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ABSTRACT
The overarching goal which initiated this research was the desire to learn how to
synthesize artificial micrometer- and nanometer-sized objects which have the ability to
move autonomously in solution, and to be able to understand, predict, and control their
movements. In the natural world, such motion is common. Bacteria, for instance, use
flagella, cilia, or other mechanisms to chemotax to nutrient-rich regions of their
environments. However, at the outset of this research, only a few simple examples of
artificially powered motions on the microscale had been reported in the literature.
This dissertation discusses the evolution of artificial catalytic micromotors and
micropumps from the initial bimetallic-microrod design, which catalyzed the
decomposition of hydrogen peroxide (H2O2), to the current state of the field, in which
particle motion can also be powered by hydrazine-derived fuels or by ultraviolet light.
Analyses of these new motors are presented, with particular emphasis given to the motormotor interactions which occur in solution and which give rise to collective behavior in
dense populations of the motors.
The first artificial autonomous micromotor ever synthesized consisted of a
bimetallic microrod with spatially segregated gold and platinum segments. When placed
in aqueous solutions containing H2O2, this microrod decomposed the H2O2
asymmetrically on its two metallic surfaces and powered its own motion through solution
via self-electrophoresis. In this dissertation, it is shown that a similar self-electrophoretic
mechanism is at play in a micropump system comprised of spatially segregated,
lithographically patterned, palladium and gold features, which operates in solutions of
either hydrazine (N2H4) or N,N-dimethylhydrazine [(CH3)2N(NH3)]. While this new
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electrophoretic system is interesting from a theoretical standpoint, N2H4 is highly toxic,
and the decision was made to move on to other more environmentally friendly systems.
The bulk of this dissertation therefore details experiments performed on silver
chloride (AgCl) particles, a newly discovered autonomous micromotor system,
discovered by the author, which exhibits collective behaviors that have never before been
seen in wholly artificial microscale systems.

When placed in deionized water and

illuminated with ultraviolet (UV) light, these colloids decompose into protons, chloride
ions, oxygen gas, and silver metal. The difference in the diffusion constants of the two
ions creates an electric field in solution which powers the motion of the particles. Over
time, the ion gradients of nearby particles overlap and collective behavior of the particles
is observed.

Modeling of this phenomenon was performed using the programming

language NetLogo.
Over time, silver metal plates out onto the particle surface and ultimately poisons
the reaction. For this reason, it was decided to add H2O2 to the system in an attempt to
oxidize away the silver metal byproduct and regenerate a fresh AgCl surface.
Surprisingly, the UV-induced decomposition reaction and the peroxide-related oxidation
reaction appear to occur via oscillatory kinetics. As a result, the AgCl colloids are seen
to exhibit oscillatory motion: switching between periods where they quickly traverse
several body lengths over the course of about a second and times during which they are
attached to the underlying glass slide and are therefore immobile.

In high density

populations of these oscillators, the oscillating reactions of individual particles
synchronize, resulting in waves of particle motion which traverse the system. Because
this system exhibits non-linear oscillatory kinetics, it was possible to begin the
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oscillations starting with a different set of reactants, namely silver metal, chloride ions,
and H2O2. This allowed for the measurement of the electrical current associated with the
reaction, as silver electrodes can be easily prepared.
Finally, this dissertation concludes with a discussion of a somewhat unrelated
project: the template synthesis of flexible nanowires, in which the silver sections of
bimetallic nanorods are replaced with carbonaceous impurities or poly(allylamine
hydrochloride).
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an array of 9 µm diameter silver disks with 11 µm spacings. As
a traveling wave of tracer particle motion passes the array, the
disks appear to flash on and off as their color alternates between
reflective silver and darkened AgCl. The movie has two distinct
segments. The first segment is a real-time recording of the
phenomenon taken at 30 frames per second. The second
segment shows the movie slowed down to 1/10th speed (3 fps).
Because of the relatively slow frame rate of the camera used
verses the speed at which this remarkably fast phenomenon
occurs, it is possible that some of the color variations of the
surface features were not captured on film because they occurred
between the frames.
Supporting Video 6-2 A {Au-Ag-Au} nanorod in aqueous 1.25% H2O2. Over time the
silver section of the rod becomes transparent and flexible. Field
of view is ___. Movie plays at ___
Supporting Video 6-2 A collection of {Au ·····Au} nanorods which have been exposed
to 1.25% H2O2 for 24 hr. The central section of these rods
originally consisted of rigid silver, but now is flexible and
transparent. Field of view is 195 µm across. Video plays in realtime.
Supporting Video 6-3 A collection of {Au-Ag-Au} microrods with long silver sections.
When an aliquot of 50% H2O2 (v/V) is gently added to the
system at the beginning of the movie[25% (v/V) H2O2 final
concentration], the central silver section of the microrods
becomes transparent within a few seconds. Later in the movie,
several lone microrod tips are observed, ie. without their original
pair. This indicates that the tether has been severed.
Supporting Video 6-4 A collection of {Au-Ag-Au} microrods with long silver sections.
When exposed to 2.5% H2O2 (v/V), the silver section of the rod
begins to become flexible and transparent. The silver section of
the rod is not etched uniformly, and some sections become
flexible faster than others. Around both the 1 min and 2 min
marks, cleavage of two rods’ tethers is observed.
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Supporting Video 6-5 A {Pt-Ni-Au-Pt} microrod is exposed to the etching solution
reported by Ozin and coworkers which was diluted 100-fold
(0.004 g KI, 0.001 g I2 in 4 ml H2O). The gold section of the
microrod becomes transparent over time, while the platinum
ends remain bound together. Video is 195 µm across and plays
in real-time.

Supporting Video 6-6 A {Pt-Ni-Au-Pt} microrod which has previously been exposed to
the etching solution reported by Ozin and coworkers which was
diluted 100-fold (0.004 g KI, 0.001 g I2 in 4 ml H2O). A magnet
is brought near the sample at the 8 s mark, and moved around the
sample chamber, causing the rotation of the microrod. Video is
195 µm across and plays in real-time.
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Chapter 1
Introduction
1.1 Motivation:
Since the invention of the wheel, mankind has been engrossed in an ongoing quest
to control motion in the world around him.

In his famous 1962 speech, President

Kennedy took this quest to a much grander scale with an evocation to travel to the moon
and back within the next decade. Only a few years earlier Richard Feynman had also
delivered a provocative motion-related speech entitled “There’s Plenty of Room at the
Bottom,” wherein he predicted the miniaturization of computers and urged scientists to
develop a means to control motion on the micro- and nano- scales.1 Since these two
challenges were issued, people have journeyed to the moon and back several times, but
only now are the first steps being taken to control motion on the nano- and micro- scales.
In the natural world, the fine tuned control of motion on the smallest of scales is
ubiquitous.2,3,4 Several species of micron-sized bacteria swim through solution by using
motor proteins which power the motion of flagella or cilia.5 Other bacteria species move
across surfaces by extending and retracting hair-like pili from their cell membranes. 6
Even inside these cells, ions are constantly being pumped against gradients, 7 and
chemical information is constantly being transcribed on the nanometer scale.5
As Feynman rightly concluded, should scientists ever perfect a means to reliably
control motion on these small scales, the applications would be limitless. The electronics
industry would be revolutionized—not just by the ability to assemble devices at smaller
scales, but also by being able to reconfigure the devices at will to optimize the computing
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power for any given task at hand. Medical procedures would become trivial, as the
source of infection and disease could be specifically removed, and cells could be repaired
in a modular fashion. And in addition, the field of synthetic chemistry would almost
certainly be replaced by an industry of artificial cells which could be programmed to
synthesize designer molecules.

1.2 Physical considerations when designing artificial micromotors:
With all these obvious advantages associated with being able to manipulate matter
on the nano- and micro- scales, the question then becomes: “Why hasn’t that technology
been developed yet?” The answer is that there are several unique challenges associated
with working with materials on these length scales.
The first challenge involves Brownian motion. Any atom that is not at absolute
zero temperature has kinetic energy and therefore some velocity associated with it. For
an ideal gas, this velocity is related to the temperature by Equation 1-1.
Kinetic Energy =

3k BT mV 2
=
2
2

(Eq. 1-1)

Here m is the mass, V the velocity, kB is the Boltzmann constant, and T is the temperature.
When object is placed into a fluid, the traveling atoms of the fluid impinge upon the
object’s surface and transfer some of their momentum to the object. In macro-scale
systems, these collisions go relatively unnoticed, in part because large objects have a
much greater inertia than individual atoms, and also because the collisions of atoms on
opposite sides of the objects tend to average out. For micro- and nano-scale objects,
however, the effect of these collisions is much more pronounced. This is because if one
takes a solid object of radius R and scales it down by a factor of ∆R, the inertia of that

3
object shrinks proportional to (∆R)3, whereas its surface area (and thus the frequency
with which atoms collide with it) shrinks only by a factor of (∆R)2. In addition, because
there are fewer collisions on a smaller particle, there is a greater likelihood that the
momentum from collisions on opposite sides of the particle may not completely cancel
out over short observation times. These small statistical variations between collisions
give rise to small random motions and reorientations of the particle, a random-walk type
motion which is known as Brownian motion (Supporting Video 1-1). As a result,
although one can use statistical arguments to predict the average (root-mean-squared)
displacement of small particles over a sufficiently long time period, arbitrarily precise
control over their instantaneous motion is impossible. That root-mean-squared
displacement is given by Eq. 1-2, where t is the time interval over which the
RMS Displacement = 2nDt

(Eq. 1-2)

distance is measured, n is the dimensionality of the system, and D is the characteristic
diffusion constant of the object in question. Typical values for D for particles on the
micron scale are on the order of 1 x 10-6 µm2/s. However, if a more exact value is desired,
one can be calculated for particles moving in low-Reynolds-number solutions (see below)
from the Einstein-Smoluchowski Relation, Eq. 1-3.
D=

k BT
6πηr

(Eq. 1-3)

Here kB is the Boltzmann constant, T is the temperature, η is the viscosity of the solution,
and r is the hydrodynamic radius of an equivalent sphere which accurately represents the
object’s geometry. As the determination of r for irregularly shaped particles is often

4
difficult, this equation is primarily used to calculate diffusion constants of spherical
particles.
Biological motors get around this Brownain-motion-associated limitation, by
harnessing the energy of the random collisions on their surfaces, instead of fighting
against them. These motors consume fuel from their environments to power catalytic
reactions which rectify these Brownian motions into something more manageable, a kind
of “Brownian ratchet” process which results in a more linear, predictable motion.8
But even once Brownian motion is dealt with, other impediments still remain to
designing machines which operate on the small scale. One is that several physical forces
which are negligible on the macroscale become very important when devices are scaled
down. For instance, electrostatic forces between charged objects grow proportional to
(∆R)2 as an object’s size is decreased, whereas the (usually attractive) van der Waals
interactions grow by (∆R)6. Surface tension forces also become important at these small
scales, as the amount of exposed surface per unit volume becomes relatively large. By a
similar argument, it can be shown that internal combustion engines would not function on
the very small scale since the rate at which an object dissipates heat depends on its
surface area (α R2), whereas the rate at which it can produce heat depends on how much
fuel it can carry, that is, its volume (α R3). Since the object’s heat dissipation rate shrinks
slower than its volume when the object is scaled down, heat dissipation therefore plays a
predominant role in small-scale systems, and as a result the thermal gradients necessary
for the operation of internal combustion-type engines cannot be maintained.
Another consequence of operating at the micro- and nano- scales is that fluids on
these scales behave differently than our intuition predicts. On these scales, the inertia of
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the fluid becomes negligible when compared to the fluid’s viscosity; that is, the Reynolds
number of the solution becomes very small (Equation 1-4).
Re =

Inertial Forces ρV 2 L2 ρVL
=
=
µVL
µ
Viscous Forces

(Eq. 1-4)

Here Re is the Reynolds number, ρ is the density of the fluid, V is the velocity that the
fluid is traveling, L is the characteristic length scale of the system, and µ is the viscosity
of the fluid. In high-Reynolds-number, macroscale systems, an object will experience a
drag force proportional to its cross-sectional area as it moves through a fluid. In lowReynolds-number fluids, the drag force for a particle settling or diffusing through
solution is actually proportional just to the object’s radius, and can be described by the
Stokes drag equation, Equation 1-5, where FD is the drag force, V is the velocity of the
object relative to the fluid, R is the particle radius and µ is the fluid viscosity.

FD = 6 π R µ V

(Eq. 1-5)

The reason it is proportional to only R and not R2 can be rationalized by considering that
for a particle to move, the fluid immediately in front of the particle must also be
accelerated to match the particle’s speed, so that the particle can move into the space
previously occupied by the fluid. In the case of macroscale, high-Reynolds-number
systems, this means that the particle must exert a force on the fluid which accelerates the
fluid all the way from the fluid’s resting speed to the particle’s speed. Once the particle
reaches terminal velocity (a process that happens on the order of about a microsecond for
micro-scale systems), Newton’s second law dictates that the particle must be feeling a
drag force from the fluid equal and opposite to the force it is applying to the fluid. In
low-Reynolds-number systems, less force is needed from the particle to push the fluid in
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front of it out of the way, and thus the particle experiences a smaller drag force. The
force is smaller in low-Reynolds-number systems because (dominant) viscous forces are
present, and the fluid that had been pushed out of the way of the particle a short time ago,
acts back on the stationary fluid currently in front of the particle, helping pull it out of the
way. For a particle at constant velocity, these “helping” viscous forces are proportional
to the length scale of the system (see Equation 1-4), i.e. the particle’s radius.
Another strange property of fluids at low Reynolds numbers is that turbulent
mixing does not occur; microscale flows are therefore laminar in nature. For instance, if
two streams of low-Reynolds-number fluids are made to flow parallel beside one another,
they will mix only by diffusion across their common interface—even if the two fluids are
identical and miscible—a property is has been quite gainfully exploited in a vast array of
microfluidic devices.9 This lack of turbulent mixing also results in a property known as
microscopic reversibility, whereby any change done to the system by one action can be
undone if that same action is performed in reverse. This property is highlighted in the
famous Coulette cell demonstration, wherein viscous colored fluids between two plates
are “mixed” and then “unmixed” by moving one plate relative to the other.10 As a
consequence of this effect, it is impossible for any isolated tiny organism to swim
through low-Reynolds-number fluid via a reciprocal motion. A scallop on the
macroscale, for instance, swims forward by quickly closing its shell and coasting forward
due to inertial forces; it then resets by opening its shell very slowly. But, in a lowReynolds-number fluid, the act of opening the shell back up to prepare for another swim
would undo the original motion, no matter how slow the shell is opened.11 This of course
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only holds true for an isolated organism, and says nothing about several such organisms
working together in tandem.12
The properties of low-Reynolds-number fluids listed above are mainly concerned
with bulk fluids. However, any object placed in a fluid will, even if the object is at rest,
exert some influence on the fluid at its surface. For instance, the first few atomic layers
of fluid right at the object’s surface are generally assumed to be fixed in place by van der
Waals forces, so that even when the object is moved, these solvent molecules move with
it in what is known as a “no-slip” condition. Beyond this, but still relatively close to the
surface, the electrical properties of the fluid are different than those in the bulk fluid.
This region exists because an object immersed in a fluid generally has some electrical
charge on its surface, and that charge attracts oppositely charged ions from the solution to
counter it. Those ions also tend to bring with them some of their counter-ions—but not
quite as many, whose charges are then balanced out by additional ions from the fluid, and
so on. Thus is some distance away from the particle—usually on the order of tens to
hundreds of nanometers—before the charge of the particle is appropriately screened, and
the fluid composition mirrors that of the bulk. The distance over which this screening
takes place is usually described by a quantity known as the Debye length (κ-1 by
convention), which can be calculated from Equation 1-6,
κ −1 =

ε 0ε r k BT
2 N Ae 2 I

(Eq. 1-6)

where ε0 is the permittivity of free space, εr is the dielectric constant of the electrolyte, kB
is the Boltzmann constant, NA is Avagadro’s number, e is the charge of an electron, and I
is the solution ionic strength. At a distance of one Debye length away from the particle
surface, the surface charge of the particle has been screened out to be 1/e times the
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original potential (e here is Euler’s number and not the electron charge). This electrically
charged region of fluid surrounding the object, when combined with the pinned layer
directly at the object’s surface, is often referred to as the electrical double-layer.
As Equation 1-6 shows, the thickness of the double-layer is strongly dependent on
the ionic strength of the solution. This is an important point in systems containing more
than one particle, since the main force that keeps the particles isolated and prevents them
sticking to one another is often the electrostatic repulsion between the particles’ surfaces.
In solutions containing more ions, the thickness of the double-layer decreases, and the
particles can come closer to one another without feeling significant repulsive forces. If
this distance becomes too close, then the attractive van der Waals forces begin to take
over and these van der Waals forces cause the agglomeration of the particles.
One striking consequence of this electrical double-layer of particles in fluids of
low Reynolds number is that it presents an apparent paradox (D’Alembert’s Paradox,13 to
be precise) when a particle in such a solution is exposed to an electric field. Since the
counter-ions surrounding the particle perfectly balance out the charge of the particle, the
double-layer/particle pair has no net charge. Thus, if an electric field is applied to the
pair, there is no net force acting on the pair as a whole. Yet, the particle will accelerate,
and do so quickly, reaching a terminal velocity in about a microsecond. Once the particle
plus its double-layer are at terminal velocity, their velocity is by definition constant, and
the net force on them must be zero from Newton’s second law. Since the pair have no
force on them from the electric field, this also implies that there is no drag force from the
fluid acting on them to slow them down. On first glance this appears to be in direct
contradiction to Equation 1-5, however Equation 1-5 is only valid for gravitation settling
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or diffusion of particles and does not take into account any powered motion of the
electrical double-layer of the particle. Thus, one can understand what is really happening
in the electrically powered system if one keeps explicit track of the fluid in the
double-layer in addition to the particle. During the initial application of the electric field,
the particle does accelerate in one direction, but the fluid that was initially in the
particle’s double-layer accelerates in the opposite direction.

