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systems are often near boundaries or are located in crowded environments. Herein, we describe experiments in
which we measured the influence of hydrogen peroxide concentration and dispersed polyethylene glycol (PEG)
on the clustering behavior of 5 um catalytic active Janus particles at low concentration. We found the extent to
which clustering occurred in ensembles of active Janus particles grew with hydrogen peroxide concentration in
the absence of PEG. Once PEG was added, clustering was slightly enhanced at low PEG volume fractions, but was
reduced at higher PEG volumes fractions. The region in which clustering was mitigated at higher PEG volume
fractions corresponded to the region in which propulsion was previously found to be quenched. Complementary
agent based simulations showed that clustering grew with nominal speed. These data support the hypothesis that
growth of living crystals is enhanced with increases in propulsion speed, but the addition of PEG will tend to
mitigate cluster formation as a consequence of quenched propulsion at these conditions.
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1. Introduction

Micrometer scale ‘active’ Janus particles generate a mechanical force
from cues in the environment local to the particle [1-3]. Propulsion
generated from the mechanical force in active Janus particles often
permits these systems to serve as synthetic analogs to microorganisms
that propel by a variety of mechanisms [4]. In both synthetic and bio-
logical systems, there is a strong influence of crowding on the individual
(i.e. near interfaces) and collective (i.e. near neighbors) dynamics of
active particles [5-12]. Rich phase behavior has been predicted for cases
with persistent crowding [13-15]. For instance, a single active Janus
particle will propel along a boundary as a consequence of both
non-conservative surface interactions and local perturbations in the
solute field [16,17]. The complex mixture of forces was recently
revealed to induce propulsion of an active particle at a fixed separation
distance from the wall [18]. Further, microorganisms have complex
interactions with neighbors or nearby surfaces that are a mix of both
conservative and non-conservative interactions [19-21]. Such in-
teractions are central to the initial stages of bacterial biofilm formation
[22]. Dynamic collective behavior among crowded swimmers is not
restricted to boundaries, self-propelled particles will also tend to cluster
with neighbors as a consequence of self-propulsion. Work on
self-propelled systems have found that particles tend to form clusters
that grow as propulsion speed increases [23], but there is also a
chemotactic influence similar to what was predicted for active particles
approaching a boundary [24]. Such phenomena may have significant
influence on the formation of microorganism biofilms [25].

One example of previous work on non-catalytic Janus swimmers
suggested clustering is mediated by the nominal speed of the active
particles [23]. Graphite capped Janus particles propelled in response to
the local demixing of a near critical mixture of water and 2,6-lutidine.
Particles were illuminated by a focused beam of 532 nm. The graphite
cap absorbed at this wavelength, thereby generating heat that demixed
the critical solution and produced a local gradient in solute on the length
scale of the particle. The local gradient of solute induced diffusiopho-
retic motion. Clustering in ensembles of these particles was studied at
varying intensity of illumination, which was used to control the nominal
speed of swimming. Particles were observed to cluster to a larger extent
at larger nominal speeds. The authors attributed clustering in this
instance to a self-trapping mechanism, in which clusters formed from
particles colliding with longer time scales for reorientation. Ultimately,
particles with larger nominal speed had higher probabilities of collision
and thus tended to form larger clusters. This work illustrated that
nominal speed of active particles is one key feature for controlling
clustering among ensembles of active particles. Speed was controlled via
variation in illumination intensity, but other factors may be employed to
influence speed to alter the probability of collisions. For instance, our
previous work suggested the addition of charged nanoparticles quenches
the propulsion speed of active Janus colloids via both an increase in
conductivity and the influence of hydrodynamic hindrance in response
to depletion attraction [26].

