 Pa - s) [24]. The magnitude of /0T
is then able to set macroscopic bodies in motion, as for
instance shown for the propulsion of centimeter-sized
objects [37] and the rotation of microgears suspended at
a water-air interface [38]. Similar considerations can be
made for solutal Marangoni propulsion [39,40], as popu-
larized by camphor or soap “boats” releasing surfactant at
one end [41,42], or for the motion of active droplets [43].

Our interfacial microswimmers, or “Marangoni surfers,’
are Janus silica microparticles (radius R = 3.15 um,
Microparticles GmbH) sputter-coated with a 100 nm thick
hemisphere of gold (CCU-010, safematic) and confined at
an interface between MilliQ water and dodecane (Arcos
Organics, purified three times through a basic alumina
column). By pinning the lower aqueous phase to the sharp
edges of a metal ring before adding a layer of dodecane, we
achieve a macroscopically flat interface (area ~0.8 cm?) to
which the particles are added via contacting the interface
with a 0.5 ul droplet of a diluted aqueous suspension
(0.01% wi/v). The surface heterogeneity generated by the
thick metallic caps effectively pins the Janus particles in
random orientations with respect to the interface [44,45],
leading to caps typically crossing the interface (Fig. S1 in
[23]). Asymmetric heating of the particles is achieved by
illuminating them with green laser light 2W-CW, Coherent
Verdi, 532 nm). In particular, we use beam-shaping optics
to transform a Gaussian laser profile into a top-hat profile
[Fig. 1(a)] focused onto the interface plane to provide
localized, spatially uniform illumination (within 10% inten-
sity fluctuations) with a power density up to 8000 W /cm?
[23]. Light absorption by the gold cap creates an asymmetric
temperature profile around the particles [23], thus generating
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FIG. 1. (a) Diagram of the experimental setup. (b) Schematic of
a gold-coated Janus particle at the water-oil interface. Laser
illumination induces a temperature increase A7 in the fluid in
contact with the cap, leading to asymmetric Marangoni stresses
and particle propulsion with velocity V. (c) Overlay of different
trajectories of Marangoni surfers propelling from the center of the
illuminated region. The color code indicates normalized velocity
ranging between zero (black) and a power-density-dependent
V max (White). Scale bar = 30 ym.

Marangoni stresses that propel them with velocity V and the
Au cap oriented toward the back [Fig. 1(b)] [19]. Trajectories
are collected by positioning a particle in the center of the
illuminated circular spot, turning the laser on at a given
power density and recording images with a high-speed
camera (AX 200 mini, Photron, up to 5000 fps) in a
custom-built transmission microscope [Fig. 1(c)]. From
the high-speed time lapses, we extract particle coordinates
and velocities via custom-written MATLAB particle-tracking
algorithms. Particles self-propel from the center toward the
periphery of the light spot in random directions, depending
on the cap orientation (Movie S1) and are recentered in the
laser spot after each measurement. As soon as the particles
leave the laser spot, propulsion stops (Movie S2). Light
gradients are only present at the periphery of the spot
(~ outer 15% of the spot radius), and we observe no
coupling to propulsion direction. Particle speed, as a function
of laser illumination, reaches values up to 1 cm/s. Variations
of particle speed for a given illumination may stem from
differences in particle orientation and position (i.e., three-
phase contact angle) relative to the interface and from
differences in the metal coating.

In order to rationalize the phenomenology seen in the
experiments, we perform systematic numerical simulations
of the fluid dynamics of the system coupled to heat and mass
transport of surfactants at the interface using an in-house
finite element code (full details in [23]). In particular, as an
ansatz to quantify the Marangoni stresses introduced in
Eq. (1), we assume that, in first approximation, the surface
tension can be described by a linear function of I" and 7" [25]:

o(I,T) =6y — 0T = B(T = T). (3)
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where o is the surface tension of the clean interface
at the ambient temperature 7). 6 and f are the previously
introduced parameters describing how the surface tension
changes with T" and T, respectively identified with —0c /0"
and —Jo /0T . Simulations were performed for Janus micro-
particles at a water-dodecane interface, where the model
parameters were either known or taken from the literature
[23]. The results include the temperature, surface excess
concentration, and velocity fields as a function of AT, which
is the difference between the temperature of fluids in
contact with the cap and Ty and the equilibrium surfactant
concentration 7.