Thus even though the

particle appears to accelerate, the net acceleration of the particle/double-layer pair is zero,
which is expected from a zero net force. The second confusion that gives rise to this
paradox is that while the double-layer is defined as the fluid surrounding the particle, the
molecules which comprise that region of fluid are constantly changing. Thus to try to
quantify the drag force on a particle plus its double-layer is somewhat nonsensical, since
the makeup of the double-layer is constantly changing.

1.3 Survey of existing artificial micro- and nano-motors
Yet, even with all these constraints inherent in working with microscale systems,
recent technological advances have opened the door to fabrication of micronscale
artificial motors. In particular, the ability to miniaturize devices through lithography has
proved instrumental in fabricating Micro Electro Mechanical Systems (MEMS).14 These
devices can be reliably mass produced and can be interfaced with newly discovered
materials like carbon nanotubes which are trivial to make (below a certain length) and
which take advantage of the unique physics on the nanoscale to provide remarkable
mechanical strength and conductivity.15 In these systems, each motor is individually
electronically addressed, and thus with few exceptions16 their motion is somewhat limited
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to slight reorientations rather than large displacements. Even so, these materials have
already hit the market as accelerometers17, gyroscopes18, and display technologies19.
The engineering of freely moving micron-scale motors is a much more nascent
field. Of course, the most obvious way to manufacture artificial devices capable of
mimicking biological microscale motions is to interface these devices with existing
biological motors. For instance, in one report, heart muscle cells were hybridized to a
polydimethylsiloxane MEMS device approximately half a millimeter in size, and were
used to propel the structure in a crab-like fashion at 1/5th body lengths per second.20
Similarly, motile bacteria cells have been interfaced with micron-sized beads to propel
the beads through solution.21 One need not even use an entire cell to achieve motion.
Individual motor proteins can be extracted from cells and interfaced with artificial
devices. A 10 nm motor protein, F1-adenosine triphosphate synthase (F1-ATPase), for
example, has been used to rotate micron-sized nickel propellers.22 The motor protein
kinesin has also been used to transport microtubules across surfaces.23 Surprisingly, it is
not necessary to use only cellular enzymes and proteins that are associated with motion.
Although the mechanisms of motion are still a matter of debate, it appears that any
enzyme can potentially induce motion.24,25 This is especially true when multiple
enzymes are incorporated into a single device in a logical manner.26,27
The drawback for using biological motors in synthetic devices is that each of
these motors evolved to work in a specific environment, and that environment was not
one that is rigidly bound to an artificial surface. Electrostatic and van der Waals
interactions with the device’s supporting surface often cause misfolding of the proteins
and loss of catalytic activity.28 These same forces also lead to non-specific binding of the
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proteins, and as a result, all other exposed surfaces of the device must therefore be
protected from biofouling. In addition, biological motors typically require physiological
conditions to operate, and although these conditions can be approximated with the
appropriate buffer solution, the relatively high ionic strength of the buffer decreases the
thickness of the double-layers around the devices, leading to aggregation. One final
drawback to biological/artificial hybrid systems is that in some sense, they do not address
the overall goal: to engineer motors micro- and nano-scale motors. Instead, these devices
only ask the question: Can we harness existing micro- and nano-scale motors for use in
our own devices.
The first wholly synthetic autonomous micro-motor was synthesized by the Sen
group in 2004.29,30 It was modeled after a much larger millimeter-scale catalytic motor
design put forth by Whitesides in 2002, which consisted of a polymer disc with a
platinum-coated rudder.31 When this disc was floated on top of an aqueous solution
containing H2O2, the platinum rudder decomposed the H2O2 into oxygen gas and
propelled the entire structure forward via a bubble-recoil mechanism. To mimic this
system, the Sen lab created a bimetallic microrod, approximately 2 µm in length and
200 nm in diameter, with a catalytically active platinum end and a (supposedly) inert gold
end (Pt-Au micromotors). When placed in aqueous solutions containing H2O2, the Pt-Au
micromotors propelled themselves through solution at speeds of approximately 510 µm/s—platinum end first. Although bubbles spontaneously formed elsewhere in
solution, no bubbles were observed issuing from the microrods. Likely, the rate at which
oxygen was being produced by the rods was not sufficient to overcome the energetic loss
associated with forming a new stable bubble surface, and therefore only meta-stable
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oxygen nanobubbles existed on the rod surface. These nanobubbles were inferred to
periodically dissolve into solution, whereupon the resulting dissolved oxygen would
diffuse through the solution, statistically accumulating in certain regions over time, at
which time macroscale bubbles would form.
Because the direction of motion of these microrods was opposite to that which
was expected and because no bubbles were seen issuing from the platinum end of the rod,
the bubble recoil mechanism was eliminated. A new mechanism therefore needed to be
put forward—one that took into account the unique physics of micron-scale solutions.
The initial hypothesis was that the oxygen generated by the platinum end of the motor
lowered the surface tension of the fluid on that end of the rod, and since the gold end of
the microrod was hydrophobic (due to pinned nanobubbles), the gold end was pulled
towards the more oxygen-rich region of the solution near the platinum end. Although
self-generated surface tension gradients have been known to cause motion in other
chemical systems,32,33,34 ultimately it was shown that this mechanism played at best only
a secondary role in the movement of these microrods. Instead the, motion of these
microrods is now attributed to the asymmetric decomposition of H2O2 across both
metallic surfaces of the rod—the platinum which oxidizes H2O2 and the gold which
reduces it.35,36 In this mechanism, the decomposition of H2O2 sets up a proton gradient
along the axis of the microrod in solution, and the negatively charged microrod responds
by moving towards the proton-rich solution via a self-electrophoretic mechanism.37
Since its inception in 2004, several functionalities and design improvements have
been incorporated into these bimetallic micro-rod motors. J. Wang and coworkers in
particular have been instrumental in this regard, showing that the speed of the motors can
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be increased by incorporating silver metal38 or carbon nanotubes39 into the body of the
micro-rod; by dissolving silver ions into the peroxide solution;40 by increasing the
temperature of the solution;41 or by modulating the electrical potential of the underlying
surface over which the motors travel 42. Expanding on his own work involving the
dependence of motor speed on silver ion concentration, J. Wang and coworkers have also
devised a system to detect binding events of silver-labeled complementary DNA by
monitoring the speed of the micromotors.43 Ozin and coworkers have also been
instrumental in exploring the properties of these new motors, showing that the speed of
the Pt-Au micromotors is proportional to the roughness of the motor surface.44
Ordinarily, Brownian forces exert torques on these micro-rods causing reorientations,
leading to motors which move in powered-random-walk type trajectories. By
incorporating short nickel segments into the rod design, Sen and coworkers showed that
the motors can be steered with an externally applied magnetic field.45 These
magnetically steerable motors have also been modified to be able to transport46 and
release47,48 micron sized cargo beads.
Although the Pt-Au bimetallic motors are the predominant motor design in the
literature at the moment, several other micromotor designs have also been reported.
Other metal combinations have been employed in the rod geometry.37,49 Conversely, the
arrangements of the metals within the rods have also been tailored to generate new motor
geometries. In particular, it has been shown that a thin layer of metal evaporated along
the length of an existing motor imparts an electrokinetic torque on the motor, turning the
translating motor into a stationary micro-rotor.50,51,52 Larger, hollow, rod-shaped
micromotors have also been fabricated, with platinum on their interiors and gold on the
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exterior, which also swim in H2O2 solutions.53,54 These microtubials are made by rolling
up lithographically patterned gold and platinum layers into a tube-like structure. Because
the catalyst is on the interior of the device, the oxygen produced by the reaction has a
hindered diffusion and a favorable place to nucleate, and as a result these motors actually
do move by a bubble recoil mechanism.
Other motor geometries have of course been employed in addition the original rod
geometry. The rod shape was only chosen initially in consideration for the simplicity in
which rods of various compositions could be quickly fabricated55 and in consideration to
the decreased Brownian rotation of the rods due to rotational drag forces. Janus (twofaced) spheres are also an easy structure to fabricate and have been employed as micromotors. These spheres can be made by preparing a monolayer of uniform micro-spheres
on a glass microscope slide, evaporating the desired metal onto the exposed side of the
sphere, then releasing the spheres through sonnication.56 Several groups have used this
method to fabricate Janus motors which move in H2O2 and which consist of an inert
microsphere capped with a platinum half-shell.57,58 Unlike their rod-shaped progenitors,
these spheres rotate fairly quickly in solution due to Brownian forces. As a result, even
though the catalyst may only be on one side of the sphere, the motor does not go very far
in one direction before it is reoriented to travel in a different one. These motors are
thought to be propelled by a diffusiophoretic mechanism, a mechanism which will be
discussed in detail later in the dissertation.
All of these motors mentioned so far have one thing in common: they energy they
require to move is obtained from the catalytic decomposition of a fuel dissolved in the
solution through which they travel. But the traditional way to move small particles
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through a fluid is by exposing the system to an externally controlled gradient. For
instance, in addition to trivial pressure gradients, it has been known since the early 1800’s
that gradients in electrical potential can cause particles suspended in a fluid to move.59,60
Other types of fields have also been employed including thermal,61 magnetic,62 and
concentration63 gradients. While one hesitates to label particles passively moving in
constant external fields as “motors,” the combination of a rapidly changing field with a
judicious particle design capable of rectifying the field into a desirable motion could be
construed as a motor. For instance, in the case of high frequency AC electrical fields,
nanoparticles have been coaxed to assemble into long wires or fractal patterns,64 microwires have been assembled into electronic devices,65 and tiny diode motors have been
fabricated which rectify the oscillating electrical field into linear motion.66,67 Oscillating
magnetic fields on the other hand have been shown to assemble floating magnetic beads
into mobile surface “snakes.”68,69
Lower frequency changing magnetic fields have also been extensively employed
in the creation of micron-sized swimmers. In the simplest case, Golestanian and
coworkers showed that a two-sphere doublet motor with one smaller magnetic sphere can
rotate in response to a changing magnetic field and push off against a substrate, causing
motion.70 Superfine and coworkers used a similar system to actuate the bending of
flexible artificial cilia on a fixed surface.71 In another report, artificial flagella were
created out of DNA-linked magnetic beads which were aligned in one direction with a
constant magnetic field, and actuated with a second, alternating, transverse magnetic field.
It has also been reported by two independent groups that corkscrew shaped magnetic
colloids respond to rotating magnetic fields by translating in a linear fashion.72,73
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Apart from enzymes, the length scale of the motors discussed above have all been
on the 0.2-1000 µm length scale. The reason for this is two fold: the physics at this scale
is relatively well established, albeit non-intuitive; and it is significantly easier to analyze
a system which can be observed with traditional optical microscopy, the limit of which
can be described by Equation 1-7.
Resolution ≈

λ

2(NA )

(Eq. 1-7)

Here, λ is the wavelength of incident light and (NA) is the numerical aperture of the
objective. Good typical numerical aperatures for microscope objectives generally are on
the order of 1-1.5, leading to a resolution of approximately 0.2 µm. Considering these
limitations, it is not surprising that there are few reports of nanoscale artificial motors.
One of the few instances comes from Tour and coworkers, who reported the synthesis of
single-molecule nanocars whose wheels were made of Buckminsterfullerene (“bucky
balls”) moieties.74 These motors rolled across well defined gold surfaces, and could be
imaged with atomic force microscopy (AFM), or near field scanning optical microscopy
(NSOM). An equally stunning contribution to the field was made by Ferenga and
coworkers, who not only synthesized a single-molecule nanomotor but also showed that
when interfaced with liquid crystals, the motor could be used to rotate micron-sized
objects.75

1.4 Conclusion
While much work has been done in the field of micron-scale motive research, the
research to date has only scratched the surface of what is possible. If one would compare
the current stage of micromotors research to more familiar technologies, we are
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somewhere between the discovery of the wheel and the industrial revolution. Scientists
have the ability to fabricate objects that will perform simple motions, but it will likely be
a long time yet before these motions are applied to accomplish any complex task. For
additional reading regarding artificial autonomous micro- and nano- motors, several
excellent reviews are available.76,77,78,79,80,81
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Chapter 2
Hydrazine Powered Bimetallic Micropumps
2.1 Introduction:
A corollary to creating micron-scale motors which can travel through solution is
the fabrication of micropumps.

Imagine one of the micromotors described in the

previous section is affixed to a surface. Then instead of swimming in one direction by
“pushing off” against the fluid, the motor would push the fluid in the opposite direction
while it, itself, remains stationary. The problem of controlling fluid flow on the microand nano- length scales is important in microanalysis, nanoparticle assembly, and other
emerging applications; thus it seems worthwhile to apply the knowledge and ingenuity
gained in designing micro-motors to micro-pump systems.
Two different groups at Penn State previously demonstrated the feasibility of this
principle by adapting the catalytic Pt-Au bimetallic microrod motor (see Chapter 1) into a
micropump system which was comprised of silver features on a gold surface and which
pumped H2O2-containing solutions. 1 , 2 , 3 , 4 In this system, silver was chosen as the
dominant H2O2 decomposition catalyst over platinum in deference to its lower catalytic
activity relative to platinum,

5 , 6

which thereby decreased the amount analysis-

complicating bubbles released into the system.
In order to determine whether the self-electrokinetic pumping mechanism
ascribed to the above-mentioned system could be extended to other systems beyond those
dealing with H2O2, experiments were undertaken using hydrazine-derived fuels over
palladium and gold bimetallic surfaces.7 Hydrazine-derived fuels were chosen because
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like H2O2, hydrazine decomposes by disproportionating into a neutral soluble species and
a gas (or gases) via the reactions shown in Equation 2-1 (a-c).
3 N 2 H 4 → 4 NH3 + N 2

(Eq. 2-1a)

N 2H 4 → N 2 + H 2

(Eq. 2-1b)

4 NH3 + N 2 H 4 → 3 N 2 + 8 H 2

(Eq. 2-1c)

2.2 Experiments with tracer colloids

For the initial experiments, micropumps consisting of 90 µm diameter palladium
discs lithographically patterned onto gold-coated silicon wafers were fabricated. Two
types of particles were chosen to act as tracers: 2.3 µm silica spheres (ζP: -124 mV) and
2.1 µm amidine-functionalized polystyrene spheres (AFP spheres, ζP: -44 mV). These
spheres were suspended in either 2% hydrazine (N2H4, 611 mM) or 611 mM asymmetric
N-N-dimethylhydrazine [(CH3)2N2H2], and placed directly onto the palladium features.
The motion of tracer particles that were settled to within a focal length of the plane of the
lithographic features was then observed. For simplicity, only the motion of particles
above the gold surface was noted.
In the case of silica tracer spheres suspended in N2H4 solutions, the silica was seen
to migrate inward (toward the palladium) at an average speed of 4 µm/s (Figure 2-1,
Supporting Video 2-1). However, when these same particles were placed in (CH3)2N2H2
solutions, they moved slowly outward, away from the palladium at speeds of 0.7 µm/s
(Figure 2-2, Supporting Video 2-2). A similar reversal was seen in the case of the AFP
tracer spheres, albeit in the contrapositive fashion. AFP spheres in N2H4 were seen to
move outward along the surface, away from the palladium (Figure 2-3, Supporting
Video 2-3),
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Figure 2-1 A 90 µm diameter palladium disk on a gold surface. Images (read left to right) were taken at 0,
2, 4, and 27 s after obtaining focus. Silica colloids (red arrows) can be seen moving inward
toward the disk along the surface in a 611 mM N2H4 solution.

Figure 2-2 A 90 µm diameter palladium disk on a gold surface in the presence of 611 mM (CH3)2N2H2.
(Left) Silica colloids initially settling from solution avoid the palladium disk. (Right) One
minute later, a larger exclusion zone has developed around the disk as the colloids are pumped
outwards along the surface.

Figure 2-3 A 90 µm diameter palladium disk on a gold surface. Images (read left to right) were taken at 7,
17, and 27 s after obtaining focus. AFP spheres (red arrows) in 611 mM N2H4 can be seen
settling from the bulk solution. When they reach the plane of the surface, they move outward
along the gold.

Figure 2-4 A 90 µm diameter palladium disk on a gold surface. Images (read left to right) were taken at 7,
10, and 12 s after obtaining focus. AFP spheres (red arrows) in 611 mM (CH3)2N2H2 can be
seen settling from the bulk solution. When they reach the plane of the surface, they move
inward towards the palladium along the gold. Unlike the dense silica colloids in Figure 2-1,
once reaching the palladium these lighter AFP spheres are carried back up into the bulk fluid
by the flow and therefore do not accumulate on the palladium surface.
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whereas in (CH3)2N2H2 they flowed inward at speeds of 2.7 µm/s (Figure 2-4, Supporting
Video 2-4).