Herein, we describe experiments that show how the addition of
polyethylene glycol (PEG) effects clustering of catalytic active Janus
particles near a boundary, depending on the volume fraction of added
material. First, we found that platinum capped Janus particles in the
absence of PEG clustered in response to the addition of hydrogen
peroxide. Clusters formed as the concentration of hydrogen peroxide
was increased. Second, we found that although clustering was initially
slightly enhanced upon addition of PEG, higher concentrations of PEG
similar to those from previous work reduced clustering. Agent-based
simulations that complemented these experiments showed that clus-
tering was enhanced (decreased) with increased (reduced) propulsion
speed, but still under-predicted the extent of clustering that was
observed in experiments. This under-prediction was likely a conse-
quence of the simulation not accounting for both the near-field in-
teractions between particles and also phoretic attraction that arises from
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perturbations of the local chemical field. Taken together, these results
demonstrate the important interplay of conservative and non-
conservative interactions on the dynamic behavior of active Janus
particles.

2. Materials and methods
2.1. Fabrication of Janus particles and fluid cell assembly

Platinum-coated polystyrene particles were prepared via glancing
angle deposition [27,28]. Briefly, monolayers of 5 um polystyrene par-
ticles obtained from Fisher Scientific were prepared on a 20 mm x 20
mm diced silicon wafer (Ted Pella, INC) with spin coating. High quality
monolayers are achieved by carefully selecting the concentration and
volume of the suspension deposited onto each wafer. The combination of
concentration and volume of the suspension varies with particles size,
temperature, and humidity. High coverage of the wafer produces
significantly more coated particles per each deposition, thus increasing
efficiency. For that reason, a good balance between increasing mono-
layer coverage and limiting defects is required. Resultant monolayers
were analyzed with Scanning Electron Microscopy to ensure high
quality coverage.

Next, platinum was deposited on the exposed surface area of parti-
cles comprising the monolayer. Physical vapor deposition (PVD) (DV-
502A Turbo High Vacuum Evaporator) was used to deposit a cap of 20
nm nominal thickness at a rate of 1 A/s. We expect particles to have a
nominal thickness of 20 nm cap at the ‘north pole’, but a thickness that
decays to 0 nm at the particle equator [29]. After coating, Janus parti-
cles were removed from the silicon substrate via bath sonication and
stored in ultra-pure water.

Experiments were started by introducing a fixed concentration of
Janus particles into a solution of hydrogen peroxide at a defined con-
centration. For all experiments, Janus particle concentrations were
chosen to achieve an area coverage in the region of interest (ROI) of
2-3%, corresponding to ~350 particles in a given ROI. This low to in-
termediate particle concentration has previously been observed to pro-
duce clustering in active systems that is dynamic in nature, with clusters
reaching an equilibrium size at a given nominal propulsion speed rather
than experiencing unbounded growth of gradually larger crystals [23].
Previous work has termed clusters in this regime to be “living crystals”
[30]. Hydrogen peroxide concentration was changed systematically to
test the effects of propulsion speed. Each sample was then added to the
fluid cell, which consisted of one microscope slide and one coverslip of
size 1 separated by an adhesive spacer of 0.120 mm thickness and 4.5
mm diameter as a viewing window. PEG (Alfa Aesar, Lot #1019473)
with a molecular weight MW = 6000 was used as received.

Experiments were conducted by observing particles at 20x magnifi-
cation for 30 min. In the subsequent figures summarizing our experi-
mental results, time = O s refers to the beginning of the video. Video
capture commenced immediately following peroxide addition, with the
time between peroxide addition and the beginning of video capture
equal to 10 s + 5 s. Further note that for simulations conducted herein,
time = 0 s refers to the beginning of the simulation in which an
ensemble of randomly positioned particles commence propulsion. Note
that during an experiment, there occasionally were ROIs in which Janus
particle surface concentrations were outside the envelope of 2-3% or
bubbles had formed. The ROI was moved in these situations during the
30-min experiment. We did not expect, nor did we observe, evidence of
variations in cluster behavior when moving an ROI to an adjacent region
because there are no lateral variations in experimental conditions within
the fluid cell (beside particle coverage). Thus, results were merged from
different ROI’s, but in the same fluid cell, with appropriate timing. Note
also that bubble formation at hydrogen peroxide concentrations > 3%
was significant such that propulsion of individual particles and clus-
tering was affected by the presence of bubbles. Thus, the highest
peroxide concentration tested herein was 3%.
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2.2. Image processing and analysis