Starting from the case of a pristine interface (I'ly = 0), in
Fig. 2 we plot the simulated particle velocities V as a
function of AT (purple data). Here, we see that the speed
increases roughly linearly with AT. A dimensional analysis
reveals that for fixed material parameters and in the absence
of surfactants, the problem can be described by a single
dimensionless group, for which we choose the thermal
Péclet number, defined by Pe; = 2VR/(a; + @), where
a; are the thermal diffusivities of each liquid. Isosurfaces of
the dimensionless temperature fields 7% = (T — T,)/AT
for the clean interface are shown in Fig. 2 for AT =1 K
(top, left) and 20 K (top, right), respectively corresponding
to the case of Pey <1 and Pe; ~ 1. For Pe; < 1, the
problem is governed by thermal diffusion, and the temper-
ature fields can be described as a combination of a
monopole and a dipole solution. As the cap heating
increases, the particle speed, and thus Pey, increase, too,
until convection starts affecting the temperature field,
resulting in a stretched region of increased 7' behind the
particle. A direct comparison with existing theoretical
analysis by Wiirger [24] shows very good agreement for
the particle V even in the high Pe; regime [23].

When we include the effect of surface-active species at
the interface (green, blue, and orange data), we obtain a
markedly different behavior that strongly depends on the
value of I'j. We reveal the existence of a regime showing a
linear velocity increase for low values of A7, which
expands over to broader ranges of AT for increasing
surfactant surface excess, i.e., from green to orange data.
However, the corresponding velocities are several orders of
magnitude lower than the ones for the clean interface, even
for a surface excess concentration as low as 10~/ mole/m?.
Interestingly, for this value of I'; (green data), as AT grows,
the particle speed goes through a transition regime and it
converges toward the values for the clean interface. By
increasing Iy, this transition takes place at a correspond-
ingly higher AT.

In order to understand this behavior, we visualize
the surface excess concentration fields around the particles
and revert once more to dimensional analysis. As compared
to the clean interface, we need to introduce two addi-
tional dimensionless groups: a surface Péclet number,
defined Pe, = VR/D,, where D; is the surface diffusion
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FIG. 2. Simulated particle speed versus temperature increase
AT in the fluid next to the cap of a Janus particle at a pristine
water-dodecane interface (purple squares) and with excess con-
centrations I'y = 1077 (green circles), 107° (blue triangles), and
10~ mole/m? (orange diamonds). The symbols are simulation
results, and the connecting lines are to guide the eye. Solid black
line: theoretical prediction by Wiirger [24]. The insets show
isosurfaces of the dimensionless temperature 7* = (T — T,) /AT
(top) and excess concentration I'* =T'/Iy (bottom) fields for
selected simulations corresponding to different regimes of ther-
mal and surface Péclet numbers Per and Pe, respectively.

coefficient, and the ratio between solutal and thermal
Marangoni stresses, 1= pAT/(6[y) [46]. Since the
surface diffusion coefficient can easily be 2 orders of
magnitude lower than the thermal diffusion coefficient [47],
the transition Pe, ~ 1 happens at a correspondingly lower
AT, for which the surface excess concentration field starts
to deviate significantly from the diffusion-dominated
regime. The dimensionless surface excess concentration
fields shown in Fig. 2 (bottom) reveal that, as the particle
moves, a wake depleted of surfactants is created behind it.
Therefore, the corresponding surface concentration
gradient generates solutal Marangoni stresses that “work
against” the thermal Marangoni stresses. The resulting
particle velocity is caused by the balance between the
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two stress components as in Eq. (1), which explains the
slowdown. The consequent transition to velocities purely
dominated by thermal stresses happens because, at high
Peg, the surface excess concentration inside the depleted
region becomes approximately zero. At this point, the
maximum attainable solutal Marangoni stress, fixed by 6,
is reached and becomes independent of temperature, or
particle speed, afterward. Conversely, the maximum ther-
mal Marangoni stress is set by SAT, which keeps growing
as the temperature increases. At a given point, thermal
Marangoni stresses dominate, and the presence of the
surfactant becomes insignificant, so that the data in
Fig. 2 for a clean interface sets an upper limit for the
particle velocity at a given AT.