In all cases, the velocity of the particles increased as they neared the

palladium-gold interface. Accordingly, particle speeds were all tracked over a similar
region which spanned from the palladiuim-gold interface to approximately one
palladium-disc-diameter (90 µm) away.
To gain insight into the direction of current flow between the two features of the
system, a second surface pattern was created consisting of a 90 µm palladium disc
surrounded by a 900 µm gold annulus (Figure 2-5).

In this design, a small region

(~10 µm) of silicon dioxide (SiO2) separated the disc from the annulus. Extending out
from the palladium disc and exiting through a gap in the annulus were long palladium
wires, which terminated at large palladium pads. Similarly, a lithographically patterned
gold wire extended from each gold annulus to a large gold pad. Both of these wires were
isolated from the solution by coating them with a thin layer of insulating photoresist
(Su8-2). In this way, a surface was created in which the palladium and gold features
would remain electrically isolated until they were connected externally via the pads.

Figure 2-5 A bimetallic microfluidic pump design (left) and image (right) consisting of a 90 µm diameter
palladium disc resting on SiO2 region within a gold annulus. Insulated wires lead out from the
two features to external pads. In the right image, the two features have not been externally
connected yet, and therefore no pumping is observed.
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When particle-containing solutions were placed on these surfaces, no significant
pumping of the particles occurred until the features were connected externally
(Supporting Video 2-5). Assuming that the mechanism of pumping in this system was
similar to the mechanism of pumping in the previously studied H2O2 systems (see below),
this was to be expected. Without the flow of electrons, the bimetallic decomposition of
the fuel cannot take place.

Once the palladium and gold features were connected

externally though, through wires attached to the large pads, the tracer particles began to
move.

In addition, the electrical current running between the two metals could be

measured through the external wire. In the case of the 611 mM N2H4 solution this
average current density was found to be 14 A/m2 with the gold acting as the cathode. In
the presence of 611 mM (CH3)2N2H2 the average current density was measured to be 1.4 A/m2, with the gold acting as the anode. In any given experiment, it was observed
that the measured currents decayed over time as the fuel was slowly consumed by the
surface reaction. It was observed however, that the speed at which the particles moved
was linearly dependant on the current density measured at any given instant. (Figure 2-6)
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Figure 2-6 Graph showing the speed of 2.1 µm AFP-spheres which was measured while traveling across
the palladium and gold features described in Figure 2-5. The speed of the AFP-spheres is
shown to be linearly proportional to the short-circuit current across the palladium and gold
features measured over this time. The fuel in this case is 50 mM (CH3)2N2H2.

As a final test of tracer particle motion, a relatively inert salt, KNO3, was added to
the fastest pumping system (silica in 611mM N2H2) in order to vary the system
conductivity. The speed at which the particles moved was then observed to be inversely
proportional to the conductivity of the system (Figure 2-7). In the highest conductivity
tested, 0.064 S/m, the speed at which the particles moved decreased 80% to a point at
which it was barely distinguishable from Brownian motion, whereas the measured current
density only decreased 22%.

Normalized Speed(microns/s)
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Figure 2-7 Graph showing the speed of 2.3 µm silica tracer spheres in 611 mM N2H2 solutions whose
conductivity has been altered by the addition of various amounts of KNO3. The speed in graph
normalized so that the speed with no KNO3 salt added corresponds to a value of 1. This is
necessary because the observed colloid speed from surface to surface in the absence of any
KNO3 salt varies, most likely due to the presence of surface contaminates affecting the
catalytic activity.

2.3 Self-electrokinetic mechanism
In order to understand how this catalytic micropump worked (a self-electrokinetic
mechanism) it may be best to first discuss how a traditional electrokinetic fluid pumps
operate. As mentioned in the previous chapter, a charged surface will accumulate a
double-layer of oppositely charged ions when placed in a fluid. If an electric field is
applied across that surface, these ions will migrate in response to the field, dragging the
bulk fluid along with them in what’s known as an electroosmotic flow. Unfortunately, it
is difficult to directly observe the flow of a colorless liquid (although not impossible8), so
tracer particles are often added to the system, just as one might toss a handful of finely
ground sand into a slowly moving stream to see which way the water is flowing. Of
course, this slightly complicates the analysis in that the electric field also acts on the
tracer particles. Even if there was no electroosmotic flow, positive charged particles
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Figure 2-8 Schematic depicting electroosmotic flow in the double-layer of a surface and electrophoretic
migration of a particle in an externally applied electric field.

would tend to migrate in the direction of the electric field whereas negative particles will
tend to migrate against the electric field.

This migration of particles is called

electrophoresis (Figure 2-8). The overall observed speed of the particles can therefore be
described by the Helmholtz-Smoluchowski Equation, Equation 2-2, which takes into
account both of these contributions. Here U is the particle speed, E is the applied electric
field, η is the fluid viscosity, ζP is the particle zeta potential, ζW is the wall zeta potential,
and ε is the electrical permittivity of the fluid. Thus a better analogy might be that the
tracer particles are like swimmers placed in a quickly flowing river, who may be
swimming with or against the current depending on their specific characteristics.

U=

ζ P εE
η
Electrophoretic Particle Motion

−

ζ W εE
η

(Eq. 2-2)

Electroosmotic Fluid Motion

In the case of the palladium/gold bimetallic catalytic micro-pumps, the electric
field required to induce motion is not externally applied, rather it arises directly from the
decomposition reaction of the fuel, and hence it is termed a self-electroosmotic pump. In
the above systems, the anode [palladium in the N2H2 fuel, and gold in the (CH3)2N2H2)]
oxidizes the fuel to create a positively charged intermediate. The region of fluid just
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above the anode therefore becomes rich in positive charges, which creates an electric
field in solution, the magnitude of which can be described by Equation 2-3, where J is the
current density of the reaction and σ is the conductivity of the solution (Figure 2-9).

E = J /σ

(Eq. 2-3)

This self-generated electric field, acts just like an externally applied field. It exerts a
force on the ions in the double-layer of the metal surfaces, causing bulk flow, and it
exerts a force on the particles in solution, causing an electrophoretic migration of
particles. Accordingly, the resulting self-electrokinetic velocity can still be described by
Equation 2-2.

Figure 2-9 Schematic depicting self-osmophoresis. The particular system shown is the hydrazine/silica
system. A current (black arrows) runs from the palladium to the gold surface. Positively
charged intermediates (pink cloud) create an electric field in solution that acts osmotically on
ions in the double-layer of the gold and phoretically on the charged tracer particles.

In all four of the systems described above (both fuels with both types of colloids),
the electroosmotic fluid flow and the electrophoretic tracer particle migration are in
opposite directions, with the electroosmotic flow being in the same direction as the
electrical current. This is because the zeta potential of the metal surface is always
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negative, as is the zeta potentials of the particles. From Equation 2-2 it is apparent that
zeta potentials with similar signs compete against one another and drive motion in
opposite directions. Choosing to use silica or AFP spheres results in electrophoresis or
electroosmosis dominating, respectively, depending on the magnitude of the tracer
particle zeta potential relative to zeta potential of gold.
The experiments with the gold annuli are consistent with this mechanism. As the
conductivity of the solution is increased, the associated electric field will decrease
linearly (Equation 2-3), as will the observed velocity of the particles (Equation 2-2).
Similarly, when the rate at which the decomposition reaction occurs decreases on a given
surface (as measured by the current density), the corresponding electric field generated
by the reaction also decreases, and so, therefore, does the velocity of the particles.
The self-electroosmotic mechanism was also confirmed via mixed-potential
measurements generated by Tafel plots. These experiments were performed by Yang
Wang, and are therefore not included in this dissertation.

2.4 Zeta potential measurements
In the experiments described in this chapter, silica or AFP spheres of known zeta
potential were used as tracer spheres. The zeta potential was primarily measured by
using a light-scattering instrument called Zeta-PALS. Zeta-PALS operates by applying a
high frequency oscillating electric field to a solution containing the particles of interest,
which causes the particles to vibrate via electrophoresis. High frequency AC fields are
used because it has been shown that particles in a fluid reach an electrophoretic terminal
velocity much faster than they reach a terminal velocity due to electroosmosis. Thus, by
using higher frequencies, electroosmotic flows can be ignored. 9 The amplitude of
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particle vibrations is related to the zeta potential of the particles and is measured by
monitoring the Doppler shift of a laser beam which passes through the sample relative to
a laser that does not. In the Zeta-PALS technique, this small difference in light frequency
is monitored indirectly by noting the increasing phase difference between the sample and
reference laser beams over time (PALS = Phase Analysis Light Scattering). By this
method, zeta potentials of 2.3 µm diameter silica spheres and 2.1 µm AFP spheres were
measured to be -124 mV (+/- 10 mV) and -44 mV (+/- 10 mV).

This significantly

negative zeta potentials are expected, as the hydrazine solutions are quite basic (pH 11).
Although ideally these measurements would have been carried out in the exact hydrazine
solutions to be used in the pumping experiments, hydrazine would have reacted with the
electrodes of the instrument. Thus the particles were suspended in pH 11 NaOH solution
to mimic the pH of 611 mM hydrazine.
In order to assess the accuracy of these ZetaPALS measurements, the zeta
potential of silica spheres in pH 11 NaOH was measured via a second method. This
method involved observing the motion of the particles in capillaries under externally
applied dc electric fields. It has been shown that the electroosmotic flow at any height in
a closed capillary can be approximated by Equation 2-4,10 where v is the fluid velocity,
vEO is the electroosmotic fluid velocity right at the glass surface, y is the distance away
from the center of the capillary and h is the half height of the capillary. This equation
reflects the so-called Poisseuille flow pattern within the capillary, wherein the
electroosmotic flow along the walls of the capillary induces a backflow in the opposite
direction in the center of the capillary due to fluid incompressibility (Figure 2-10).
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(Eq. 2-4)
v( y) =

vEO
2

 3y2 
 2 − 1
 h


Height inside capillary (um)

Figure 2-10 Electroosmotic flow profile in a closed capillary under an externally applied electric field.
Vertical dashed line indicates rest location of the fluid. Reproduced from Reference 10.
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Figure 2-11 Observed particle velocities inside the capillary. Trajectories should theoretically be
symmetric about y = 0, but the tracer particles settled too quickly to image the top-most level.
The fact that the average speed of all particles combined is not zero indicates that their motion
is not due to purely electroosmotic flow, but also their speeds have an offset (in the negative xdirection) due to an electrophoretic motion of all particles.

This equation assumes a capillary of finite height and infinite width. Equation 2-4
predicts that at a depth of ± h / 3 the electroosmotic component of the observed particle
velocity is zero.

At these two heights, the motion of the particles is purely

electrophoretic in nature, and the zeta potential of the particles can be solved for by
setting the second term in Equation 2-2 to zero. The zeta potential value thusly derived
for silica (-124 mV) was in excellent agreement with the ZetaPALS measured values.
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2.5 Methods and synthesis details

Bimetallic surfaces of palladium disks on a gold background were made using
standard lithographic techniques. Briefly, p-type boron doped [100] test-quality silicon
wafers (Silicon Quest) with 200 nm of thermally grown oxide were uniformly coated
with 100 nm gold using a Semicore e-beam evaporator.

A thin layer (10 nm) of

chromium was evaporated first to serve as an adhesion layer between the gold and the
SiO2. After evaporation, the gold-coated wafers were spin coated at 3000 rpm for 45 s
with a lift-off resist (Microchem LOR-5A). This resist was soft-baked at 190 ºC for
15 min and then cooled to room temperature. A second, positive resist (Shipley 3012)
was then spun on at 4000 rpm for 60 s. This resist was soft-baked for 1 min at 115 ºC for
1 min, then cooled to room temperature. The wafers were then exposed to light shone
through a mask for 6 s (365 nm, 8 mW/cm2). The wafers were then hard-baked at 115 ºC
for 1 min, then cooled to room temperature and placed in Microposit CD-26 developer
(Shipley) for 5 min to develop the photoresist. Palladium metal was then evaporated onto
the wafers at a thickness of 100 nm, with a 10 nm adhesion layer of chromium. Lift-off
of the excess palladium metal was performed in acetone and CD-26 baths. All metal
evaporation was done at a rate of 1-2 Å/s. All metals (>99.9% purity) were purchased
from Kurt J. Lesker Company.
Wired up annulus patterns were formed via a similar method, except the wafers
were not coated entirely with gold in the initial step.

Instead the two photoresists

(LOR-5A and 3012) were patterned once to deposit gold, and then again to deposit
palladium. Features were then aligned manually using an Karl Suss MA6 instrument. To
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fabricate the insulating covering on the lead wires to the features, Su8-2 was spun on at
2000 rpm for 1 min, soft-baked in three stages at 65 °C, 95 °C, and 65 °C for 1 min each,
exposed to light for 30 s through the appropriately aligned mask, hard-baked in three
stages at 65 °C, 95 °C, and 65 °C for 1 min each, then developed in Su8 developer
(Microchem) for 20 min.

Wafers were finally washed with deionized water and

isopropyl alcohol.
In a typical microscope experiment, circular adhesive wells (9 mm diameter,
0.12 mm deep, “Secure Seal Spacer,” Invitrogen) were added to the surface to act as
spacers for the cover-slide and to contain the colloidal mixtures.

The appropriate

colloidal solution was added to the well, covered with a cover-slide, and imaged from
above via a 20x optical microscope objective. Particle motions were tracked manually
with PhysVis (Kenyan College). Particles chosen to be tracked were radically distributed
around the palladium discs so that any small bulk flow would cancel out.
In the capillary experiments, two reservoirs were prepared which contained
1.0 µm silica spheres suspended in pH 11 NaOH solution. The two reservoirs were
connected to each other via a capillary placed through pinholes in both reservoirs which
was sealed in place with silicone sealant. The two reservoirs were then capped with
platinum electrodes in an air-tight fashion that left no air bubbles in the system.
Relatively small sized silica particles (1.0 µm particles vs the 2.3 µm particles used in all
other experiments) were used for this experiment because the settling time of spheres in
low-Reynolds-number solutions is inversely proportional to the particle radius squared.
As a result of this slower settling rate, particle speeds could be interrogated throughout a
much broader range of depths within the capillary. A voltage of 20 V was applied by the
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electrodes across the 5 cm long capillary, and the speeds of particles were tracked in
various depths within the capillary. Depths were measured by calibrated motions of the
programmable microscope stage.

2.6 Summary
This chapter has shown that hydrazine derivatives can be used as fuels for driving
electrokinetic pumping and that the direction of fluid flow is fuel-dependent. As the
electrokinetic model predicts, the pumping direction is also dependant on the zeta
potentials of the particles in the system. These results suggest the possibility of using
other redox-active fuels to power nanomotors, micropumps, and devices derived from
them.

2.7 Future work
Future work on this project may likely come from an attempt to pin down the
kinetics and ratio of reaction products for the decomposition of hydrazine over palladium
and gold bimetallic electrodes. To do this, it is recommended that the metal surfaces be
fabricated with greater attention to which crystallographic surfaces are exposed to
solution, as this may lead to changes in reactivity. Studies may also be performed to
incorporate the motion of the fluid above the palladium feature itself into the pumping
model. In doing so, a more three-dimensional model could be created that accounts for
tracer particle motion and fluid flow orthogonal to the patterned surface.
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Chapter 3
Silver Chloride Micromotors in Deionized Water
3.1 Introduction
With the completion of the hydrazine pumping systems work and the verification
of the electrokinetic mechanism seen in Chapter 2, the decision was made to set aside that
system and focus more on the search for other potential micromotor designs and
propulsion mechanisms. In particular, the push was made to find a fuel other than H2O2
to power the motors, since H2O2 decomposition generates analysis-complicating bubbles
and is toxic to biological systems.

While the hydrazine-based fuels do present an

alternative, it is not an ideal one. Bimetallic nanorod motors in N2H4 are slow at best,
and do not seem to move at all in (CH3)2N2H2, likely due to the fuel’s slow
decomposition rate. In addition, although the decomposition of (CH3)2N2H2 is slow
enough to be essentially bubble-free, the toxicity of both of these hydrazine systems is
substantially higher than even the H2O2 systems, and thus hydrazine-based fuels were
abandoned.
One of the great scientific challenges is the creation of nano- or microscale
machines that can function collectively to accomplish tasks such as chemical sensing,
particle assembly, and drug delivery.
cooperation between individual machines.

These tasks require communication and
While advances have been made in the

fabrication of autonomous nano- and micromotors, as seen in Chapter 1 of this
dissertation, there have been no reports of cooperative behavior between such motors. In
the biological world, collective behavior is quite common. For instance, the unicellular
slime mold amoebae Dictyostelium discoideum will secrete a signaling chemical into the
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environment when stressed.

Nearby slime molds will then move up the chemical

gradient and assemble to form a multicellular body capable of reproduction.1,2,3,4
This chapter highlights a new discovery, namely that micrometer-sized silver
chloride (AgCl) particles move under UV illumination in deionized water by selfdiffusiophoresis. 5 6 Like the Dictyostelium discoideum, each AgCl particle secretes
chemicals (ions) as it moves, to which the other particles respond by schooling into
regions with higher particle concentrations. When photo-inactive silica particles are
mixed with the AgCl, the latter respond to the ion secretion by swimming towards and
surrounding individual AgCl particles.