An upright microscope (Olympus BX51WI) interfaced with a camera
(Hamamatsu ORCA-R2 C10600-10B) was used to capture image stacks
of particle dynamics. Experiments were typically conducted at frame
rates between 8 and 16 frames per second (fps), but were processed in
ImageJ to retain one frame every 10 s for analysis. Micrographs showed
particles as dark with a light background. Further image processing was
conducted to measure the size of each object in the ROI such that those
objects could be binned into singlets (1 particle), intermediates (2-3
particles), or clusters (4+ particles). This was achieved by first making
the image binary such that all particles were black (grayscale val-
ue = 0) and a background of white (grayscale value = 255). Although
this step in processing is not ideal for tracking small spatial fluctuations,
using binary images was effective for counting and binning the size of
objects in each frame.

Once a binary image was obtained, the pixel size of each object was
measured. An approximate expected pixel size of singlets was first
estimated from knowledge of the microscope magnification (0.5119
um/pixel) and the largest nominal cross-sectional area of a single par-
ticle (72 pixels?). However, given that objects appear slightly larger as a
consequence of optical effects, we found the real singlet cross-sectional
area from an image of known singlets to be slightly larger with a range of
80 pixels? - 120 pixels. With knowledge of singlet size, we then binned
each object of each retained image into the above noted classifications.
The values reported herein for each frame are percent observed, which
was calculated as follows:

N;
SN

i=1

% Observed = (@D)]

where N; is the number of objects observed of that classification in a
given frame and i indicates the classification of singlet (i = 1), inter-
mediate (i = 2), and cluster (i = 3). Larger values of percent observed
for a given classification implies that a larger fraction of the total
number of objects belong to that classification.

2.3. Agent-based simulation

In this section, we briefly review a recent novel agent-based model
developed specifically to study active Janus particles [26]. The idea
behind the model came from extensive study of active bacteria such as
E. coli and B. subtilis who exhibit similar motion and physical forces.
However, Janus particles behave even more like mathematical models
due to the enhanced control over their design as opposed to growing
bacteria cultures. In this work we use a two-dimensional simplified ODE
model relying on overdamped dynamics (e.g., Stokes Law) that accounts
for the height above a boundary surface through restricted mobility
coefficients with magnitudes determined by the center of mass height.
We assume that all the particles are at the same effective height above
the bottom surface, h, resulting in a quasi-2D modeling approach.

This first principle model is derived by balancing the forces and
torques on each Janus particle. The underlying approach is to model a
platinum-capped particle as a force dipole with an excluded-volume
where the force of self-propulsion due to the chemical reaction bal-
ances with the hydrodynamic drag force on the particle body. Here we
focus on the net motion which exhibits the same swimming patterns as
bacteria [31-33]. Since we study a large number of simple particles and
their resulting motion, the exact form of an individual particle is relaxed
for computational efficiency.

The key assumption in the model is that we are in a low Reynolds
number regime, consistent with the Janus particle size, swim speed, and
fluid viscosity. Each of the N identical particles obeys the following
system of equations
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Using this system one can track the center of mass and the orienta-
tion of each particle, which are crucial in understanding the dynamics of
these interactions. Furthermore, observe that all the interactions be-
tween particles are pairwise. This is due to the linearity of the Stokes
flow in the low Reynolds number regime and the fact that interparticle
interactions are accounted for using a pairwise sum is consistent with
the semi-dilute regime of a moderate volume fraction suspension of
particles. The first equation governs the translational velocity of each
particle with translational hindrance coefficient g,,. The hindrance
simulates a thin-film three-dimensional domain using a two-
dimensional modeling approach. The first term allows for self-
propulsion of magnitude v, in the direction of its orientation d; driven
by the chemical reaction with the hydrogen peroxide that induces the
propulsion. The second term is the local fluid velocity at the location of
the i particle capturing the hydrodynamic interactions with a particle’s
surroundings as a function of position x € R? at time t generated by a
Janus particle at the origin with orientation d; is given by

U()(a + h) N

TS (U llog(x (1) ) (1) (o) @

i=1

u(x,r) = —

where Uy = ¢n/?vy > 0. This represents the dipole moment following
Stokes drag law, where ¢ is a shape coefficient, # is the ambient fluid
viscosity, vy is the isolated swimming speed of the Janus particle of
diameter ~ [32]. Since a is the particle radius, then a +h is the height of
the center of mass above the bottom surface. The third term is an
interaction potential that enforces the excluded-volume of the particle
body and provides an intermediate range attraction exhibited in clus-
tering regimes. The last term is a translational diffusion modeled as
white noise represented as the derivative of a Weiner process with
strength D,.

