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Abstract

Driven colloidal particles exhibit a number of interesting nonequilibrium effects. In order to
study these effects the driving mechanisms have to be understood in detail. In this paper we
show three different driving mechanisms: driving by gravity, by a gradient in a magnetic field,
and by a local chemical reaction. The first mechanism can be used to drive a large variety of
particles, while the latter two require specially designed particles. We will describe the design
of such particles and discuss differences and similarities of the driving mechanisms.

1. Introduction

Colloidal particles are excellent model systems for many
interparticle interactions. They have been used to study
phase behavior of hard spheres [1] and charged colloidal
particles [2] in three dimensions, as well as for studies of
the two-stage melting process of particles in two-dimensional
configurations [3]. Particles, which are confined on lattice
sites, show patterns which result from the competition of the
interparticle energies with the energies from the interaction of
the particles with the potential defining the lattice [4]. Particles
with predefined static magnetic dipole moments can be used
as models for spin interactions of atoms on various lattice
geometries [5]. The influence of spatial boundaries leads to
a competition between the interparticle interactions and the
conditions imposed by the external confining potential [6-8]. If
such an ensemble of particles is driven into motion, interesting
and unexpected reconfigurations of the particle arrangements
take place due to the collective motion of the particles [9].
Other effects are, for example, hydrodynamic effects due to
the presence of a surrounding solvent [10] and lane formation,
if two kinds of particles are driven in opposite directions [11].

It is therefore worthwhile to study the effects of
various driving mechanisms on single colloidal particles and
ensembles of such particles. In this work we want to present
three driving mechanisms acting on two different kinds of
colloidal particles: on the one hand, gravitational driving and
driving by means of a gradient in a magnetic field, both on
superparamagnetic particles, and, on the other hand, driving
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by a chemical reaction at the surface of the particles on capped
colloids. The particles are described in section 2 and the
driving methods in section 3.

2. Particles

Superparamagnetic particles (commercially available from
Dynal) are created by Fe;O4 inclusions in a polystyrene
matrix. The size of the inclusions is of the order of several
nanometers; thus the magnetic moments of the inclusions can
follow directly an externally applied magnetic field leading to
the superparamagnetic behavior of the whole particle. The
diameter of our particles is about 4.55 wum. Interactions
between such superparamagnetic particles are long-ranged. In
the case of a two-dimensional arrangement of the particles,
which are polarized perpendicular to the plane of the particles,
the potential of the magnetic dipoles is given by

o M?

V()= i (1)

Here r is the distance between particles. In the case of the
superparamagnetic particles M is

M = M, (coth (aB) — %) , )
o

with My =6 x 10713 Am? and & = 390 T~L.
For some applications, such as the generation of an
autonomous motion, it is desirable that the particles have
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asymmetric properties. Such asymmetry can be achieved by
the evaporation of a metallic cap onto silica beads. In our
experiments the diameter of the particles is 4.82 um. A
metal (palladium in the case of the present study) is evaporated
on one side of the particles. This can be realized if the particles
are first deposited on a substrate in a monolayer, either by
evaporation of the solvent from a droplet [12] or by spin
coating. The metal is deposited on top of such a monolayer
in a subsequent step by thermal evaporation. The particles can
then be suspended from the substrate by dipping the substrate
in water or by sonicating the samples in water. The resulting
suspension is enriched by centrifuging.

3. Driving mechanisms

3.1. Gravitational driving

The mechanism of gravitational driving has been demonstrated
by Koppl et al [9]. The suspension of superparamagnetic
particles is put on to a quartz substrate, which is coated by a
resist (Microchem SU-8) in order to prevent sticking of the
particles to the substrate. A second quartz substrate is put
on top of this, separated from the bottom by a rubber O-
ring. The whole cell is sealed by a UV glue (Norland Optical
Adhesive 60) to prevent unwanted evaporation of the solvent.
The dimensions of the cell are of the order of a few millimeters.
We therefore consider the system as an unbound system on the
scale of typical particle sizes (4.5 um).

For gravitational driving the sample cell is tilted by a well-
defined angle 6. The strength of the driving force is then given
by

Fgrav = Mg Sin6, 3)

My being the reduced mass of the particle m; = (Opar —
Psol) Vpar, Where ppqr and pyo; are the densities of the particle and
the solvent, respectively, and V,; is the volume of the particle.
The tilt can be generated by either tilting the whole set-up or
tilting the sample with respect to the set-up. The latter has
the advantage that the optical set-up can be built more reliably
and is therefore used in the current experiments. It should be
mentioned that in a closed cell the particles move with respect
to the solvent. Therefore hydrodynamic interactions can play
an important role in this set-up.

3.2. Driving by a gradient in the magnetic field

The particles possess a magnetic moment, which depends on
the value of an external magnetic field (the polarizing field
By, in relation (2)). If a second magnetic field, Bysy, is
superimposed the interaction between the magnetic dipole and
the driving field leads to a force proportional to the gradient
%Bdri\,. In our set-up we use two pairs of magnetic coils. One
generates a homogeneous field directed perpendicular to the
sample’s substrate (Bp,), the other pair generates a field, which
is oriented in the plane of the particles’ motion, Bgsy. This field
is generated by driving the current through the two coils not in
parallel, but in opposite directions. The sizes and the distance
between the coils were chosen so that By, is linear in the area
of the motion of the particles.