This system can potentially be used as a

nonbiological model for intercellular communication.7 More importantly, it demonstrates
new design principles for intelligent synthetic nano- or micro-machines that function
collectively. For example, the predator-prey-like behavior of the AgCl/silica particle
system illustrates how two different particle types can move autonomously in order to
organize themselves spatially.

3.2 Inspiration
An alternative motor design presented itself one day during an attempt to adapt
experiments performed by Narayan et al. to microscale systems.

In Narayan’s

experiments, dense collections of 0.5 cm long, rolling-pin-shaped, copper wires where
mechanically jostled, leading to coherent flocking behaviors of the rods. 8 In our
experiments, dense collections of unpowered nanorods were to be jostled about by
Brownian motion in deionized water. However, these experiments were interrupted by
random pieces of dust which landed in the analyte solution. Surprisingly, these pieces of
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dust interacted with the nanorods over large distances (50-100 µm), sometimes attracting
the rods from far away, sometimes repelling them to create an exclusion zone
(Supporting Video 3-1, Supporting Video 3-2). Occasionally, those pieces of dust which
formed an exclusion zone also propelled themselves through the solution. This dust was
even present when the experiments were performed on fresh microscope slides in
cleanroom environments.

Figure 3-1 (Left) A mobile piece of dust (dark object) repelling 2.3 µm silica tracer spheres. (Right) A
stationary piece of dust attracting gold tracer rods. Both images are 195 µm across.

What then was this ubiquitous dust made of, and what powered this new class of
unknown micromotor which could operate in fuel-less solutions? A literature search
discovered that this phenomenon had been previously reported by Mallouk and
coworkers. 9 In their paper, they commented that an electrostatic mechanism was likely
not in play here, since the motions involved were much larger than the Debye length in
deionized water, but the paper stopped short of proposing an alternative mechanism.
Our group developed a hypothesis that the dust may have been a byproduct of the
microscope slide manufacturing processes, thereby explaining its ubiquity even in
cleanroom environments.

It was also theorized that this dust contained some very

slightly soluble ionic component, which was leaching out slowly over time into the
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solution, causing motion. Externally imposed ion gradients in solution are known to
cause similar particle motion via a diffusiophoretic mechanism (the details of which will
be described later in this chapter). 10 Also, if the dust was only slightly soluble, that
would explain why there was no noticeable change in the dust size over time and why the
tracer particles did not end up adhering to the underlying glass slide, as they do in high
ionic strength systems.
As a crude test of this theory, the microscope slides were manually deeply
scratched with a sapphire stylus, in order to create more “dust” which may have been
present during the glass manufacturing process. Negatively charged tracer particles in
deionized water were then added to the slide. The tracer particles reacted only slightly to
the glass particulates formed via this process, however there was significant interaction
observed with the scratch in the microscope slide. Tracer particles were repelled from
the scratch over distances of ~100-1000 µm (Supporting Video 3-3). Occasionally the
scratch would spontaneously shatter, forming new cracks (Supporting Video 3-4).

Figure 3-2 Scratches on soda lime (left) and borosilicate (right) glass slides pump silica tracer particles in
opposite directions. Images are 195 µm across.
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Boron
Silicon
Oxygen

Soda Lime (microscope slide)
< 0.3%
33.7 %
48.2 %

Borosilicate (Pyrex)
4.0 %
37.7 %
54.0 %

Sodium
Potassium
Aluminum
Calcium
Magnesium

8.4 %
0.9 %
0.6 %
4.6 %
2.6 %

2.8 %
< 0.3 %
1.2 %
< 0.3 %
< 0.3 %

Figure 3-3 A table listing the composition of the glasses used in the scratch study

By changing the type of glass used for this analysis from soda lime to borosilicate, the
pumping direction could be reversed, likely due to the different ionic compositions of the
glasses (Supporting Video 3-5). 11 By researching the glass making process, it was
discovered that the surface layer of most glasses are treated to remove the ions from the
glass in a process known as dealkalization.12 This is done to prevent the alkali ions from
leaching out into solutions, which would increase the pH of the solution and cause the
glass to dissolve. Likely, by scratching the glass slide, the original ion-rich glass was
exposed to the solution and was leaching out electrolyte into the solution which caused
the pumping. As expected, pumping could be stopped if, after the scratch was formed,
the slide was exposed to concentrated nitric acid for several hours to replace the ions in
the exposed under-layer of the glass with protons which would be held more strongly.
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Figure 3-4 Schematic showing the geometry of the glass scratch that led to pumping.

An attempt was made to make a micro-motor directly from this salt leaching
system. Silica spheres were incubated in refluxing concentrated NaCl solutions overnight.
This did not prove to be a viable means to create a motor. The spheres needed to be
washed several times with deionized water to remove the excess salt from solution, and
in this time either the ions within the spheres leached out, or the spheres never became
impregnated with the ions in the first place. Borosilicate spheres were also purchased
and showed no activity in water. Similarly, Janus spheres of both of these samples
showed no motor activity.

3.3 Silver chloride chemistry and experiments
Success was finally achieved in the form of silver chloride (AgCl) particles.
AgCl was chosen because it is known to be a light sensitive chemical that decomposes to
ions when irradiated with light in water. Although the photosensitive properties of AgCl
are well known and have been exploited in black and white photography since the mid19th century, only recently has the exact mechanism of the UV-induced dissolution of
AgCl been elucidated.13 The overall reaction at pH 5 is shown in Equation 3-1.
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hν
4 AgCl + 2H 2O Ag
,
→ 4 Ag + 4 H + + 4 Cl - + O 2

(Eq. 3-1)

In a typical experiment, 50 µL of deionized water containing AgCl particles was
placed in a round well on a microscope slide. UV light (320–380 nm, 2.5 W/cm2) was
focused onto the particles through the microscope objective from below. Since AgCl
particles are rather dense (5.56 g/cm3), they settle to within a few micrometers above the
glass slide surface. Electrostatic repulsion keeps the particles from coming directly into
contact with the slide surface. For imaging purposes, the sample was backlit with lowintensity (6 mW/cm2) broad-band visible-wave-length light from above. This lowintensity visible-wavelength light had no observable effect on fresh samples of AgCl (see
below). Since imaging was done from below, and the solvent (water) had a relatively
high boiling point, cover-slips were not used for short-term experiments.
When micron-sized AgCl colloids were exposed to UV light in water, it was
discovered that these particles could move autonomously at speeds of up to 100 µ/s
(Supporting Video 3-6). The speed of the particles decreased exponentially over the
course of ~30 min, until the motion of individual particles was ultimately
indistinguishable from Brownian motion, and the particles have become black in color.
This decrease in catalytic activity was likely due to the silver metal byproduct that plated
out onto the surface of the particles over time, obscuring the catalytic sites and poisoning
the reaction (Figure 3-5).
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Figure 3-5 (Left) FE-SEM image of freshly made silver chloride, and (Right) silver chloride that has been
exposed to UV light for 2 h. Small dots on the particle in the left image are charging artifacts
from the FE-SEM beam.

Figure 3-6 Top images: AgCl particles in deionized water (Left) before illumination, (Center) after 30 s of
UV exposure, and (Right) after 90 s of UV exposure. Bottom images: (Left) For comparison dictyostelium
discoideum cells are shown. (Right) These cells secrete a signaling chemical when stressed which causes
them to aggregate. In this image the signaling chemical has been externally applied to the group of cells
via a pipette for 20 min. Bottom images taken from Reference 14.

Because the AgCl particles are both the source of the ions entering the solution
and are themselves translated by these ions, an interesting effect began to occur during
the first 1-5 min of illumination (Figure 3-6, Supporting Video 3-6). In this time period,
ion trails of nearby particles began to overlap, and individual colloids began to collect
into meso-scale “schools” containing locally dense populations of particles. These
schools were quite stable and rarely, if ever, lost member particles back into the bulk
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solution. A similar clustering behavior in response to secreted chemicals of individuals is
seen in some quorum-sensing unicellular organisms.1,2,3,4
The motion of individual AgCl particles could be made more directional by the
addition of an inert rudder. When 2.3 µm diameter amidine-functionalized polystyrene
microspheres (AFP-microspheres ζP= +40 mV) were added to the AgCl particle solution,
the AgCl particles attracted AFP-microspheres in from several microns away and
attached to them (Figure 3-7, Supporting Video 3-7). In the event that only one AFPmicrosphere attached to a given AgCl particle, the resulting pair formed a Janus particle
having a much higher degree of asymmetry and, as expected, a much more linear
trajectory. When silica particles (2.1 µm; ζP=-49 mV) were used instead of AFP-spheres,
the silica particles surrounded the AgCl but did not attach (Figure 3-8, Supporting
Video 3-8). Since these systems consisted of one apparently passive particle (the AgCl
catalyst) being hunted down by apparently actively moving particles (the inert silica
spheres), these systems have been loosely described as “predator-prey” systems.

Figure 3-7 Silver chloride mixed with AFP-spheres. Images taken at 0 s, 10 s, and 20 s, left to right.
Select silver chloride particles are highlighted with red circles. These catalyst particles attract
nearby AFP-spheres (green circles) and attach to them, forming asymmetric doublets with
much more linear trajectories.
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Figure 3-8 Silver chloride (darker objects) and silica spheres (lighter objects) in deionized water. (Left)
Initially the sample is only illuminated with visible light. (Right) After the sample has been
illuminated for 20 s, silica spheres begin to surround the mobile AgCl particles.

An additional interesting effect was observed when an assembly of AgCl particles
previously exposed to UV light was placed in purely visible light. In this experiment,
AgCl particles were initially illuminated with UV light from the microscope objective
below and low intensity visible light from above, and, as previously noted, the particles
assembled into mesoscale schools. After some time (ca. 10 min), the UV light was
turned off, leaving only the visible-wavelength backlighting. This procedure resulted in
the collapse of the school into an even more densely packed collection of particles.
Switching the UV light source back on resulted in the re-expansion of the interparticle
spacing to their original values. This procedure could be repeated over many cycles, with
the interparticle spacing of the school of particles being increased by the combination of
UV and visible light, and then being reduced by purely visible light (Figure 3-9,
Supporting Video 3-9). It should be noted that the reduction of the particle spacing with
visible light was only observed with particles previously exposed to UV light. Fresh
AgCl particles showed no response to the low-intensity visible light.
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Figure 3-9 Silver chloride particles in deionized water being illuminated with visible light and at some
points UV light. Prior to these images, the particles had been exposed to UV light for 10 min.
Status of the UV light is given in the bottom left. Times are given in the upper left. When the
UV light is on, the school of colloids expands. When it is off the school of colloids collapses.

3.4 Self-diffusiophoretic mechanism
Before settling on a self-diffusiophoretic mechanism to explain these particle
motions, other mechanisms were first considered and eliminated. Since the
decomposition of AgCl generates oxygen gas, a bubble powered mechanism would be
plausible. However, unlike other bubble powered motors,15,16,17 no bubbles are seen
issuing from the catalyst particles during the motion, and therefore the oxygen likely
remains dissolved in solution. Also oxygen bubbles would not explain the observed
collective behavior of the particles.
The mechanism of particle motion and organization is not optical trapping, since
the intensity of UV light is relatively low and the phenomenon was not observed for
photo-insensitive colloids. A map of the UV light intensity produced by our microscope
was also roughly Gaussian in nature and contained no “hot spots” (Figure 3-10). If such
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Figure 3-10 UV intensity profile of light shone through the 50x objective of the microscope used in these
experiments. UV measured over the 290-390 nm range. Intensity units are W/cm2

a beam resulted in optical trapping, then particles would be shuttled to the beam center
and would not form dozens of isolated “schools.”
Finally, Ostwald Ripening is a mechanism whereby particles can assemble into
larger structures. In this mechanism, small particles are driven to agglomerate into larger
particles due to the decrease in enthalpy associated with the elimination of high energy
surface sites. This is not the mechanism at play in this system, however, since within the
AgCl schools, a small yet finite spacing between the particles still exists, and thus there is
no net decrease in surface area. Ostwald Ripening does, of course, occur in nonilluminated AgCl particle suspensions over much longer times, as it does in all
unstabalized particle suspensions, but this is a long-term, secondary process distinct from
the phenomenon observed in these experiments.
The only mechanism which appears to fit all the observations in this system is
self-diffusiophoresis. Particles in externally applied electrolyte gradients are known to
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(Eq. 3-2)
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migrate in response to those gradients at a steady state speed (U) described by Equation
3-2,10 where C is the concentration of electrolyte that sets up a gradient over a distance dx,
DC and DA are the diffusion constants of the cation and anion, kB is the Boltzmann
constant, T is the temperature of the fluid, e is the charge of an electron, ε is the solution
permittivity, η is the dynamic viscosity of the solution, ζP is the zeta-potential of the
particle, and ζW is the zeta-potential of the wall (glass slide).
The motion described by Equation 3-2 results from the fact that the cations and
anions that comprise the ion gradient will try to diffuse at different rates. As a result,
even though the cation and anions in solution generally remain paired (perhaps not as
strictly paired as the dimers shown below), within each pair one particular type of ion
will be statistically found slightly farther away from the source than the other. When all
the ion pairs in solution are summed, this difference in diffusion rates results in a net
electric field in solution (Figure 3-11).

Figure 3-11 Schematic depicting the decomposition of AgCl particles into ions. The protons have a
higher diffusion constant than the chloride ions, so an electric field is set up in solution as the
ions diffuse away from the particle.
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As described in Chapter 2 of this dissertation, electric fields act both phoretically on
particles in solution and osmotically on any nearby wall double-layers, causing motion of
each. Additionally, since the thickness of the ionic double-layer on the wall depends
strongly on the electrolyte concentration in solution, an electrolyte gradient will result in
a gradient in double-layer thickness along the wall. This is important from a flow
perspective, because to form a double-layer, ions from the solution must be attracted
down from the bulk solution to the given surface. To create a thinner double layer, ions
must be attracted with a greater force. Since a gradient in electrolyte generates a gradient
in double-layer thickness, this gradient in thickness also corresponds to a gradient in fluid
“pressure” pushing down on the surface. This pressure difference of the fluid on the
surface double layer causes a chemophoretic fluid flow along the surface from the region
of higher pressure (thinner double layer) to the region of lower pressure (thicker double
layer), in much the same way that changes in atmospheric air pressure create weather
along the surface of the earth. This chemophoretic, pressure component of the flow is
represented by the second term in Equation 3-2, which indicates that the fluid must flow
from the area of higher electrolyte concentration to the area of lower concentration.
To better understand how Equation 3-2 relates to the experiments at hand, let it
first be considered how this equation relates to the diffusiophoretic interaction between a
AgCl particle and a positively charged AFP-sphere. As the AgCl decomposes into
protons and chloride ions, the protons try to travel away from the surface of the AgCl
much faster than the chloride ions (DH+ = 9.311 x 10-5 cm2/s, DCl-= 1.385 x 10 -5 cm2/s [18]).
The different diffusion rates of these to ions result in a net electric field in solution, and,
in the case of the AgCl, the electric field points back towards the AgCl particle. This
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electric field acts phoretically on the positively charged AFP-sphere by pulling it towards
the AgCl. The electric field also acts osmotically on the adsorbed protons in the
double-layer of the microscope slide wall (ζW = -62 mV 19) by pumping the fluid along
the slide’s surface towards the AgCl particles. The chemophoretic (“pressure”) term
counteracts this slightly, and attempts to pump the fluid away from the AgCl. Thus, from
Equation 3-2, positive ζP and negative ζW values in the first term work in concert and are
large enough to overcome the contribution from the double-layer pressure; this results in
the AFP-sphere sticking to the photo-decomposing AgCl particle. The resulting
AgCl/AFP Janus particles are highly asymmetric, and, as a result, have significantly more
linear trajectories.
Let us now consider the interaction between one AgCl particle and a tracer
particle with a ζP value of approximately -50 mV (a “passive” AgCl particle or a silica
particle). Again the electroosmotic flow direction along the slide’s surface is toward the

Figure 3-12 Schematic showing the diffusiophoretic interactions between the AgCl catalyst particle and
the inert tracer particles. Blue arrows depict the osmotic flow along the glass slide. Grey
arrows show the observed motion of the tracers very close to the AgCl particles. Red arrows
represent flow in the tracer double-layers.
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AgCl, and the pressure flow direction is outwards. However, in this case, the direction of
the electrophoretic on the tracer particles is away from the AgCl. Because the magnitude
of the particle zeta potential is less than that of the slide, the electroosmotic flow
dominates, so much so that it is enough to overcome both the chemophoretic flow and the
electrophoretic motion of the particles which are both away from the AgCl. This
dominance is valid as long as all the fluid motion occurs in the plane along the wall’s
surface. However, because the fluid along the slide’s surface is osmotically pumped
inward towards the AgCl from all directions, fluid continuity dictates that the osmotic
flow component in the plane of the slide will approach zero very near to the AgCl, where
the fluid is forced upwards and away from the slide surface. Therefore, the outward
electrophoretic force on the tracer particle will dominate very near the AgCl particle.
Thus, the negatively charged particles will be pumped towards one another to form
schools, but will not stick together and form clumps.
In fact, this behavior is exactly what is observed when 2.1 mm silica particles
(ζP, 49 mV) were added to a dilute solution of AgCl particles (ζP, -52 mV). While the UV
light is on, silica particles actively seek out the mobile AgCl particles and surround them,
while still maintaining a small exclusion zone (ca. 2–3 µm) around the given AgCl
particle. When the UV light is turned off, this exclusion zone disappears.
The way in which an individual AgCl particle swims is not much different to the
behavior outlined above. The asymmetric photodecomposition of an individual AgCl
particle creates a net increase in ion concentration on one side of the particle. The entire
particle then responds diffusiophoretically to this ion gradient, which is continuously
reestablished in the presence of UV light. The decomposition of the particle must be
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asymmetric in nature in order for the particle to feel a net gradient. Likely this
asymmetry comes from natural particle surface heterogeneity. The heterogeneity may
also arise because the particles are only illuminated with UV light from below and are
constantly undergoing Brownain rotation, so different faces of the particles get different
amounts of silver metal byproduct plated out on them over time.
As seen in Equation 3-2, the speed of particle motion depends on the gradient of
ions in the system. If one assumes a constant reaction rate for the particles, this variable
can be controlled by increasing the amount of ions in the bulk of the solution, as can be
seen in Equation 3-3.
dLn(C ) ∆Ln(C ) ∆C (Cbulk + Crxn ) − (Cbulk )
Crxn
≈
=
=
=
(Eq. 3-3)
dx
∆x
C∆x
Cbulk
Cbulk ∆x
To this end, the initial speed of individual AgCl particles was tracked in various solutions
containing known amounts of a relatively unreactive salt (KNO3). The resulting plot was
found to be proportional to 1/Cbulk, thus supporting the proposed diffusiophoretic
mechanism.