The primary change is the excluded-volume interaction modeled by
the force F = —VU(x) which is the gradient of a Morse potential that
has successfully been used to capture typical clustering behavior in self-
propelled particles in recent works [34]. The generalized Morse poten-
tial is given by

Ux) =Y [Ce 7 — Coe 7] (5)

J#i

Here 7/, and /, represent the effective distances of the attractive and
repulsive potentials respectively. The coefficients C, and C, govern the
relative amplitudes of each piece of the potential. Thus, each particle has
some interaction attractive/repulsive with all the other particles deter-
mined by their interparticle distance. The long-range hydrodynamic
interactions governed by u(x, t) initially attract neighboring particles,
but the Morse potential reinforces the clustering observed in experi-
ment. In fact, an early version of the model with a purely repulsive
potential, such as the Yukawa potential used in [26], allow for the initial
formation of a cluster, but the components soon break apart without the
additional reinforcing interaction. As previously demonstrated, the
Yukawa potential is suitable for dilute regimes where motion is domi-
nated by self-propulsion and the Morse potential is better suited for
semi-dilute regimes where interparticle interactions dominate motion at
moderate concentrations.

The second equation accounts for the balance of torques on each
Janus particle with a corresponding angular hindrance qy. The first term
is analogous to the classical Jeffery’s equation that allows the orienta-
tional dynamics of the point dipole Janus particles to interact with the
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surrounding fluid as prolate ellipsoids [35]. Since the model is
two-dimensional the rotational vorticity portion of Jeffery’s equation is
zero (acts entirely out of the plane of the computational domain) and all
that remains is the term due to the rate-of-strain. The last term repre-
sents the rotational diffusion of the Janus particle with strength D,. In
the angular component the hindrance g, reduces the angular velocity of
the particle as it approaches the bottom surface. Table 1 summarizes
simulation conditions used herein. The physical parameters are chosen
to match exactly the conditions in the experimental setup. The dipole
moment as well as the Morse potential parameters are either challenging
to measure (Up) or not measurable (C,, Cg, I, l;). Therefore, we used the
analogous versions from models for microswimmers such as B. subtilis
which share similar dynamics to the Janus particles [31,32,34].

3. Results and discussion
3.1. Cluster formation depended on peroxide concentration

The ensemble dynamics of platinum capped Janus particles were
initially measured in a 3% hydrogen peroxide solution. We observed
dynamic clustering, in which individual particles joined and departed a
variety of intermediate and cluster structures during the experiment. For
example, a single particle would typically pair with one, two, three, or
more particles, but then escape those particles for finite periods of time
during an experiment, only to reunite with different partners later in the
experiment (see Fig. 1). Such behavior is characteristic of living crystals,
in which an active system will form crystals that experience dynamic
exchange, rather than gradually form one large cluster as one would
expect with an attractive system. Previous work has provided strong
evidence for the mechanism by which dynamic clustering arises in active
systems [23,30]. Living crystals arise from the dynamic exchange of
active particles between clusters of finite size and the bulk. Particles
collide at a given frequency because of directional activity, but then
reorient as a consequence of random orientation fluctuations. Reor-
ientation of the directionality of the active particle causes it to either
leave or restructure the cluster. The result of such behavior is that the
mean dynamic cluster size will increase with increased velocity. Struc-
tures formed in our experiments were typically small, normally not
exceeding ~6 particles. Such small size is consistent with previous work
showing the mean size of living crystals grows with propulsion speed of
individual active particles.