Because the magnetic moments of the superparamagnetic
particles are induced by the applied magnetic field, the gradient
in the driving field leads to a change in the magnetic moment
of the particles. The simple relation F' o< V B is then no longer
correct and has to be replaced by

“

where x is the distance from the point where ﬁdriv =0and M,
is the component of the magnetic moment M in the direction
of the driving field. For typical conditions in our experiments
the value of the force is of the order of 10~!* N. M can be
estimated by the first nonzero term of its Maclaurin’s series for
B: M = M, B, where M, = 3~ 'aM,. (Thisisa good estimate
for fields <2 mT.) Thus we can write Fyy, in a simpler form:

[ 2
Fmag =2M, (VBdriv> X, @)

which shows the direct relation between Fpe, the gradient
and the distance from the center of the driving field x. It is
confirmed by measurements of velocities of single particles as
a function of x and as a function of the gradient.

3.3. Catalytic reaction at the cap

Itis well known that H,O, undergoes a catalytic decomposition
at the surfaces of transition metals. The capped colloids, which
were presented in section 2, are metallic on one hemisphere
only. Therefore the decomposition of hydrogen peroxide is
much stronger on the palladium-coated side of the sphere
than on the bare SiO,. The Pd-catalyzed decomposition
of hydrogen peroxide in water solution can be written as
2H,0, — 2H,0 + O,. The balance equation shows that
the ratio of reactants to products is 2:3. Consequently a local
gradient of the chemical potential around the particle is formed.
The catalytic decomposition of the hydrogen peroxide at the
palladium surface of the particle leads to an increase of the
number of molecules there, resulting in the appearance of a
difference in osmotic pressure. This imposes propulsion of
the particle from the region of high pressure (palladium side)
into a region of low pressure (uncoated side) towards the silica
part. We can estimate the heating of the whole system from the
energy of the hydrogen peroxide decomposition (98 kJ mol™").
Under the assumption that even in rather dense suspensions
less than 1% of hydrogen peroxide will be decomposed, we
derive a temperature change of 1 K for a typical volume of
200 pl. Therefore heating effects are unlikely to influence the
driven motion of the particles.

This chemical reaction has been suggested for the
generation of motion of objects catalyzed by platinum [13]
and described by Howse et al [14] for the propulsion of the
platinum-coated polystyrene beads, where platinum was used
as the catalyst. A similar driving mechanism was used to move
bi-composite metallic rods [13] and platinum-coated plates
[15]. Because the motion in this case is determined by the
ability to produce the chemical gradient locally, the geometry
and shape of the object can play an important role in the
generation of its motion. We can therefore expect that changes
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Figure 1. (a) Dependence of particle velocity on the tilting angle 6. (b) Dependence on changes in particle density.

in the shape of the capped colloids to non-spherical particles
can lead to a preferred direction in the driven motion of these
particles.

A suspension of capped colloids was prepared by mixing
the particles with hydrogen peroxide solutions of different
concentrations, prepared by diluting a 30% hydrogen peroxide
solution with water. The suspension was placed between two
glass plates, separated by a glass spacer. The motion of the
colloidal particles was directly imaged by means of video
microscopy.

4. Experimental results

All experiments are conducted in a video microscopy set-
up. Before the first measurements of particle velocities the
set-up is carefully oriented horizontally in order to remove
any drift arising from an unintentional residual tilting of the
set-up. It has to be mentioned that, due to hydrodynamic
interactions, interparticle interactions are expected when the
particles are measured moving as ensembles. Furthermore the
magnetic moments of the superparamagnetic particles interact
on long length scales. We therefore performed measurements
comparing the behavior of ensembles of particles with the
behavior of individual particles. This procedure was not
necessary for the case of catalytically driven particles, because
there every particle is driven individually by the reaction with
the fuel molecules.

Figure 1(a) shows the dependence of the velocity on
various tilt angles 6. The expected linear dependence for small
values of 6 is observed. Without hydrodynamic interactions
the velocity of a particle with radius R is expected to be given
by equating the force (3) with the friction given by Stokes’ law:

F = 67nRv. (6)

From this estimate we expect a velocity of v = 0.21 ums™!