Figure 3-13 A plot of the initial speed of AgCl colloids in various solutions containing differing amounts
of KNO3. The speed of the colloids is plotted against the bulk solution conductivity. Error
bars are one standard deviation.
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As noted above, the direction of the electric field that induces the diffusiophoretic
flow is dictated by the relative mobilities of the constituent ions of the electrolyte. In the
AgCl system, the cations (protons) are faster than the anions (chloride ions). As such, it
would be expected that the pumping direction would be reversed in systems where the
relative mobilities are reversed. To test this hypothesis, 2.1 µm silica particles were
mixed with magnesium oxide (MgO) microrods (ca. 75 µm long). In water MgO forms
the relatively insoluble magnesium hydroxide Mg(OH)2 (Ksp = 1.6 x 10-12). The low
solubility of Mg(OH)2 ensures low bulk ion concentration that allows for higher
diffusiophoretic velocities (see Equation 3-3). Furthermore, the mobility of the cation
(Mg2+) is lower than that of the anion (OH-) (DMg2+ = 0.706 x 10-5 cm2/s, DOH- =
5.273 x 10-5 cm2/s [18]). As expected, the silica particles along the surface of the
microscope slide were pumped outward from the MgO microrods by the electroosmotic
flow. Meanwhile, silica particles that were settling from the bulk solution near the MgO
were attracted to the MgO microrods because of the electrophoretic attraction between
the two particles. Thus in both the AgCl/silica and the Mg(OH)2/silica systems, the
electroosmotic flow dominates for particles along the microscope slide surface (because
|ζW| > |ζP| ), except for the region directly adjacent to the ion-producing particle, where
fluid continuity dictates that the osmotic flow in the lateral direction is zero.
Additionally, as expected, the direction of the osmotic flow in these two systems is
reversed from the direction in the case of AgCl, because the mobility of the constituent
ions is reversed.
The final observation that UV-exposed AgCl will form tighter schools in purely
visible light is harder to explain. The tentative hypothesis for this behavior is as follows.
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When the UV light is turned off, the individual particles no longer secrete ions as dictated
by Equation 3-1, thus the local ion gradients that surround the individual particles
dissipate. As a result, the phoretic repulsive force between individual particles decreases,
which allows the AgCl to pack tighter while the UV light is off—assuming there is still
an attractive force that brings the particles together. The origin of this attractive force
remains unclear. Considering the fast diffusion rate of the ions, it is unlikely that any ion
gradient produced by the UV reaction would remain in place long enough to result in this
attraction. This statement, of course, relies on diffusion constants for ions freely
diffusing in bulk solutions; whereas in this system the ions are diffusing within a few
microns of the slide surface. Interactions with the surface may therefore hinder the
diffusion of the ions, leading to a latent ion profile around the schools once the light is
removed. The particles, now lacking their repulsive electrophoretic interactions, could
then respond to this latent ion gradient by schooling further. There is some evidence that
this may indeed occur in this system: In a separate experiment, schools of particles were
created with UV light and then translated by an external electric field. Once the external
electric field was removed, the schools exhibited a slow restorative translation, back
towards the direction they had come from, indicating that the school had left behind a
latent trail as it traveled. Another possible explanation for the observed tightening of
schools in visible light is that there is a second, visible-light-initiated chemical reaction
catalyzed by the AgCl; that is, a reaction that occurs only after the particles have been
exposed to wavelengths in the UV region. Indeed, AgCl is known to “self-sensitize” in
water, a process in which the silver metal created by the reaction with UV light alters the
surface chemistry of AgCl, thus making it sensitive to visible light.13 This is not a perfect
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rationalization, however, as the second visible-light-catalyzed reaction reported in the
literature is assumed to be essentially identical to the reaction which occurs on pristine
AgCl.

3.5 Methods and Synthesis Details
In a typical experiment, 50 mL of a solution of AgCl particles in deionized water
was placed inside a circular well (9 mm diameter, 0.12 mm deep, Secure Seal Spacer,
Invitrogen) on a microscope slide and imaged with a microscope (Zeiss, Axiovert 200
Mat). UV light (320–380 nm, 2.5 W/cm-2, Chroma 31000v2) was provided through the
50 x imaging objective, resulting in a spot size of approximately 0.6 mm. UV light
intensity was measured with a UV Light Meter (Mannix). The intensity profile of the
microscope was mapped by measuring the UV intensity that passed through a pinhole in
a reflective chromium surface, which was rastered across the imaging area. Visible light
intensity was measured with a 1935T-C Power Meter (Newport). Particle trajectories
were tracked manually using PhysVis (Kenyon College). Zeta potentials were measured
in the absence of light with a ZetaPALS instrument.
AgCl particles were prepared as follows. A 50 mL solution of 0.8 M AgNO3
(99.995%, Alfa Aesar ) was prepared in deionized water along with a 100 mL of 0.4 M
KCl solution. A trace amount (0.15 g) of sodium polyphosphate (85%, Aldrich) was
added to the KCl (ACS grade, EMD) solution because it was empirically found to
produce more spherical particles.20 These solutions were heated to 70º C. A seed solution
of AgCl was prepared by adding 1 mL of a 0.28 M AgNO3 solution to 100 mL of a
2.8 mM KCl under sonication. With vigorous stirring, the KCl solution was added to the
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AgNO3 solution, followed by 24 mL of the seed solution. The reaction flask was then
covered with aluminum foil. Vigorous stirring was continued for 1 min then halted. The
mixture was kept at 70º C for 2 h followed by 100º C for 2 h. Without cooling the
mixture, the supernatant was decanted off and the particles were resuspended in roomtemperature deionized water. The AgCl was then washed by centrifuging it down and
resuspending it in deionized water several times. Large aggregates were removed by
centrifuging the sample for two minutes at 1500 rpm and collecting the supernatant. If
large particles still persisted in the supernatant, the supernatant was spun for an additional
two minutes. The AgCl was protected with aluminum foil until use. The AgCl was
found to be most active when used the same day, immediately after washing with fresh
deionized water. Silica and AFP-spheres were purchased from Bangs Labs and
Invitrogen, respectively. The details of the MgO microrod synthesis have been reported
elsewhere.20 Briefly, the synthesis follows the above procedure with Mg(NO3)2 replacing
the AgNO3 and K2CO3 replacing the KCl. The resulting MgCO3 rods were then washed
with deionized water and dried in vacuum. They were then calcined in air at 300º C for
2 h followed 550º C for 7 h.

3.6 Summary
In this chapter, the simplest autonomous micromotor reported to date has been
described. The only “fuel” needed to induce motion is UV light. In addition, the AgCl
micromotors can self-assemble with passive objects and thereby alter their trajectory.
Finally, solutions that contain a high concentration of AgCl micromotors exhibit
collective behavior similar to that shown by quorum-sensing single cell organisms. Thus,
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our motors can serve as a nonbiological model for the study of cell signaling and
collective, emergent, behavior. More importantly, this system demonstrates new design
principles for “intelligent” synthetic nano or micromachines that function collectively.
There are many possible ways of designing ion-producing nano- or microparticles,
including particles with attached catalysts or enzymes that form ions as products. In
addition, the design principle allows the coordinated movement of dissimilar particles
that are not attached to each other making it easier to transport and deliver cargo at
designated areas.

3.7 Future work
Future work in this field would involve finding a more reproducible way to
synthesize uniform AgCl colloids. This is a particularly challenging task, since the
particles used in this work must have catalytically active surfaces, and the surfaces of
these particles are constantly dissolving away. As a result, traditional methods of
synthesizing particles with stabilizing surfactants cannot be employed. Filtration
methods may eventually be employed. Unfortunately because these particles must be
prepared fresh each day and have a tendency to aggregate (both because of Ostwald
ripening and because of silver bridges formed between nearby particles when exposed to
ambient light), the efficiency of these filtration steps needs to be seriously evaluated.
Additional further work may be to better understand the mechanism by which
previously-UV-exposed AgCl forms tighter schools in the presence of purely visible
light. This may be accomplished with a more well defined visible light source, which
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could probe individual particle reactions to specific wavelengths of light, instead of the
continuum of light used in these experiments.
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Chapter 4
Modeling AgCl Behavior with NetLogo
4.1 Introduction
In order to explore the dynamics a complex system such as the AgCl particle
system described in Chapter 3, it was decided that some controlled simulations should be
performed.1 It was also decided that these simple simulations should be performed
within the NetLogo programming language (Supporting Code 4-1).2
NetLogo is a programming environment with a built-in graphical user interface
that operates on its own unique version of the Logo programming language (which itself
is a simplified version of the Lisp programming language). Unlike more complex
modeling programs, NetLogo is an extremely well documented, simple programming
environment which can easily be learned in under a week, and which specializes in
modeling complex emergent behavior in large populations.
Part of the impetus for choosing this language was the fact that the programming
environment includes several sample pieces of simulation code. One of these codes was
written to simulate the motion of slime mold amoebae (Dictyostelium discoideum),2 and
could be easily adapted for use in modeling the AgCl system.

4.2 Modeling
For purposes of this simulation, the AgCl particles were considered to only
interact with one another though their emitted chemical signals. No consideration was
made with regards to volume exclusion effects, electrostatic repulsion, van der Waals
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forces, etc. Each of the (N) particles to be modeled was placed on a randomly selected
discrete lattice site (x, y) on a finite (81 x 81) two-dimensional square lattice with
periodic boundaries. The particles were then allowed to “hop” to one of their four nearest
neighbor sites with some probability every time-step (∆t). No limit was imposed as to the
number of particles which could occupy any one site. Purely Brownian motion, for
instance, could then be considered as a uniform hopping probability, B, for every particle
in each of the four directions.
In the AgCl system described in Chapter 3, particles interact by secreting
chemical signals into their environments. These chemical signals diffuse out into the
solution over time, allowing for long-range interactions. To incorporate such interactions
into this model, each lattice site also was also given its own numerical concentration
value, C(x,y). This value is initially set to zero for all sites. During the simulation, for
each time-step, the concentration value of the lattice site was increased in proportion (by
a factor of A in Equation 4-1) to the number of particles currently occupying that site
N(x,y). The concentration value associated with each lattice site was then allowed to

Figure 4-1 A typical simulation of particle collective behavior. Image represents one-fourth of the total
simulation space and has been zoomed in for clarity. (a) Initially randomly distribute particles.
(b) Particles after 2000 times-steps. When multiple particles occupy the same lattice site, the
particles adopt a “dice-pip” geometry on that site for visualization purposes (c) A plot of the
chemical values of every lattice site at 2000 time-steps. Brighter shades of green approaching
white indicate higher chemical concentrations.
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“diffuse” outward to neighboring lattice sites—i.e., the concentration value from one site
was redistributed to its four nearest neighbors in a manner which was dictated by Fick's
Second Law. Specifically, each time-step every cell lost some small portion of its current
chemical concentration [D × Cx,y(t)] to each of its four nearest neighbors, and gained a
small portion of their chemical in return. In addition to this strict diffusion, each lattice
site lost some small proportion (L in Equation 4-1) of its total chemical value every timestep. This small loss was included to allow the two-dimensional simulation to more
closely approximate conditions found in real systems which are three-dimensional. More
specifically, it helps account for the fact that any chemical signal produced real AgCl
particles will not only diffuse in the two-dimensional field where the particles all lay; but
some portion will also diffuse into the bulk solution and be “lost” to the particles. All
these chemical behaviors in mind, the chemical concentration of any site C(x,y) at any time
(t + ∆t) can be described by Equation 4-1, where A and L are constants and are members
of [0,∞] and [0,1], respectively.
(Eq. 4-1)




C x , y (t + ∆t ) = (1 − L) C x , y (t ) + AN x , y + D C x+1, y (t ) + C x−1, y (t ) + C x , y +1 (t ) + C x , y −1 (t ) − 4C x , y (t ) 
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The final component of the simulation is then just the addition of a bias which
caused the particles to have a propensity to hop towards regions with higher chemical
values. This bias is introduced as two extra hops (in addition to the Brownian hop) in the
x and the y direction each time-step, each of which may or may not occur depending on
the steepness of the gradient of chemical value across the particle’s host site.

To

implement this, the gradient in the chemical value across the host site of a given particle
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was evaluated in both the x and y directions (ψx and ψy). Individual hops were then taken
in the x and y directions with probabilities (λx and λy) proportional to the gradients in
those respective directions, as depicted by Equations 4-2 (a-d).

ψ x = C x+1, y (t ) − C x−1, y (t )
ψ y = C x , y+1 (t ) − C x , y−1 (t )

λx (t ) = α ψ x
λ y (t ) = α ψ y

(Eqs. 4-2)

Here α is a user-defined constant representing the sensitivity to the chemical gradient.
The directions of these two hops were determined by the signs of ψx and ψy; and both λx
and λy were, of course, constrained to be less than one by an appropriate choice of α.

4.3 Modeling results

As can be seen from Figure 4-2 (a-e), this model shows that a number of factors
can influence the ability of the modeled particles to form collective schools. In each of
these graphs, one parameter of the model system was changed, holding all other
parameters constant. The simulation was run for 1000 time-steps, and the propensity of
the particles to be in schools at t = 1000 was plotted. Here the schooling propensity is
defined as the proportion of particles occupying lattice sites which are occupied by four
or more particles (an arbitrary cut-off) at the end of the simulation. Each data point
represents ten simulations with error bars of one standard deviation.
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Fig 4-2(a)
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Fig 4-2(d)
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Figure 4-2 (a-e) Five plots summarizing the particle location statistics. In each graph, the proportion of
particles residing in lattice sites with four or more total particles at T = 1000 is plotted vs. one
independently modified parameter. Each data point represents ten simulations with error bars
of one standard deviation.

Certainly, the most obvious variable of note is the sensitivity to the chemical
gradient. For a given gradient, the particle's propensity to hop up the gradient must be
large enough to overcome the randomizing effects of Brownian motion. With respect to
the real life AgCl system, this sensitivity to the gradient loosely translates to the zeta
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potential of the particles which dictates how sensitive their motion is to the electric fields
in solution.
Similarly, the steepness of the chemical gradient also plays a role. This can be
achieved by increasing the secretion rate A of the chemical from the colloids (ie. the
catalytic turnover in the real world system), or by lowering the extinction rate L of the
chemical from the environment. In the real world system this extinction rate corresponds
to the relative difference in diffusion constants of the ions that set up the gradient (the
second term in Equation 3-2).
An increase in Brownian hop probability was shown to decrease the propensity of
particles to school. In the real world, it is difficult to imagine a way in which the
Brownian motion of the AgCl particles could be modified without affecting the other
variables in the system. Increasing the temperature of the bath would increase the
diffusion of the ions creating the chemical signal as well. If smaller AgCl particles are
employed in the experiments, they will indeed undergo faster Brownian motion, but their
surface areas would decrease, leading to a lower reaction rate. Therefore, it may be best
to think of the Brownian hop probability in any given simulation as a constant that
represents a time-scale over which all the other variables in the system should be
compared.
The number density of particles in the system was the final parameter that could
be varied. For small populations of particles, the inter-particle spacing is relatively large.
As a result, the chemical signal from one particle becomes significantly diluted before
reaching its nearest neighbor. The resultant gradient is therefore gentler, and thus the
hopping probability (λ) of the second particle towards the first is relatively small. With
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increased population densities, the gradients from nearby particles overlap to a greater
degree, increasing the schooling propensity of the particles. Although one might expect
that in very dense populations of particles, the observed schooling propensity would
naturally increase even without a chemical signal present because of crowding of the
particles within a finite simulation space, this simulation is far from that regime. Even
with the highest populations simulated (500), the probability of randomly finding four or
more particles in a single one of the 6561 lattice sites at any given time is less than 0.05%
The population density conclusion is arguably the most important conclusion
generated by this simulation, since in practice it is difficult to control the number of
particles used in each AgCl experiment. This is because the synthesis procedure of these
AgCl particles creates an extremely wide range in particle sizes which are only crudely
purified by sedimentation. In addition, even if a uniform particle size was painstakingly
separated out from the mixture, Oswald ripening of the particles would increase their size
over time. Additionally, the necessary concentration of the particles by centrifugation
prior to the experiment would only exacerbate this problem. Stabilization of the particles
with surfactants was attempted and resulted in an unacceptable loss of catalytic activity.