We measured the evolution of singlets (1 particle), intermediates (2
and 3 particle dimers/trimers), and clusters (4+ particles) as a function
of time. The fraction of clusters increased in time (see Fig. 2(c)) at the
expense of intermediates and singlets (see Fig. 2(a) and (b)) for Janus
particles in a 3% solution of hydrogen peroxide. Data shown in Fig. 2 is
from a single realization of our experiments. There were significant
temporal fluctuations in measured values as a consequence of the dy-
namic process unfolding during a single experiment. The process pro-
ceeded with singlets merging and separating, which contributed to the

Table 1
Simulation conditions.

Simulation conditions

Particle radius (pm) 2.5
Temperature (K) 298
Fluid viscosity (Pa s) 0.00089
Particle density (kg/m3) 1055

Translational diffusion coefficient in bulk (m?/s) 9.80998 x 10714

Rotational diffusion coefficient in bulk (r/s) 0.01177198
Total number of frames (#) 1800

Time step (s) 0.1

Dipole moment, Uy 0.01

Morse potential parameter C, 0.60

Morse potential parameter C, 1.00

Morse potential parameter 1, 0.50

Morse potential parameter 1, 1.00
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temporal fluctuations in both of these measured quantities. Clusters
(> 4 particles) were more robust against temporal fluctuations because
individual merging or separation events do not necessarily alter the
‘cluster’ classification.

Singlet percentage did not strongly decrease in response to the for-
mation of intermediates and clusters for a single experimental realiza-
tion (see Fig. 2(a)). The primary reason for the singlet observed
percentage remaining steady for the beginning of each experiment was
that singlets entered from above the region of interest. The number of
singlets entering the frame in the first ~10 min of a single experimental
realization was significant and these additional particles keep the per-
centage of singlets from dropping at an early time when viewing the
entire time window of the experiment. Following the initial changes in
nominal singlet concentration, clustering reached a dynamic equilib-
rium after ~10 min. We accounted for these phenomena by reporting
dynamic equilibrium measurements obtained by taking the mean over
~5 min in the plateau region indicative of this state (see Supporting
Information). Further, averaging over many realizations of experiments
with the same conditions shows a significant trend in singlets drop once
the system reaches dynamic equilibrium. Such behavior is consistent
with dynamic cluster formation where single active Janus particles
initially form dimers, then trimers, then finally clusters of at least four
particles.

Clustering of active Janus particles was tracked for systematic vari-
ations in hydrogen peroxide concentration between 0% and 3%. Con-
centrations of hydrogen peroxide over this range for the same system
have previously been found to drive active Janus particles to swim at
speeds of up to approximately 1 um/s [26]. Although such speeds are
slower than what has been reported for other systems at similar con-
centrations, the particles used herein are larger than those systems.
Given that swim speed has been shown to decrease with particle radius
[36], speeds for the current system met expectations. The formation of
clusters (4+ particles) increased with hydrogen peroxide concentration.
Cluster formation over 30 min was small in solutions < 1.0%, but
occurred more strongly at hydrogen peroxide concentrations > 1.0%.

Individual realizations were repeated to obtain the average ensemble
response as a function of hydrogen peroxide concentration. Fig. 3 shows
singlet, intermediate, and cluster observed percentage measured at dy-
namic equilibrium as a function of the apparent propulsion speed
measured in an earlier contribution [26]. There was strong singlet loss
coupled with a strong increase in intermediate formation. Minimal
clustering was formed at low hydrogen peroxide concentrations (i.e.
small speeds) while clustering was enhanced at larger hydrogen
peroxide concentrations (i.e. large speeds). As noted, previous work on
active systems showed that cluster size increased with increased pro-
pulsion speed at intermediate concentration [23].