for a particle driven at a tilt angle of & = 2° (with the

viscosity of water n = 1 x 1073 Pa s and the particle density
p = 1.5 x 10> kgm™3). This deviates strongly from the
experimentally measured value (v = 0.05 ums~!). This
indicates that the proximity of the surface causes friction,
which slows down the motion of the particles. In order to check
whether effects of hydrodynamic interactions arise, when an
ensemble of particles is driven gravitationally, we repeated the
same measurement at various particle densities. Figure 1(b)
shows that we could not observe a change in velocity due to
changes in density at &6 = 2°. We therefore conclude that
hydrodynamic interactions between the particles are weak in
our system at these moderate densities and particle velocities.
The velocity of the particles driven by a gradient in the
magnetic field depend, according to equation (5), linearly on
the position x and quadratically on the gradient in the magnetic
field VB. Measurements shown in figure 2 confirm both
relations. This shows that the particles are driven by a well-
defined gradient of the magnetic field in the experiment. In
order to test the magnitude of the magnetic force Fp,g the
force was compared to gravitational forces. For this experiment
we tilted the sample in the direction which causes a force
opposing the magnetic drive. Thus the particles are pulled
‘uphill” by the magnetic force as long as Fiyag > Fray and flow
‘downhill’” as soon as Fiae < Feray. When plotting the absolute
value of the velocities of the particles |v| versus the tilting
angle 6 at a certain value of the gradient in a magnetic field
(0.386 Tm™ 1) we therefore obtain a minimum at Fiae = Foray,
as shown in figure 3(a). This measurement leads to a value
of 1 x 107'* N for equilibrium. When calculating the force
for the given field gradient from equation (5) we observe a
value of 2.3 x 107'* N. To further characterize the driving
mechanism in the magnetic field we measure the velocities of
the particles at different values of the force. Figure 3(b) depicts
this dependence. The force values are calculated according
to equation (5). Both methods show that the measured values
of the magnetic force deviate strongly from the values which
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Figure 3. (a) Dependence of the velocities of the particles on the tilting angle 6 at a gradient in the magnetic field of 0.386 T m~'. The
distance from the center of the magnetic field is x = 1 mm. (b) Comparison between the velocities of the particle in magnetic and
gravitational driving for forces calculated according to equations (2) (squares) and the corrected equation (7) (circles).

can be calculated from equation (5). We estimated the errors
coming from our determination of the velocities (shown is
the spread of several measurements) and the determination
of the gradient of the magnetic field, which was measured
using a commercial Hall probe. The result, which is shown
in figure 3(b), indicates that the discrepancy is beyond the
experimental error. Differences in friction or hydrodynamic
interactions in the two driving mechanisms cannot explain this
result, because the position of the minimum in figure 3(a)
is not affected by such influences. One possible reason
for these differences is the fact that the polarization of the
superparamagnetic particles, which is induced by the motion
from a region of lower Bg;y to a region of larger Bgyiy, COSts
energy. This loss in energy leads to a ‘friction’ term in the
force Frna, which is again proportional to (VB)2. Thus the
total force can be rewritten as

qug = (2 - V)Ml (%édriv)zx (7)

with a parameter y, which has to be calculated from the
experimental comparison between magnetic and gravitational
driving. For our measurements we find a value of y ~ 1.

Unlike the two previous cases the catalytically driven
particles perform a motion, which is induced by their own
chemical gradient. Driving force always points in the direction
of the particles’ cap, therefore the direction of the motion is
defined by the particles’ axis. Although such a particle moves
directly at short timescales, its motion is found to be random
at large timescales because of processes of rotational diffusion,
which change the direction of the cap and the driving force.
This motion can then be described by an effective diffusion
constant [14]:

Deir = Do + 10’1z, 3

with Dy the diffusion constant without addition of H,O, and
TR the rotational diffusion constant. This constant depends
on the content of H,O, in the solution. We determined it for
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Figure 4. Dependence of the velocity of capped particles in various
concentrations of H,O,.

various concentrations of H,O, and could derive velocities of
the capped particles in these concentrations (figure 4). The
velocity of the particles depends linearly on the concentration
of H,O; in the solution up to 20% H,0,. It is found to be
about 1 um s~ at 20% H,0,. At larger contents of H,O, the
velocities start to saturate because the reaction educts cannot be
provided at sufficient rates to the particles’ surface any more.
If we assume that hydrodynamic interactions can be neglected
in this case as well, we can estimate a maximum driving force
of 0.25 pN for a single capped particle.

Catalytic motion of colloidal particles can find many
applications, for instance, transportation of synthetic or
biological objects. For this purpose the possibility to control
the direction of motion becomes important. In order to achieve
directed motion of such particles, the processes of rotational
diffusion, which lead to random changes of the orientation
of the metallic caps in the solvent, must be excluded. This
can be realized by modifying the particles’ caps by deposition
of additional ferromagnetic layers, which will generate a
permanent magnetic moment for every colloidal particle [5].
The motion of such modified colloids in a solution of H,O,
can be directed by applying a homogeneous external magnetic
field, which will align the particles’ caps along field lines [16].
The velocities for such a motion are not affected by weak
magnetic fields and are therefore comparable to velocities
shown in figure 4.

5. Conclusion

To summarize we investigated three different driving
mechanisms for colloidal particles. The forces which act on the
particles are comparable in all cases and are on the pN scale.
The comparable magnitude of the driving forces will allow us
to investigate multi-component ensembles of particles driven in
different directions. One possible phenomenon, which can be
observed in such systems, is the formation of lanes of particles,
which move together in the same direction [11].
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