4.4 Evaluation of the model
The strength of this simulation is its general applicability and the speed at which
data can be generated. Since no complex mathematics is involved in the implementation
of the simulation, typical test runs of 1000 time-steps can be completed on a standard
computer in just a few minutes. Also, this model only considers a particle’s propensity to

71
swim up a gradient. What that gradient may be comprised of, and the mechanism behind
the particle’s sensitivity to the gradient need not be addressed.
The model does have several limitations, however, foremost of which is its
immediate transferability to real world systems.

Even keeping aside the initial

simplifications of the model (discounting volume exclusion effects, etc.), since all of the
motions in this simulation were implemented as jumps of fixed distance (one lattice site)
with finite probability, the actual speed at which a particle will migrate from one point to
another will depend on the outcome of multiple random rolls. Thus for a given particle in
a given local environment, different iterations of the simulation would give different net
speeds of the particle, resulting in a Gaussian distribution. A second model was created
in which the particles moved variable distances each time-step, to better approximate real
world systems, but this model contained its own difficulties. For instance, the distance a
particle should move in a given time-step should depend on the gradient it experiences
over that entire jump, not just the gradient in the location where it starts. But the gradient
over the entire jump cannot be calculated without knowing the distance of that jump.
Thus it becomes a “Catch-22” situation in which each value cannot be calculated without
first knowing the other.
In addition, no constraint exists in the main model to make it conform to real
world systems. For instance, in the real world AgCl system, the diffusion of H+ and Cl- is
about four orders of magnitude faster than the Brownian motion of the particles. The ion
diffusion is so much faster that the particles must seem essentially stationary to a
diffusing ion. Yet the user of this simulation is free to set the Brownian hop probability
of the particles high enough to overtake ion diffusion. A more accurate setting would
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have the ions diffuse 10,000 time-steps before the particle has a chance to diffuse once
with a similar probability. The cost of this accuracy is then computation time.
A second limitation of the model is that it is probability based, and as such has an
inherent stipulation that the probability of hopping should never be above one. This is
problematic since the probability to hop up a gradient is equal to a user defined value
multiplied by a value which cannot be known a priori before the simulation begins (ie.
the chemical gradient across an individual particle at a given time). To address this
variable, if the simulation encounters a hop probability above one, it immediately exits
the simulation and generates an error message. To avoid this error, it is recommended to
half all of the user defined hop probabilities and rerun the simulation. This effectively
shrinks the size of the time-steps of the model. For instance one hop of 100% probability
is roughly equivalent to two hops in the same direction, each of 50% probability which
occur over the same time period.
The final known limitation of the model is that it cannot handle large diffusion
constants for the signaling chemical. This limitation arises because Fick’s Second Law
contains infinitely small time-steps (dt) and distances (dx) whereas this model contains
finite time-steps (∆t) and distances (∆x). This is a subtle but important distinction. In
real world diffusion, a substance which starts at an initial location gets distributed to its
immediate surroundings proportional to its diffusion constant, such that the change in
concentration (∆C) of the site over a small time interval ∆t can be given by Equation 4-3.

∆C = − D

∆2C
∆t
∆x 2

(Eq. 4-3)
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In the real world, there is no limit to how large a diffusion constant (D) can be, and the
other terms on the right side are independent of the diffusion constant. Would this not
imply that there is no limit as to how large the change in concentration can be? Yet,
physically there must be a limit, since the change in concentration cannot be greater than
the amount of substance that location started with. The answer here is that in real world
diffusion ∆t and ∆x are constrained to be very small compared to the diffusion constant.
In Fick’s Second Law this is accomplished by defining ∆t and ∆x to be infinitely small
(dt, and dx). In the simulation, this is impossible. There is some finite size to the timesteps and distances involved, and as such D must be artificially constrained to remain
small. If too large of a diffusion constant is chosen by the user, negative concentration
values will be encountered, and the simulation will halt with an error message. The fix
for this is again to half all of the input hop probabilities, thereby shrinking the effective
size of ∆t.
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Chapter 5
Oscillatory Motion of AgCl Microspheres in H2O2
5.1 Introduction
In Chapter 3 of this dissertation, the autonomous motion of silver chloride (AgCl)
particles was discussed. It was noted that over the course of approximately 30 min, the
speed of the particles decayed because of the formation of silver metal byproduct, which
coated the particles’ surfaces and ultimately poisoned the reaction. To regenerate the
catalyst, it was decided to mix an oxidant, hydrogen peroxide (H2O2), in with the
particles as they moved under UV light. It was hypothesized that the H2O2 would
continuously oxidize any silver metal that formed to silver cations (Ag+), which could
then recombine with chlorine anions (Cl-) in solution to regenerate the catalyst.
Surprisingly these two reactions, one which decomposed the AgCl and one which
regenerated it, occurred via oscillatory kinetics.1 This chapter discusses the observations
which led to this conclusion.
The “chemical clocks” in oscillating chemical reactions provide an archetypal
example of emergent behavior in a system driven far from equilibrium.2,3,4,5 Since their
discovery by Fechner in the early 19th century,2 oscillating chemical systems have been
implicated in such diverse fields as biological morphogenesis,6,7 neuron communication,8
and the fabrication of artificial memory devices.9 The well-known BelousovZhabotinsky (BZ) reaction, for example, produces periodic color changes in solution as a
metal catalyst alternates between oxidation states.10,11,12,13 BZ oscillations have also been
observed in heterogeneous catalysis by incorporating the BZ catalyst into thermoresponsive hydrogels14,15,16 or ion exchange beads.17,18 The relevant dynamical degrees
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of freedom in these systems are continuum scalar fields: the local reactant concentrations.
This chapter extends these phenomena to a system where the fundamental interacting
degrees of freedom are not continuum fields but discretized mobile particles, and thereby
couples the rich non-linear dynamics of autocatalytic reactions to the collective motions
of microscale self-motile particles. Further development of this concept may facilitate
the design of novel reconfigurable materials.

5.2 Silver chloride single particle oscillations
In the initial experiment, AgCl particles of ~2 µm diameter were placed in dilute
(~ 1% (v/V)) solutions of H2O2 on a microscope slide and illuminated from below with
320-380 nm UV light at 2.5 W/cm2, focused by a 50x microscope objective.

The

particles were also backlit from above with low intensity (6 mW cm-2) broad-spectrum
visible light for imaging purposes. In the absence of UV light, fresh AgCl particles
settled to the microscope slide surface and underwent simple Brownian motion in the
plane of the slide. However, upon irradiation with UV light, the particles exhibited a
distinctive, oscillatory, stick-slip motion.

This behavior was characterized by an

alternation between sticking to the underlying glass substrate for several seconds and then
rapidly traversing several body lengths (~30 µm) in less than a second: a supra-Brownian,
powered diffusion that abruptly terminated when the particle became adhered once more
to the microscope slide surface (Supporting Video 5-1). In this experiment, the spacing
between AgCl particles was sufficiently large that interactions between them could be
neglected. Although oxygen bubbles occasionally issued from regions of particularly
high AgCl/Ag particle density when the H2O2 concentration is high (above ~2% (v/V)),
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few or no bubbles occurred for lower H2O2 concentrations and less dense particle
distributions, thus facilitating analysis.
When added to the system, 2.3 µm diameter silica tracer spheres provided an
alternative (and preferred) target for AgCl particle attachment.

Hence, each AgCl

particle would then attract and bind to nearby silica tracers for a few seconds, then
abruptly release them, swim away under powered motion, and repeat the cycle (Figure
5-1, Supporting Video 5-2).

Figure 5-1 A AgCl particle (dark particle, circled) mixed with 2.3 µm diameter silica tracers (light
particles) in 1% (v/V) H2O2 under UV illumination. The AgCl particle alternates between
attracting and binding to nearby silica particles for several seconds, then releasing them and
engaging in a brief period of supra-Brownian diffusion before the next binding event.
Supplementary Video 2 provides a representative sample of this behavior. The field of view is
48.4 µm across horizontally.

These oscillatory binding events repeated over many cycles – 125 cycles over 15 min –
with no change in external stimuli. When the UV light was removed or the H2O2 was
depleted, the oscillations ceased, but they could be reinitiated with the addition of fresh
H2O2 or re-illumination.
This system is similar in composition to the one reported in Chapter 3 of this
dissertation, but with one crucial addition: H2O2. Also, in the previous system without
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H2O2, the direction of tracer particle pumping was constant and could be changed only by
changing the wavelength of the illuminating light or the type of tracer particle used. That
the H2O2 chemical fuel plays a critical role in creating spontaneous oscillations is not
surprising, since complex non-linear behavior in chemical systems only occurs if the
systems are open (i.e. non-equilibrium).

5.3 Self-diffusiophoretic oscillatory mechanism
As discussed in Chapter 3, when silver chloride is exposed to UV light in water in
the absence of H2O2, it decomposes by a multi-step pathway that yields the following net
reaction:19

4 AgCl + 2 H 2O → 4 Ag + 4 H + + 4 Cl- + O 2

(Eq. 5-1)

In deionized water, the resulting protons and chloride ions induce motion of the AgCl
particles through diffusiophoresis:

20 , 21

the more rapid diffusion of H+ (D =

9.311 x 10-5 cm2 s-1) relative to Cl- (D = 2.032 x 10-5 cm2 s-1 [ 22 ]) yields an inwardly
directed radial electric field around the particle. Asymmetries in the AgCl particle shape
produce imbalances in the angular distributions of the Cl- and H+ ions, thus yielding a net
electric field at the particle surface, to which the particle itself responds. For an isolated
AgCl particle, the motion on long-enough timescales is essentially supra-Brownian,
powered diffusion. Nearby tracer particles also respond to the diffusiophoretic field, as
governed by their zeta potential. The silver metal byproduct, which plates out onto the
surface of the particle, plays a dual role: it creates additional color centers, thereby
increasing the amount of light absorbed by the AgCl and making the reaction
autocatalytic, but it also covers the AgCl surface and thus impedes the reaction. The
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detailed morphology of the Ag over-layer likely determines which of these effects
dominates: small patches of Ag with a large edge/area ratio will favor autocatalysis, but
large patches of Ag will simply obscure the particle.
In addition to this decomposition pathway, silver metal is known to oxidize in the
presence of H2O2

[23,24]

. In the presence of protons and chloride ions, such as those

produced by Eq. 5-1, silver metal can be converted back into AgCl via Eq. 5-2:

2 Ag + H 2 O2 + 2 H + + 2 Cl- → 2 AgCl + 2 H 2O

(Eq. 5-2)

These two countervailing reactions – one of which decomposes AgCl and the other which
regenerates it – appears to form the basis of the oscillatory motion observed, driven by
the net decomposition of H2O2 into oxygen gas and water, and the free energy of the UV
photons. Most oscillatory chemical systems consist of complex reaction networks with
multiple intermediate species and negative feedback, usually with competing positive
feedback.25 Indeed, reaction 5-1 alone goes through several intermediates including Cl2
and HClO. While the precise sequence of intermediate reactions implicit in Equations
5-1 and 5-2 is not known at this point, these intermediates likely play a role. For
instance, since Cl2 is chemically quite similar to I2, it is likely that the mechanism for this
oscillation shares many similarities to the remarkably complex mechanism of the BrayLiebhafsky Reaction in which I2 decomposes H2O2 in solution via oscillatory kinetics.26
But considering only the summary reactions listed above, when the reaction of
Equation 5-1 predominates, the particle becomes a net source of protons and chloride
ions, and the higher diffusivity of protons yields a net electric field pointing towards the
particle. Conversely, under the reaction of Equation 5-2, the particle is a net sink of these
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ions, and higher diffusivity of protons implies a more pronounced depletion of Cl– than
H+ near the particle surface, hence the electric field points away from the particle. A
particle whose surface alternates between these two net reactions would thereby produce
an oscillating electric field in solution, which would induce a concomitant oscillation in
the motion of nearby tracer particles (Figure 5-2).

Figure 5-2 A schematic depiction of diffusiophoresis. Diffusiophoresis occurs due to the differing
diffusivities of positive (H+) and negative (Cl–) ions produced or consumed at the particle
surface. For simplicity, the ion distributions are shown only on one side of the particle.

Since the relevant interactions with the tracer spheres in this system are all close-range
interactions, the osmotic flow caused by the catalyst particles can be assumed to be out of
the plane of the slide (see Chapter 3). As such, only the electrophoretic attraction
between the spheres needs to be considered. Thus, the reaction described by Equation
5-1 results in repulsion between silica tracers and AgCl, and the reaction described by
Equation 5-2 results in attraction. During the tracer-attracting phase, one anticipates
additional binding forces between the two particles due to the attractive van der Waals
component of their interactions.
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5.4 Oscillations initiated with silver metal
If the system described by the above equations is indeed oscillatory, then it should
be possible to initiate the oscillations by starting with the reactants of Equation 5-2 rather
than those of Equation 5-1. This is indeed the case: Silver particles in a solution of H2O2
(0.83% (v/V)) containing chloride ions (333 µM) and silica tracers cyclically attracted
and repelled the negatively charged silica tracer particles when illuminated with UV light
in much the same way as did the AgCl (Supporting Video 5-3). Field emission scanning
electron microscopy (FE-SEM) indicated that initially smooth, uncapped, single-crystal
silver particles developed roughened growths of AgCl after exposure to H2O2 and
chloride ions (Figure 5-3), the identity of which was confirmed by Auger spectroscopy
(Figure 5-4).

Figure 5-3 FE-SEM images and electron diffraction patterns of silver microparticles. Left: Single-crystal
silver particles with electron diffraction pattern (inset). Right: Silver particles after exposure to
1 % (v/V) H2O2, 30 mM HCl, and UV light for 15 min.
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Figure 5-4 Auger spectra of (Teal) the uncapped single crystal silver nanoparticles, (Red) the
nanoparticles after they had been exposed to 15% H2O2, UV light, and 0.5 M KCl for 7 min,
and then washed with deionized water several times, and (Blue) the signal from the underlying
SiO2 wafer substrate.

Since the oscillations could be initiated with silver nanoparticles in the
appropriate solutions, we also examined a similar system comprised of silver disks
lithographically patterned onto SiO2 wafers, in order to achieve better control over the
location, size, and surface properties of the catalytic surfaces. When isolated silver disks
50 µm in diameter were exposed to a solution of H2O2 and HCl under UV light, silica
tracer particles near the edges of the disks oscillated alternately towards and away from
the silver disks. Over time the initially reflective silver surface blackened, indicating the
buildup of AgCl, as shown in Supporting Video 5-4.
In a modified version of the surface experiments described above, a conductive
silver wire was connected to a 90 µm diameter silver disk. This wire was then covered
with insulating SU-8 polymer photoresist to isolate it from the solution and connected
externally through an ammeter to a gold counter-electrode.

The resulting electrical
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current showed periodic variations, which corresponded to the oscillatory motions of the
tracer particles around the disk, as shown in Figure 5-5 and Supporting Video 5-5. While
Equations 1 and 2 suggest that the current should have alternated between positive and
negative values, the negative offset of the current profile suggests that the oxidative
reaction dominated, which is consistent with the observed darkening of the surface over
time, i.e. AgCl builds up.

Figure 5-5 Current from a 90 µm silver disk patterned on a SiO2 wafer in the presence of 0.17% (v/V)
H2O2, 0.17 mM HCl and silica tracer spheres, under UV illumination. After a few seconds of
illumination, current oscillations are recorded which match the oscillations of tracer particles
(Supplementary Video 5-5). Negative currents are oxidative with respect to the silver surface.
Inset, the 90 µm diameter silver disk connected to an insulated silver wire that monitored the
reaction current on the disk surface.

5.5 Collective oscillations
As noted above, in the initial system based on AgCl particles, the alternate growth
and dissolution of silver metal was not homogeneous across the particles’ surface. As a
result, the AgCl particles became progressively more irregularly shaped and tended to
break apart over time. This fragmentation increased both the number density of AgCl/Ag
particles and their aggregate surface area. As a result, over time, inter-particle reaction
synchronization was observed, as well as the propagation of reaction fronts throughout
the system (Figure 5-6, Supporting Video 5-6).4, 27,28
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Figure 5-6 Silver chloride particles (darker particles) mixed with silica tracer spheres. A reaction wave
moves in from the upper left and is joined by a second wave from the upper right. Solid lines
trace the reaction front, defined as the line of maximum particle motion perpendicular to the
front. After the front passes, the tracer particles are clumped. Since the video frame rate is 30
per sec, the time is given in the notation seconds:thirtieths. The field of view is 485 µm wide.

Although the most controlled method of initiating the oscillatory reactions was to
begin with either pure AgCl or single-crystal silver particles, it was empirically found
that hybrid Ag/AgCl particles produced the most striking collective behavior. These
hybrid particles were prepared by simply exposing aqueous suspensions of AgCl particles
to UV light in the absence of H2O2 for 25 min, so that Equation 1 went to completion on
the surface of the particles. In this way the particles become “pre-coated” with silver
metal before the oscillation reaction was initiated. H2O2 was then added to obtain a
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1% (v/V) H2O2 concentration, without removing the chloride-ion-rich supernatant. As
shown in Supporting Video 5-7, the resulting system exhibited a rich variety of collective
phenomena, including reaction waves, reversible clumping, and synchronized
particle/tracer oscillations.