Active particles propel as a result of a hydrogen peroxide decom-
position reaction on the platinum cap that produces a gradient in solute
on the length scale of the particle. As has been noted in the literature
[17,37-42], the solute concentration gradient itself in the local envi-
ronment contributes to clustering in a way that supplements the
mechanism of collision and reorientation. This phoretic mechanism
arises from the gradient in solute being spatially altered by the nearby
boundary. The combination of those two mechanisms — one hydrody-
namic and one phoretic in nature — leads to a variety of states experi-
enced by an active particle near a boundary [41]. Note also that near
field conservative interactions, including electrostatics and van der
Waals attraction may contribute to the longevity of clusters. Moreover,
the chemical reaction on the particle surface is accompanied by signif-
icant local changes in pH, which would in turn contribute to changes in
the surface charge of individual particles. However, given our obser-
vations that Janus particles, even in the presence of peroxide, remain
mobile near a boundary suggests these changes may not be significant to
the extent that surface charge appreciably changes.
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Fig. 1. Tracking the structures sampled by a single particle. A single particle (covered by a red dot) was tracked for ~15 min during an experiment. The particle
sampled many different structures, including intermediate (2 — 3 particles) and cluster (4+ particles) structures. This dynamic behavior was characteristic of all our
experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Evolution of (a) singlets (1 particle), (b) intermediates (2 and 3 particle dimers and trimers), and (c) clusters (4+) for active Janus particles in 3% hydrogen
peroxide. A slight decrease in singlet percentage was observed, along with a stronger decrease in intermediates upon formation of clusters. Measurements of singlets

and intermediates had strong temporal fluctuations because of the dynamic merging and separating process.

90 25 20
+ a) ; b) c)
85 | 20 ’ ‘ 15
= = : 3
° e ¢ s
80 f +§+ 315 310
o o ¢ o
R x x
75t T 10 ¢ 5 - } ¢
g *°
70 1 5 L O [} é 1
0.00 0.25 050  0.00 0.25 050  0.00 0.25 0.50

Apparent Speed (um/s)

Apparent Speed (um/s)

Apparent Speed (um/s)
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these data show the rate of clustering was enhanced as hydrogen peroxide concentration (i.e. apparent speed) increased. Error bars are the standard error associated

with a given set of experiments.

3.2. Impact of PEG on clustering

Our previous work has shown the addition of either charged nano-
particles or polymer reduced the propulsion speed of active Janus par-
ticles [26]. Herein, polyethylene glycol (PEG) of low molecular weight
(6 K) was added at systematically varied volume fractions equal to and
below that of our previous work. Our hypothesis motivating these ex-
periments was the reduction of propulsion speed at fixed hydrogen
peroxide concentration of active Janus particles is a consequence of PEG

acting as a depletant. The reduction of propulsion speed will reduce the

extent to which an ensemble clusters.
Fig. 4 shows cluster observed percentage as a function of PEG con-

centration for systems at fixed peroxide concentrations of 3% and 0%.
Clustering initially was slightly enhanced at small PEG concentrations in
the presence of fuel, but was diminished as PEG concentration grew.
Enhancement of clustering at small PEG concentration was likely a
consequence of increased attractive particle-particle interactions that
led to longer lived clusters. This attractive interaction would arise in the
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Fig. 4. Extent of clustering at dynamic equilibrium for Janus particles in 3%
(circles) and 0% (triangles) hydrogen peroxide with systematic variation in PEG
concentration. The gray region signifies the PEG concentration in which Janus
particle propulsion speed was observed to be quenched by the presence of PEG.
The dotted line is the % observed clusters in the absence of PEG with 3%
hydrogen peroxide, while the broken line is the % observed clusters in the
absence of both PEG and hydrogen peroxide. Janus particles had roughly the
same propulsion speed (i.e. roughly the same collision probability) at lower
PEG concentrations, but an enhanced attractive interaction that increased the
probability of long lived clusters. At larger PEG concentrations, the propulsion
speed decreased, thereby decreasing the probability of collisions. The increased
particle-particle attractive interaction was irrelevant at conditions in which the
Janus particles experienced a smaller collision probability. Further, there was
very minimal clustering among Janus particles in the absence of hydrogen
peroxide as compared to Janus particles in the presence of hydrogen peroxide.
Error bars are the standard error associated with a given set of experiments.

event PEG acted as either a depletant or as an avenue for bridging
flocculation. At small PEG concentrations, the apparent speed of Janus
particles would be roughly unchanged, thereby producing no change in
the collision probability. However, once a collision occurred, the prob-
ability of remaining clustered was increased because of the conservative
attraction between particles introduced by the presence of PEG, in
agreement with PEG acting as a depletant. As PEG concentration was
increased to a regime in which Janus particle speed was observed to
decrease, the extent of clustering was diminished. Janus particles in the
absence of fuel experienced low levels of clustering that were slightly
enhanced from that of Janus particles in the absence of both fuel and
PEG.