Starting from these numerical predictions, we closely
examine the measured experimental particle speeds as a
function of incident laser power, which we convert into a
AT, leading to the data reported in Fig. 3. We perform the
conversion by carefully calibrating the local heating of
the fluids induced by the gold caps relative to the critical
temperature of a water-lutidine mixture. We show a
linear relation between the induced heating and incident
laser power, as supported by theoretical estimates (see
Supplemental Material [23]). We first perform a series of
measurements at an allegedly pristine water-dodecane
interface. The purple data show a behavior consistent with
the scenario reported by the simulations, where, in spite of
all efforts for cleanliness, solutal effects are always present.
For comparison, the simulation results are also plotted
(empty symbols) and the experimental behavior can be
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FIG. 3. Experimental particle speed V as a function of AT.
Allegedly pristine interface (purple squares) and increasing
concentrations of SDS in the water phase: C = 1077 (green
pentagons), 107 (orange triangles), and 10~ mole/L (blue
diamonds). Black, open symbols are simulated data with the
symbol shape corresponding to Fig. 2. The error bars represent
the standard deviations of particle velocities.

reconciled by introducing a surface excess concentration
of order I’y = 1077 mole/m?. These minute values of I'y
correspond to unavoidable environmental trace contami-
nations [48-50], which have a hardly measurable effect on
the absolute level of the surface tension. However, as low as
the absolute levels are, gradients of the surface excess
concentration can still significantly alter the hydro-
dynamics in sensitive experiments, especially at small
length scales, where Marangoni stresses become increas-
ingly important [51].

To confirm the role played by surface-active species, we
purposely add controlled amounts of a water-soluble sur-
factant (sodium dodecyl sulfate, SDS, Sigma Aldritch,
> 98.5%). The choice of SDS is motivated by the fact that
it has a negligible surface viscosity, and thus we do not
expect surface rheology to affect particle motion [52].
Consistent with the balance between the different compo-
nents of Marangoni stresses, we observe that an increased
amount of SDS causes a shift of the transition toward higher
values of AT and an overall reduced particle velocity over
the same AT window. To unify the experimental and
numerical data, and to unequivocally show that the ratio
between the solutal and thermal Marangoni stresses controls
the transition between the two regimes, we can rescale the
experimental and simulation data on a master curve as a
function of the dimensionless number IT in Fig. 4. Below
IT = 1, the data clearly collapses onto a single curve, with a
transition that happens at I1 = 1 for all the data shown. We
remark that the data only collapses for IT < 1; for larger
values of II the role of the solutal Marangoni stresses
becomes insignificant and V is rescaled by AT alone.
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FIG. 4. Rescaled experimental and simulation data. For the
experiments the excess concentrations used are I'y = 2 x 1077,
4x1077, 1 x107°, and 2 x 10~ mole/m? for SDS concentra-
tions of C =0, 1077, 1072, and 1073 mole/L, respectively. The
symbols and error bars correspond to the ones in Fig. 3. The solid
black line is a guide to the eye. Inset: Image overlay of a particle
propelling with V ~ 10 mm/s (scale bar = 10 ym).
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The understanding and rationalization of the experimen-
tal data opens up exciting opportunities for the exploitation
of Marangoni stresses in self-propelled, active microscale
systems. The green and purple data in Figs. 3 and 4 show
that the propulsion velocity of a microscale Marangoni
surfer can be tuned over 4 orders of magnitude in a single
experiment via the controlled balance between thermal
and solutal effects. In particular, the fact that this huge
dynamic range can be regulated simply by light enables
unprecedented opportunities for the spatial and temporal
modulation of self-propulsion. The existence of two dis-
tinct linear regimes at low and high IT allows fine-tuning of
propulsion speed within two markedly different velocity
ranges. At low AT, velocities are on the order of
1-10 pm/s, as typical for active Brownian particles. The
simultaneous illumination of multiple particles with con-
trolled light landscapes offers interesting options to modu-
late collective active motion. In the high AT regime, the
particles move fully ballistically with speeds reaching
up to 20 mm/s (inset of Fig. 4), which had so far only
been reported for bubble propulsion of microscale objects
[53]. Moreover, the narrow transition region together with
the steep velocity variation can give rise to rich dynamical
behavior crossing between regions of low and high
Pe x V/\/DyDy for active motion, where Dy and Dy
are the Brownian translational and rotational diffusivities.
Finally, the strong dependence of propulsion speed
on interface contamination may be used as a sensitive
characterization tool for the presence of surface-
active species undetectable by macroscopic tensiometry
methods.

In conclusion, from the demonstration of the first
catalytically active particle onward [54], fluid interfaces
have been offering a broad range of promising opportu-
nities to realize new active systems [55], exploiting the
unique combination of strong vertical confinement [56,57],
specific interactions [58], and highly efficient available
propulsion sources. We expect that the near future will see
further expansion encompassing both fundamental studies
and applications [59].
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