Figure 5-7 Oscillations of high density collections of pre-fragmented AgCl particles under UV
illumination in 1% (v/V) H2O2. In the left image the particles are in an expanded state. Over
the course of 2 s, a reaction wave travels through the system, leaving the particles in the
aggregated state seen in the right image. Images are 195 µm across.

In order to get a more quantitative measure of the degree of chemical coupling
between adjacent AgCl particles, the video depicted in Figure 5-7 (Supporting Video 5-7)
was subjected to detailed analysis. The most precisely defined moment in a cluster
oscillation was the explosion: the abrupt initiation of a rapid cluster expansion as the
radial diffusiophoretic field changed sign. The time and location of each such cluster
explosion across a 11 s time span within a 150 × 106 µm field at the lower left of
Supporting Video 5-7 were recorded, 124 explosions in all. For each explosion, the rate
at which other explosions occurred within a radius R and time period ±∆t was recorded.
These nearby-explosion-influenced rates were averaged over all the explosions and
normalized by the average rate at which clusters exploded within the given radii
regardless of the time that they occurred (Equation 5-3).
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*

Rate Enhancement =

∑ Rate of explosions within ( R, ±∆t ) , exclusive of i
i =1

*

∑ Rate of all events occuring within ( R ) of explosion i, inclusive of i

(Eq. 5-3)

i =1

Figure 5-8 The local enhancement in the rate at which particle clusters within a distance R and time period
±∆t (colored lines) of a given explosion initiate an explosion of their own. The rate is
normalized to the average local rate of cluster explosions, so that values above one correspond
to a higher-than-average number of explosions per unit time within that disk of radius R, with
an enhancement factor of 2 corresponding to a doubling of the rate.

Only those explosions whose cylinders (defined by: R, ±∆t) fell completely within the
video clip were included in this analysis.

Figure 5-8 depicts the computed rate

enhancements associated with clusters having nearby neighbors which have exploded
recently. The dip near R = 0 demonstrates that a second explosion is highly unlikely to
occur immediately after a previous explosion at the same location; this is to be expected,
since a given cluster has a refractory period between explosions. More interesting is the
pronounced peak near 20 µm, especially strong for the shortest time delays. This peak is
clear evidence of synchronization between cluster explosions: the probability that a given
cluster will explode doubles if another cluster has just exploded nearby. Nearby clusters
apparently couple through the diffusion of ions and/or the propagation of reaction waves.
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At the longest delay times, the enhancement factor approaches the asymptotic value of 1,
as expected.
Similar to Figure 5-6, waves of tracer particle motion associated with the passage
of chemical fronts can be seen when the lithographically patterned silver disks discussed
above are arranged into arrays. A particularly remarkable effect was observed with
arrays of the smallest disks studied, 9 µm in diameter at a 20 µm center to center spacing.
When such a front propagated across this smallest silver disk array, the color of
individual disks switched from reflective silver to dark AgCl and then back to reflective
silver within a few tenths of a second, as shown in Figure 5-9 and Supporting Video 5-8.

Figure 5-9 Optical microscope images of silver discs during the passage of a reaction front. Silver disks
patterned on a SiO2 wafer, in the presence of 0.17% (v/V) H2O2, 0.33 mM HCl and silica tracer
spheres. The surface is illuminated with UV light. Over the course of one second, a front of
chemically-induced tracer particle motion passes over the silver features, and their color
alternates between reflective and dark. The scale bar is 20 µm. Frame number is given in the
upper left, captured at 30 frames per second.

5.6 Methods and synthesis details
The synthesis of AgCl particles and the details of the microscope experiments are
provided in the methods section of Chapter 3 of this thesis, with one minor change. For
the current measurements described in this chapter, a gold wire was used as the counter
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electrode instead of the lithographically patterned gold feature described in Chapter 2. In
the experimental setup, two imaging spacers were overlaid on each other with the 0.1 mm
diameter gold wire (99.99%, Aldrich) lying in between them spanning the entire well
diameter.

The wire lay (nearly, so as to not block the light from the microscope

objective) directly above the illuminated silver feature. The entire ensemble was covered
with a glass cover slip.
Uncapped single crystal silver nanoparticles were made simply by placing a short
section (~0.05 g) of silver wire (99.99% Pure,1.5 mm diameter, Kurt J. Lesker Co.) into
15 mL of 30% H2O2 (VWR) in a scintillation vial at room temperature. The reaction was
then allowed to go to completion. WARNING: this reaction is very exothermic, auto
accelerating, and evolves a significant amount of gas. The initially room temperature
solution reaches 100 °C within approximately 20 min without any external heat source.
Silver nanoparticles are then centrifuged out of the supernatant after gas evolution has
ceased. The oxide free nature of the silver nanoparticles was confirmed via X-Ray
Photoelectron Spectroscopy (XPS), as seen in Figure 5-10, and the single crystal nature
of the particles was confirmed with electron diffraction and visual inspection (Figure
5-3).
Patterned wafer surfaces were made by standard contact lithography procedures,
as described in the methods section of Chapter 2 of this thesis with the following
changes. Silicon wafers used in these experiments had a slightly thicker oxide layer
(250 nm). The soft-bake temperature and time for the LOR-5A was changed to 170 °C
for 1 min. The development time of the two photoresists in CD-26 was changed to 90 s.
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Figure 5-10 (Red) XPS spectra of the smooth, uncapped, single crystal silver nanoparticles synthesized for
this publication. (Black) Reference spectra of cubic phase Ag. (Blue) Reference spectra of
Ag2O3. Peaks for the particles synthesized for this publication match the spectra for cubic Ag.

And finally, the wafers were cleaned with an oxygen plasma (200 psi O2, 50 psi He,
200 W) after photoresist development, but before the silver metal was evaporated.

5.7 Summary
In conclusion, we describe a new oscillating reaction that generates collective,
organized powered motions within populations of chemically active nanoparticles. The
rich set of particle behaviors observed is clearly electrochemical and diffusiophoretic in
origin: oscillatory particle motion can be initiated with two distinct yet related sets of
reactants and there are strong correlations between electrical current, surface color,
surface charge and particle motion. Positive feedback can amplify local variations in
nanoparticle density to form tight particle clusters; these clusters then engage in
correlated, collective behavior. Although further study is needed to fully elucidate the
detailed mechanism of this oscillation, it likely involves the reactions depicted in
Equations 5-1 and 5-2. It has been suggested that oscillatory reactions on the surfaces of
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self-propelled microscopic swimmers could induce “intelligent” collective behavior; 29
this is the first reported example of such a system. Further, the observation of reversible
diffusiophoretic particle motion could be useful in the search for other oscillatory
systems.

5.8 Future work
Future work in this field may include a more detailed analysis of the wave
propagation and synchronization phenomena and how they relate to local particle
concentrations and solution conditions. Local solution conditions would likely need to be
measured with a robust local molecular probe and imaged with a confocal microscope to
eliminate background noise. Additional calculations and simulations may be employed
to adequately incorporate likely reaction intermediates of this oscillatory reaction into the
existing diffusiophoretic model of motion.
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Chapter 6
Synthesis of Flexible Microrods
6.1 Introduction
This chapter differs from the others in this dissertation in that it does not deal with
the autonomous motion of micron-scale objects. This is because the project described
herein arose out of a serendipitous discovery made during another investigation. Happily,
the discovery was deemed interesting enough to pursue for a short time as a side project.
Although the field of microtechnology is only a few decades old, its reach is
rapidly expanding. Microrods in particular have seen a host of new applications in recent
years from energy generation,1 to biosensing,2 to optical3 and acoustic4,5 devices. One
factor that undoubtedly has contributed to the rise of microrod technology has been
ability to grow and modify the surface of microrods via a variety of different methods.6,7,8
Recently, Ozin and coworkers have reported the first and only example of flexible
microrod structures.9 Briefly, their method involved preparing template-grown, multisegmented microrods which contained segments of platinum and gold, plus an additional
platinum segment, denoted {Pt-Au-Pt}. These microrods were then coated with
polyelectrolyte multi-layers (PEM) in a layer-by-layer fashion to become {Pt-Au-Pt}PEM,
and then their center gold segments were dissolved away, leaving a flexible
polyelectrolyte hinge, {Pt·····Pt}PEM. Nickel segments were also incorporated into the
original microrod structure to provide some control over the tether bending.
This chapter discusses the new observation10,11 that even unmodified metal
microrods become similarly flexible when placed in dilute etchant solutions. Although
the exact origin and composition of the flexible segment remains a mystery, preliminary
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data suggest that these flexible regions are comprised of a material that is ubiquitous,
carbonaceous, insulating, and fairly robust. The flexible region can also be reinforced
with poly(allylamine hydrochloride).

6.2 Unmodified flexible nanorods in H2O2
Three-segment microrods consisting of spatially defined, axially symmetric gold,
silver, and gold regions were synthesized {Au-Ag-Au} via the template method. When
these microrods were placed in solutions of dilute H2O2 [~1% (v/V)] and imaged under a
microscope, their central sections became transparent over the course of a few minutes.
(Figure 6-1, Supporting Video 6-1). Although the central sections of these {Au·····Au}
microrods could not be observed directly by the microscope, the regions were obviously
still present since the two gold ends of the rods remained translationally paired even after
undergoing randomizing Brownian motion for 24 h in the dilute peroxide solution
(Supporting Video 6-2). In addition, these microrods with their transparent centers even
survived the chaotic fluid motion associated with gentle pipette transfers.

Figure 6-1 Bright field (left) and dark field (right) optical microscopy images of flexible Au-Ag-Au rods
that have been exposed to 1.25% H2O2 solutions.

94
If more concentrated solutions of H2O2 were used, the onset of transparency and
flexibility was much more rapid, on the order of a few seconds (Supporting Video 6-3).
However, for these more concentrated solutions, the period of flexibility was not as long
lived, and the microrods often cleaved in half as the central section completely dissolved.
In addition to varying the H2O2 concentration, the length of the central silver
section was also varied. As the length of the central section was increased, the freedom
of motion of the two ends also increased, and the central section began to behave less like
a rusty hinge and more like a flexible tether (Supporting Video 6-4). This length came at
a cost however, as very long tethers had a tendency to fold back on themselves, collide
and entangle with other rods, or break apart.
During the initial stages of the {Au-Ag-Au} microrods being etched, the
microrods were often seen to slowly move about in a non-Brownian fashion. This
phenomenon may be associated with the self-electrophoresis of the microrods, a
phenomenon which has been well studied for bimetallic microrods in H2O2 solutions.12,13
In these previously studied systems, the microrods were intentionally made asymmetric
in order to induce motion in one direction. Since the microrods used in this study were
relatively (but not completely) symmetric, it is understandable that the translation
observed is much slower than other reported systems. Alternatively the motion could be
due to self-diffusiophoresis, in which the silver ions produced by the gentle etching of the
silver segment created an electric field in solution which acted back on the rods, resulting
in motion (See Chapter 3). This mechanism would most readily explain the lateral
translation of the {Au-Ag-Au} microrods, since microrods propelled by selfelectrophoresis primarily translate axially. In the rare event that a microrod with a
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somewhat intact central silver section cleaved in half, two very asymmetric {Au-Ag}
microrods resulted, and as such the speed of these end fragments approached that of other
known self-electrophoretic systems (Supporting Video 6-4).
As the {Au·····Au} flexible microrods described above were qualitatively similar
to the flexible {Pt·····Pt}PEM and {Pt-Ni·····Pt}PEM microrods reported by Ozin’s and
coworkers,9 it was decided to repeat their experiments in the absence of a polyelectrolyte
coating, theorizing that perhaps the coating was not necessary to obtain flexibility. When
the thusly synthesized {Pt-Ni-Au-Pt} microrods were exposed to the etching solution
reported by Ozin and coworkers (0.4 g KI, 0.1 g I2, 4 ml H2O), the central gold sections
dissolved completely within a matter of seconds. However, when the etching solution
was diluted to 1/100 of its original concentration, stable, flexible microrods with
transparent central (previously gold) sections resulted (Supporting Video 6-5).
Additionally, actuating the rods with an externally applied magnetic field showed beyond
a doubt that the two ends of the rod were connected (Supporting Video 6-6).

6.3 Confirmation of microrod flexibility
While the rod ends remained translationally correlated over these long periods of
time, the angle formed by the two rod ends was seen to fluctuate. This fluctuation in
angle could either indicate that the central transparent section of the rod was flexible or
that the central transparent section was rigidly bent and the rod was merely rotating in the
z-direction out of the microscope’s focal plane (Figure 6-2). If the later was the case, one
would expect the apparent tip length to shrink as the rod passed through an angle of zero
and out of the focal plane.
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Figure 6-2 Possible geometries which may be adopted by {Au·····Au} rods in solution. In the left image,
the central segment is truly flexible. In the right image, it is rigidly bent and the rod rotates out
of the viewing plane. Four relative locations on the structure are identified in the left image for
use in analysis.

To determine which one of these geometries was most accurate, the apparent lengths of
the two Au end segments ( A B App and C D App) were measured over the course of 30 s,

along with the apparent angle between them ( ∠BEC App). As can be seen from Figure
6-3, there appears to be no significant correlation between the apparent segment lengths
and the apparent angle.
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Figure 6-3 Apparent lengths of gold segments of {Au·····Au} microrods measured over the course of 30 s,
along with the apparent angle between them.
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6.4 Conductivity measurements on microrods
To test whether the central tether segments of etched {Au-Ag-Au} microrods
retained the electrical conductivity associated with their original silver composition,
individual microrods were aligned across lithographically patterned gold contact pads and
the resistance was measured.14 The microrods were aligned by placing a drop of the rods
in their dilute peroxide etching solutions onto the contact pads and then applying a high
frequency AC field to a set of different pads located underneath (and insulated from) the
alignment pads (Figure 6-4). The excess supernatant was then carefully pipetted off and
the solution allowed to dry in the presence of the ac field. This experiment found no
significant electrical conductivity between the gold tips of the aligned flexible microrods
(Flexible rod resistance ~1-10 GΩ/rod; Un-etched rod resistance ~100 Ω/rod).

Figure 6-4 Schematic depicting the setup used to measure the conductivity of {Au·····Au} microrods.
Inset shows a microscope capture image of an actual alignment.

6.5 Instrumental analysis
Samples of the {Au·····Au} and {Pt·····Pt} flexible microrods were imaged by
FE-SEM (Figure 6-5). These images revealed that the flexible region of the microrods
consisted of an amorphous net with smaller nanoparticles trapped in it. This net-like
morphology was qualitatively similar to the “glue joints” reported by Ishiwatari and
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coworkers, which occured on silver microwires exposed to solutions containing HAuCl4
and dodecanethiol.15 The size of the trapped nanoparticles observed in the {Au·····Au}
microrods varied from sample to sample (~10 to 200 nm) and were most likely a
combination of undissolved silver from the original central section of the microrods and
silver that was had been dissolved by the H2O2, but had precipitated back out onto the
microrods as the FE-SEM samples were dried. Similar nanoparticle crystallites were also
seen elsewhere in the samples, including on the microrod tips. Washing the etched rods
with additional fresh dilute peroxide eliminated the majority of these silver deposits, but
never completely removed the nanoparticles from the flexible region of the rod.

Figure 6-5 FE-SEM images of a flexible {Au·····Au} microrod. A flexible region that once was solid
silver connects the two gold tips. Right image is zoomed in inset of the left image.

FE-SEM images of the central section of the {Pt·····Pt} rods (not shown) reveal that their
morphology is also nanoparticles trapped within a net. In contrast, the SEM images
reported by Ozin and coworkers showed that the central gold section was completely
dissolved (as we have confirmed), and only the polyelectrolyte bridge remained.
Energy dispersive X-ray spectroscopy analysis (EDS) of the flexible {Au·····Au}
microrods indicated the presence of aluminum, gold, silver, and possibly oxygen and
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carbon (Figure 6-6). Oxygen and carbon are ubiquitous in laboratory environments, but
may also have been components of the rod. If they were components of the flexible
section, they were not present in significant amounts so as to map to that section of the
microrod sufficiently above the background noise. The trace amounts of aluminum
present were likely the remains of the alumina membrane from which the rods were
grown. Although this alumina was dissolved in 3 M NaOH and the rods were washed
several times in deionized water to remove the alumina, the alumina was apparently not
completely removed and precipitated back out onto the microrods when they were dried
for analysis. The aluminum signal also did not map to the microrod significantly above
the background. The gold signal that was detected only mapped to the microrod tips.
The silver detected likely corresponds to the nanoparticles observed in the FE-SEM
image. The composition of the amorphous net-like substance is still unknown. The
presence of the amorphous net in samples created from {Pt-Au-Pt} rods suggests that it is
not some sort of silver oxide structure, as gold does not readily form oxides. Auger
spectroscopy (not shown) of the microrods produced similar elemental results (except
without the signal from the aluminum). And while the amorphous substance could have
conceivably been a proprietary additive in the plating solutions used to make the rods, the
same amorphous structure is seen in flexible microrods created with homemade plating
solutions comprised only of AgCN, KCN and H2O. The insoluble network may have
been comprised of AgCN, since AgCN is insoluble in the absence of excess CN-;
however, when the microrods made from homemade plating solutions were analyzed
with glancing angle IR spectroscopy (not shown), they were found to be free of any
cyanide.
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Figure 6-6 Energy dispersive X-Ray spectroscopy (EDS) maps of Ag content (top left), Au content (top
middle), Al content (top right), and oxygen content (bottom left). The corresponding SEM
image is shown in the bottom right. Charging of the sample has caused the sample to drift
slightly (perpendicular to microrod axis), leading to a widening artifact in the elemental spectra.