Note the shaded gray area in Fig. 4 corresponds to the PEG regime
where propulsion speed was observed to be reduced [26]. A decrease in
nominal Janus particle propulsion speed reduced the probability of
collision, thereby reducing the extent to which clusters were able to
form. Note, the higher PEG concentration would also increase the con-
servative attractive interaction between particles. However, such
attraction is on a sufficiently small length scale that the interaction be-
comes irrelevant for small collision probabilities. We approximated the
length scale of the conservative attraction as being equal to the cube root
of the excluded volume of a particle, which included the volume of the
shell surrounding the particle with a thickness equal to the radius of
gyration of the 6 K PEG. For our system, this distance is ~4 pm. At the
highest PEG concentration, the probability of collision is exceedingly
small because active Janus particles have had speed significantly
quenched. Thus, active Janus particles at this concentration are unlikely
to enter the attraction region of a neighboring particle.
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A secondary effect that reduced the extent to which clusters formed
was encountered at the highest PEG concentration. In the worst case
scenario observed only at the highest PEG volume fraction, as many as
30% of particles were immobilized on the substrate by the end of the
experiment, thereby drastically reducing the probability of collisions.
Note that deposition of active Janus particles was only observed at the
highest PEG concentration; collision probability was altered only
because of the addition of PEG at all other concentrations. Finally,
rheology of the PEG solutions could also play a role. There has been
recent work showing the influence of viscoelasticity or the presence of
polymers in the continuous phase on the propulsion speed of active
particles. The addition of PEG to solution at these conditions may in-
crease the viscosity of the solution by as much as 10% [43], at the
highest PEG concentration, with the lowest three concentrations of PEG
having viscosity increases below 1%. Although changes in viscosity
alone would likely not be sufficient to be wholly responsible for the
diminished clustering observed herein, the additional influence of
viscoelasticity in a polymer solution could substantially reduce propul-
sion velocity at the highest of concentrations explored herein. For
instance, simulations and experiments have shown that fluids with a
viscoelastic response often reduce the features of activity [44-49].
Specifically, previous work on polyacrylamide at concentrations corre-
sponding to the largest concentrations explored herein showed a strong
reduction in propulsion speed [46]. Thus, although these data do not
conclusively suggest viscoelasticity as the origin of propulsion reduction
in PEG, it would appear to be feasible at some of our larger
concentrations.

Experimental results summarized above reveal a picture consistent
with previous work from our own group and others. Janus particles tend
to form clusters as propulsion speed increases. Upon the addition of PEG,
clustering was initially enhanced at low concentrations, but diminished
at higher PEG concentrations where the Janus particle propulsion speed
is expected to be low. Taken together, these results reveal that tuning of
clustering can be achieved by controlling the collision probability via
the propulsion speed. The essence of our findings is that the addition of a
PEG achieves a similar effect with respect to clustering as a reduction in
peroxide concentration. Although these data and our previous work
forms a strong connection between the addition of co-solute (PEG or
charged nanoparticles), the molecular mechanism by which propulsion
speed is reduced is unknown. There is strong evidence the mechanism is
that of depletion induced attraction between either neighboring parti-
cles or the particle and nearby surface. However, it is also possible that
adsorption of PEG to the exposed PS face of the Janus particle alters the
reaction mechanism in some fashion. Nevertheless, we further tested the
relationship between propulsion speed and clustering via agent-based
simulations.

3.3. Agent-based simulations of clustering as function of nominal speed

The simulations were run at two area fraction regimes using N = 350
(approximately 1.75% area fraction) and at N = 175 particles (approx-
imately 0.89% area fraction) in a semi-dilute regime. The semi-dilute
regime is characterized by area fractions where pairwise hydrody-
namic interactions are accounted for in particle motion. This is in
contrast to the dilute regime where the motion of all particles can be
treated as a single particle in an infinite domain. More important than
the number of particles is the area fraction, p = Nz/?/4L?, which is kept
at or below 5%. The computational domain is taken to be L x W where
L =140/ and W = 110/ where each dimension is roughly 100 times the
size of an individual Janus particle with periodic boundary conditions in
the x and y directions. This greatly reduces any finite size effects that
may be present in other computational approaches.