6.6 Reinforcement of flexible rods with poly(allylamine hydrochloride)
If the central flexible segment was indeed some sort of carbonaceous impurity
which surreptitiously became incorporated into the silver segment, it should be possible
to intentionally incorporate a known carbon source into the central section of the
microrod. Inspired by this hypothesis, a silver plating solution saturated with
poly(allylamine hydrochloride) (PAA) was prepared. PAA was chosen as the carbon
source for two reasons: First, because choosing a long chain polymer carbon source
would presumably give the best change at having a central section which retained its
connectivity, and second, because PAA is a water soluble polymer which was readily
available in the lab. As seen in Figure 6-7, the addition of PAA to the silver plating
solution does indeed appear to create more robust flexible {Au-PAA-Au} microrods once
the silver metal is removed in dilute H2O2.
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Figure 6-7 FE-SEM images of {Au-PAA-Au} microrods prepared by etching polymer-loaded {Au-Ag-Au}
rods in 3.3% H2O2 for 5 minutes. The central section of the rods is shown to be flexible and
more solid in composition than the central section shown in Figure 6-5. In the right image, the
Au-PAA interface is shown, with the Au on the left.

6.6 Methods and synthesis details
The multi-segmented microrods employed here were prepared via the template
method, the details of which are described elsewhere.16 To briefly summarize, 1000 Ǻ of
silver metal was evaporated onto the branched side of an alumina filter membrane
(25 mm with polymer support disc, Whatman). A sacrificial layer of silver (1025,
Technic) was then electroplated into the pores of the membrane. The gold (Orthotemp,
Technic), silver, and gold segments of the microrods were subsequently galvanistatically
electroplated into the alumina pores at a current of 10 mA/membrane. Although, this
high current led to significant over-potentials and the formation of hydrogen bubbles, this
did not affect the quality of the microrods produced other than giving them a high degree
of polycrystallinity.17 The lengths of the microrod segments were varied by varying the
plating time. The silver backing was removed in a 50% solution of nitric acid. And the
alumina membrane was dissolved in 3M aqueous sodium hydroxide. The solution of
rods was centrifuged down and washed with deionized water several times. Rods were
stored in deionized water prior to use. Homemade plating solutions consisted of 5 g of
either AgCN or NaAu(CN)2 dissolved in 50 mL water, with an extra 5 g of KCN added to
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the homemade silver solution. Saturated silver solutions containing polymer were
prepared by placing excess polymer into the plating solution and sonicating the sample at
room temperature for 15 min.
Surfaces for microrod alignments were prepared via the methods discussed in
Chapter 5. Microrods were aligned from 1% H2O2 solutions containing the rods of
interest, with 20 V applied potiental at 1 kHz AC frequency. Microrod alignment was
confirmed via optical microscopy prior to taking resistance measurements. Contact with
the alignment pads was performed with micromanipulators.

6.7 Summary
It was discovered that when microrods grown by the template method are
dissolved gently in an etchant solution, a residue is left behind which is mechanically
robust, insulating, and may be comprised of carbonaceous mater. This phenomenon has
been observed in both silver and gold microrods. The flexible section can be reinforced
by the addition of polymer to the appropriate plating solution.

6.8 Future work
There is plenty of room for additional work in this polymer-reinforced flexible
microrod field. For instance, shorter rods should be used for future analyses in order to
get a more uniform sample dilution which would then be paired with a standardized
etching and washing procedure to avoid either under etching of the microrods or
precipitation of silver metal back onto the polymer (Figure 6-8). Shorter rods are easier
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Figure 6-8 (Left) An example of {Au-PAA-Au} rods whose central sections have not been completely
freed of their silver metal. Horizontal rod also exhibits defects from the plating process.
(Right) A sample of {Au-PAA-Au} rods in which the dissolved silver metal has precipitated
back out onto the rods, obscuring analysis.

to dilute uniformly since longer rods often bridge across defects in the alumina pores and
form clumps.
Another area for improvement is matching the electrochemical plating conditions
to the quality of the polymer. At the time of writing, the best plating conditions found
were the original high-current galvanistatic ones (-10 mA/ 23 mm membrane,
~50 µA/mm2), with lower currents and potentiostatic platings showing either swollen or
threadbare polymer sections (Figure 6-9).
Other water-soluble polymers can conceivably be used in the place of poly (allyl
amine). Initial attempts with a poly(ethylene glycol) derived polymer, poly(acrylic acid),
and poly (acrylic acid-co-allylamine hydrochloride) have produced unexpected but
interesting results.
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Figure 6-9 (Left) A {Au-PAA-Au} microrod plated potentiostatically at 2.8 V (vs. Pt quasi reference)
shows a swollen polymer section. (Right) A microrod plated galvanistatically at 7 mA (per
23 mm-membrane) shows a threadbare polymer section.

Figure 6-10 (Top Left) A flexible microrod {Au-P123-Au} formed from an ethylene glycol derived
polymer (P123). The second end of the flexible rod is missing, but the central section has been
elongated to several times its original length. (Top Right) A flexible microrod
{Au-(PAA-co-Acryl)-Au} formed with a copolymer. The small pips along its surface are
likely precipitated silver. (Bottom) A flexible microrod {Au-Acryl-Au} formed with
poly(acrylic acid). The precipitated silver in this system apparently forms elongated leaf-like
precipitates along the “vine” that is the polymer section.
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Finally, changes to the design of the surface over which the rods were aligned for
conductivity measurements would facilitate a higher proportion of the rods which became
aligned. Future experiments with these surfaces may include resuspension of the dried
microrods after their conductivities are measured. This would ensure that the flexible
region of the rods survived the alignment and drying process. While it appears from the
optical microscopy images that the rods do indeed remain intact, these images do not
preclude the presence of fractures smaller than the diffraction limit of the microscope
used. If these fractures are indeed present, they might provide an alternative rational for
the lack of conductivity across the flexible region of the rod.
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Appendix
NetLogo Modeling Code

Figure A-1 A screen capture of the interface of the AgCl particle motion model for NetLogo showing the
various user supplied inputs.

patches-own [chemical temp-chemical]
;; Creates 2 variables that each patch has called
"chemical" and "temp-chemical"
globals [max-prob times-run]
;; Creates 2 place holding variables (“max-prob” and
“times-run”) that any part of the program can access
to setup
clear-all

crt population
[
set color grey
set shape "number-1"

;; Included here are the instructions called when the
user presses "setup"
;; Resets all variables to 0 (ie, if a previous run had
been made, this erases the data to get ready for a
new run)
;; Adds a number of turtles (AgCl particles) equal to the
user-set population

;; Those turtles will be grey
;; Those turtles are given a shape I've called "number1" (the 1st dice pip)
set heading 0
;; They will all face upward (just for aesthetics for the
non-symmetrical dice pip numbers)
set size 3
;; They will be displayed as slightly larger than default.
For display purposes only.
setxy random-xcor random-ycor
;; They will initially be randomly distributed
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setxy pxcor pycor
;; All particles are moved to the center of their
respective patches
]
set max-prob 0
end

to go
choose-display
make-chemical
Ficks-diffusion

;; Resets the global "max-prob" variable to start out at
zero.
;; End of the instructions called by "setup"

;; Included here are the instructions called when the
user presses "go." These are repeated every timestep
;; Calls the sub program that allows the user to display
the chemical tracks or not.
;; Calls the sub program that has the turtle make
chemical on the patch it is on.
;; Calls the sub program that makes the chemical
diffuse in 4 directions (left, right, up, down)

ask turtles
[
Brownian

;; Calls the sub program that simulates Brownian
motion of the turtles
carefully [move-toward-chemical]
;; Calls the sub program that has the turtles move up
chemical gradients. If no chemicals exist yet in the
world, this is ignored.
[]
;; If there is no chemical yet present, the particle doesn’t
try to move towards chemical and get confused.

]
shape-particles

colony-count

;; Calls a program that changes particle shape based on
how many particles are currently occupying the
same square
;; Calls a program that counts how many colonies of
each type there are and displays it

tick
;; Increments the time
if (count patches with [ [chemical] of self < 0 ] > 0)
;; Stops the program if the diffusion is set too high
relative to the timestep, and generates an error
message.
[
show "Diffusion Error Encountered!
Diffusion constant out of bounds."
show "A simple fix for this is to decrease
all parameters to half their current values." ;;Possible error messages
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show "The simulation will take longer,
but this allows for smaller effective
time-steps (dT) relative to the dynamics
of the system."
stop
]
if (max-prob > 1)
;; Stops the program if the jump probability is set too
high relative to the timestep.
[
show "Probability Error Encountered!
Max jump probability greater than 1"
show "A simple fix for this is to decrease
all parameters to half their current values." ;; Possible error messages
show "The simulation will take longer,
but this allows for smaller effective time-steps
(dT) relative to the dynamics of the system."
stop
]
if (ticks = run-until)
;; Stops the program at a user-defined number of
ticks
[
export-all-plots “C:/filepath/filename.csv” ;; Exports the data at the end of the
stop
simulation
]
end
;; Ends the instructions called each time when “go”
is pressed. These keep cycling until a stop
command is encountered.

to choose-display
ifelse (Display-Chemical-Tracks = True)
;; This sub program handle's the user's display
choice and calls the appropriate sub program as
a result.
[Display-chemicals]
[Display-none]
end

to Display-chemicals
ask patches

;; This is the sub program ultimately called if the
user wants to see the chemical tracks
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[

;; Each patch is given a shade of green dependant
on it's "chemical" variable value
set pcolor scale-color green chemical 0.1 3
;;Patches with chemical value of less than 0.1
become black. Those with chemical values
greater than 3 are white. Those with chemical
values in between are given a shade of green
]
proportional to their chemical value
end

to display-none
ask patches
[
set pcolor black
]
end
to shape-particles

;; This is the sub program ultimately called when the
user wants to hide the chemical tracks

;; All patch colors are set to black

;; This subprogram makes the particles look different
(like dice pips) to reflect how many other particles
are also on their patch

ask turtles
[
let number-turtles-here count turtles-on patch-here
;; Each particle counts how many particles are on the
patch it currently occupies.
if (number-turtles-here = 1)
[set shape "number-1"]
if (number-turtles-here = 2)
[set shape "number-2"]
if (number-turtles-here = 3)
[set shape "number-3"]
;;The shape of the turtles on a given patch are
if (number-turtles-here = 4)
set based on how many other turtles are
[set shape "number-4"]
present in this patch
if (number-turtles-here = 5)
[set shape "number-5"]
if (number-turtles-here = 6)
[set shape "number-6"]
if (number-turtles-here = 7)
[set shape "number-7"]
if (number-turtles-here = 8)
[set shape "number-8"]
if (number-turtles-here = 9)
[set shape "number-9"]
if (number-turtles-here = 10)
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[set shape "number-10b"]
if (number-turtles-here = 11)
[set shape "number-11b"]
if (number-turtles-here = 12)
[set shape "number-12b"]
if (number-turtles-here = 13)
[set shape "number-13b"]
if (number-turtles-here = 14)
[set shape "number-14b"]
if (number-turtles-here = 15)
[set shape "number-15b"]
if (number-turtles-here = 16)
[set shape "number-16b"]
]
end

to make-chemical

;; This is the sub program that has the turtles
make chemical on the patch they are on.

ask turtles
[
set chemical chemical + reaction-rate
;; Adds a user defined "reaction-rate" value to the
chemical variable of the patch that the turtle is
currently on
]
end

to Ficks-Diffusion
;; This subprogram implements diffusion
ask patches
of the chemical
[
let c0 [chemical] of self
let c1 [chemical] of patch-at 0 1
let c2 [chemical] of patch-at 1 0
;; The chemical values of the patches in the
let c3 [chemical] of patch-at 0 -1
adjacent directions are stored
let c4 [chemical] of patch-at -1 0
set temp-chemical (chemical +
chemical-diffusion-rate *
(c1 + c2 + c3 + c4 - 4 * c0))
;;The new chemical value for each patch as
dictated by Fick’s law is stored in a temporary
variable sequentially for each patch
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]
ask patches
[
set chemical temp-chemical
;; All patches set their new chemical values to the
ones calculated above (this is done so they all
"diffuse" at the same time)
set chemical chemical * (1 - Extinction-rate-of-signal)
;; All patches lose a percentage of their chemical
value as dictated by the user defined
extinction rate
]
end

;; This is the sub program that handles the
Brownian motion of the turtles. Each turtle
does this program one at a time
let turn-angle random 4
;; Chooses a random integer from 0, 1, 2, 3.
rt turn-angle * 90
;; All turtles turn right a number of degrees equal to
turn-angle*90
let random-roll-1 random-float 1
;; Chooses a random floating point number greater
than or equal to zero but less than 1. Stores that
number as a temporary variable "random-roll-2"
if (random-roll-1 < Brownian-jump-probability)
[
fd 1
;; Moves foreward unless the random-roll-1 beat the
Brownian-jump-probability value defined by the
user
]
lt turn-angle * 90
;; Rotates the particle back to its original heading.
end

to Brownian

to move-toward-chemical

;; Sub-program that makes turtles move towards the
higher concentrations
let grad-y [chemical] of patch-ahead 1
- [chemical] of patch-ahead -1
;; Calculates the gradient in chemical value in the y
direction
let grad-x [chemical] of patch-right-and-ahead 90 1
- [chemical] of patch-left-and-ahead 90 1
;;Calculates the gradient in chemical value in the x
direction
if (abs grad-y * sensitivity-to-signal > max-prob)
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[
set max-prob abs grad-y * sensitivity-to-signal
;; Sets the global variable "max-prob" to be the max
jump probability the system has encountered so
far. This is part of the error-catching step in “to
go.”
]
if (abs grad-x * sensitivity-to-signal > max-prob)
[
set max-prob abs grad-x * sensitivity-to-signal
]
;; Same error catching is done for hops in the xdirection
let random-roll-3 random-float 1
;; Picks a random floating point number between 0
and 1 (not including 1)
if (random-roll-3 < sensitivity-to-signal * abs grad-y )
;; Particle will move unless the random-roll-3 beat
the value of (user defined) sensitivity-togradient*(the gradient currently being
evaluated from the list)
[
ifelse (grad-y > 0)
[
fd 1
]
[
;;If the above conditions were met, the particle
if (grad-y < 0)
will move forward or backward depending
[
on the sign of the gradient in the y direction
rt 180
fd 1
lt 180
]
]
]
let random-roll-4 random-float 1
if (random-roll-4 < sensitivity-to-signal * abs grad-x )
[
ifelse (grad-x > 0)
[
rt 90
fd 1
lt 90
]
;;Similar to the above motion except this motion is for
[
gradients in the x-direction. It has its own random
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if (grad-x < 0)
[
lt 90
fd 1
rt 90
]

roll.

]
]
end
to colony-count
let Number-in-1-3-particle-patches 0
;; This sub program creates a histogram
let Number-in-4-6-particle-patches 0
of the number of particles per patch
let Number-in-7-9-particle-patches 0
let Number-in-10-12-particle-patches 0
;; Here empty bins are created for the
let Number-in-13-15-particle-patches 0
histogram. Bins are reset each
let Number-in-16-or-more-particle-patches 0 time-step
ask turtles
[
if (count turtles-here > 0 AND count turtles-here < 4) ;; Each particle increments
the appropriate histogram
[
set Number-in-1-3-particle-patches
bin by one.
Number-in-1-3-particle-patches + 1
]
if (count turtles-here > 3 AND count turtles-here < 7)
[
set Number-in-4-6-particle-patches
Number-in-4-6-particle-patches + 1
]
if (count turtles-here > 6 AND count turtles-here < 10)
[
set Number-in-7-9-particle-patches
Number-in-7-9-particle-patches + 1
]
if (count turtles-here > 9 AND count turtles-here < 13)
[
set Number-in-10-12-particle-patches
Number-in-10-12-particle-patches + 1
]
if (count turtles-here > 12 AND count turtles-here < 16)
[
set Number-in-13-15-particle-patches
Number-in-13-15-particle-patches + 1
]
if (count turtles-here > 15)
[
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set Number-in-16-or-more-particle-patches
Number-in-16-or-more-particle-patches + 1
]
]
set-current-plot "Colony Count"
;;The histogram is plotted
set-current-plot-pen "1-3 Particles"
;; The data in it will be
plot (Number-in-1-3-particle-patches / Population)
stored at the end of the
set-current-plot-pen "4-6 Particles"
simulation (in “to go”)
plot (Number-in-4-6-particle-patches / Population)
set-current-plot-pen "7-9 Particles"
plot (Number-in-7-9-particle-patches / Population)
set-current-plot-pen "10-12 Particles"
plot (Number-in-10-12-particle-patches / Population)
set-current-plot-pen "13-15 Particles"
plot (Number-in-13-15-particle-patches / Population)
set-current-plot-pen "16+ Particles"
plot (Number-in-16-or-more-particle-patches / Population)
end
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