Clustering phenomena generated from the agent-based simulation
qualitatively matched that of experimental results (see Fig. 5) with the
percent of observed clusters increasing as a function of time. Dynamic
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Fig. 5. (a) Simulated cluster observed percent

10 10
a) b)
¢ 0.00 «0.25 «0.50 «0.75
8 ©1.00 125 150 ¥ ’8
: S
25 2a5F
X X
99
®
O O [ ’3 o

as a function of time for systematic variation in
swim speed (units of pm/s) and (b) extent of
clustering after 30 min in both simulation and
experiment for Janus particles as a function of
apparent propulsion speed. The intensity of red
in (a) is proportional to the propulsion speed.
As observed in experiments, the extent of clus-
tering increased as a function of both time and
propulsion speed. (b) Simulated -clustering
under-predicted experimental results. One po-
tential explanation for this discrepancy was in

e Experimental

e Simulation

, the tuning of interparticle potentials on two

fronts. First, simulations utilized an approxi-
mate expression for interparticle interactions,

Time (min)

Apparent Speed (um/s)

which could potentially have under-predicted

the magnitude attractive conservative in-
1 2 teractions, such as van der Waals. Second, the
simulation did not take into account chemo-
tactic contributions to clustering. Note the error
bars for experimental data in (b) is the standard
error for a set of experiments, whereas the error
bars for simulated data in (b) is the standard

deviation of cluster size for one simulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

exchange (i.e. living crystals) occurring between singlets and in-
termediates, as observed in experiments, was also observed in these
simulated data. Further, the extent of clustering increased as a function
of apparent propulsion speed. Larger propulsion speeds tended to induce
more cluster formation, after some critical speed. Critical phenomena
associated with cluster production has previously been observed with
active systems [23]. However, there was a quantitative discrepancy
between simulations and experiments.

Simulations under-predicted cluster formation as compared to
experimental observations (see Fig. 5(b)). Previous work has also sug-
gested that interparticle interactions could be generated by chemical
gradients [24], which were not accounted for herein. Phoretic attraction
of the same magnitude and supplemental to attraction solely from hy-
drodynamics could potentially account for the differences between ex-
periments and simulation highlighted in Fig. 5. Further, the
particle-particle interaction utilized for the simulations was an approx-
imation. Although appropriate for gaining insight into trends associated
with the phenomena, such an approximation lacks details associated
with van der Waals attraction. Increasing van der Waals attraction
would lead to longer lived clusters that would tend to enhance the
observed cluster percentage in simulations. Finally, in the simulation all
particles are assumed to be at the same height h whereas in simulations
there is some variability. The predictions of the model increase in ac-
curacy as the number of particles increase and the effects of individual
microscopic interactions are minimized.

4. Conclusions

We summarized experiments and simulations in which we measured
the influence of variable propulsion speed on the extent and dynamics of
clustering of active Janus particles. Ensemble clustering of 5 ym cata-
lytic active Janus particles was measured in response to variations in
hydrogen peroxide concentration and dispersed polyethylene glycol
(PEG). We found the extent to which clustering occurred grew with
hydrogen peroxide concentration in the absence of PEG, was further
enhanced at small concentrations of PEG, and was reduced at higher
PEG volumes fractions. The region in which clustering was mitigated at
higher PEG volume fractions corresponded to the region in which pro-
pulsion was previously found to be quenched. We conclude first from
these data that increases in collision probability for catalytic active
Janus particles will increase cluster formation. Second, these data sug-
gest PEG enhanced attraction between particles to increase cluster

longevity at low concentrations, but then reduced cluster probability via
a reduction in collision probability. Further, comparing our experi-
mental results to agent based simulations that only consider hydrody-
namics and model inter-particle interactions highlights the importance
of including other critical features that play a role in active particle
clustering.
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