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We provide insight into the collective behavior of visible-light photochemically driven
plasmoni%ﬂ Janus particles surrounded by passive Polystyrene (PS) beads. Namely,
we analy imentally and in simulations, the active diffusion of single Janus particles
and their c s (small: consisting of two or three Janus particles; and large: consisting of
more t@s particles), and their interaction with passive PS beads. The diffusivity of
active Mles, and thus the exclusive effect to passive PS beads, can be regulated by

the number of migle Janus particles in the cluster. On the simulation side, we numerically
solve the in equations of motion for self-propelled Janus particles and diffusing
passive ds using Molecular-Dynamics simulations. We consider the complex
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interactions of both subsystems, including: elastic core-to-core interactions, short-range
attraction, and effective repulsion due to light-induced chemical reactions. This complex
mixed syseﬁ only provides insight to the interactive effect between active visible light-
driven selamicromotors and passive beads, but also offers promise for implications

o W —— . . .
in light-comtrolled propulsion transport and chemical sensing.

Living smin nature, like kinesin and myosin, bacteria and fish schools, exhibit

dynamic assemblihg and self-organization when interacting with each other.!'! This inspires
the desig ~propelled artificial objects that can respond to external stimuli and reveal
[4-10]

collective behavior. Synthetic nano- and micromotors reveal self-propulsion by

convertinmcal energy into mechanical motion.''"®" They interact with their

surrou and realize various scenarios of collective behavior. Being functionalized,
artifici nes at various scales have been exposed to interactive environments and used
for biomedical applications, like: drug delivery,!'”** toxin removal,** **! and environmental

remediaticw Recently, light-driven nano/micromotors stimulated research on their

fabricatioaracterization.[zg’ 39490 In photochemically-driven systems, the focus was

mainly o i collective behaviors of schooling,m] oscillation,!'* * and assembling.[42]
Althougntally appealing and relevant for applications to microscale pumping and
transport,[#ﬂ opposite effect, e.g. exclusion phenomena between active self-propelled
micromot assive beads are much less explored.

Here, rt on the collective behavior of novel blue-light-actuated plasmonic Ag/AgCl-
based Janus miC¥8motors when surrounded by passive PS beads in pure water. The motion of

Ag/AgCl-based micromotors is induced by the self-diffusiophoresis mechanism.!"* ** Thus,

when micromotors start moving, a local chemical gradient is generated, changing their
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electric potential. These effects contribute to the exclusion behavior of passive beads. The
efficiency of exclusion can be improved by increasing the number of single Janus
PS/Ag/wcles that compose the cluster. Two reasons contribute to the enhanced
effect. OQ, assemblies with more Janus particles produce stronger chemical

gradients Sd electric potentials. On the other hand, their translational diffusion is drastically

depressed Qhe passive matrix around, which offers them more interaction time with the

surroundin 1ve beads. This unusual mixture system with exclusion behavior provides
insight to wﬂ efficient fuel-free propulsion transfer, from active micromotors to passive
beads. S

Briefly, aration of Janus PS/Ag/AgCl particles is as follows: we assembled a

monolayer o m PS particles and deposited 60 nm Ag layer on top of it. Then a FeCl;/PVP
o

solution (
experi scction). The confirmation of the presence of Ag and AgCl in the cap of a Janus
particled n in Figure S1 supported by the energy-dispersive X-ray spectroscopy (EDX)

analysis. As the hydrophobic metal caps could cause the particles to reorient, interact, and

) was used to oxidize the Ag into Ag/AgCl (details are described in the

assemble hh other in solution, so that apart from single Janus particles, we could

observe t @ aneous formation of various assemblies of single particles (Figure 1a-e).

The ca;E:onic composite Ag/AgCl enables the Janus micromotors to absorb visible

light.[*

)

diffusiophﬁf AgCl in pure H,0.!"* % Single Janus PS/Ag/AgCl micromotors show

e motion of Janus PS/Ag/AgCl particles is induced by the self-
Brownian and their velocities range from 2 to 7 um/s under green light illumination
(Figure Instead, the velocity is quickly increased (up to 50 to 70 pm/s during its first
2 s) once illumit@ted with blue light and then gradually decreased down to 10 pm/s in around

7 s (Figure S2¢-d)."*") In the following, all time traces for the particles are presented after a
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long illumination time, to avoid complications with the transients observed within the first

several seconds.

Compos@gﬂ are a well-known plasmonic nanomaterial.'* *">% Here, we rely on
this optical property to enable our Janus particles absorbing visible blue light. While pure
P- E E y p g g p

AgCl-baszotors move only under UV light illumination®® *? as AgCl is a very

efficient ;@lyst in the UV, the composite Ag/AgCl caps activate the motion of Janus

particles uad lue light illumination. Upon displacement of a Janus particle, a local
d

chemical iént is produced, which induces the motion of passive polystyrene beads

(Figure lf;. s

To stud)!Ee collective behavior of the blue light-driven Janus particles and their interaction

with a pamtrix, we mixed Janus micromotors of different particle assemblies with 1
b

pum plain s. The experiments are carried out at a sufficiently low concentration of PS
beads to a y effects of jamming, which could complicate the analysis. Although
variou of particles were formed in solution, we further considered three distinct

micromots assemblies composed of one, three, and multiple Janus particles. The trajectories

of the Janu icle assemblies as well as of the surrounding PS beads are captured (Figure
2d, 3d, 4061

alyzed in terms of the mean squared displacement (MSD) (Figure 2e, 3e,

4e) and V!OCity (Figure 1g). Furthermore, to clearly show the peculiarities of the dynamic

propertWh system, we analyze two relevant quantities characterizing the time

evolution Edistance between individual PS beads and a Janus micromotor: (i) the
distance R betwegn individual PS beads and the moving Janus micromotor (Figure 2f, 3f, 4f)
and (ii@le Ry between individual PS beads and the initial position of the Janus
micromotor (Figures 2g, 3g, 4g). Those dependences are obtained based on the evaluation of

the trajectories data shown in Figures 2d, 3d, 4d.
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The most straightforward way is to start the analysis of the behavior of a large cluster

consisting of many Janus particles. The particles in the cluster are arranged irregularly

{

leading to er isotropic distribution of Ag/AgCl caps (Figure 1e). In this respect, the

system is imilar to the case of AgCl microparticles!'*! and AgCl microstars®®!. We

]
note a clegr tendency of PS beads to assemble around the cluster under a reference green-

light illungmatiag. This is due to the surface charge attraction: the Zeta potential value of

C

PS/Ag/Ag romotors is (-27 £ 2.4) mV, which has a lower level of electronegativity than

S

the value S Peads (-39 £ 0.5) mV. This difference triggers the particles self-assembly

process and 1s §imilar to the schooling behavior observed for AgCl microparticles.!'

U

Reference ments under green light reveal that the Janus cluster and PS beads exhibit

1

Brownian igiagwith a typical MSD of 1 um? (Figure S4, for cluster) and 4 pm? (Figure S3,

for passiv in 2 s, respectively.

d

Once uc light is on, the PS beads are efficiently repelled from the cluster (Figure 2a-c

and Vi and S2). Due to its structural isotropy and relatively small diffusivity, the

M

large cluster displays a Brownian motion with a relatively small MSD reaching 5 pm” in 2 s

I

(Video St nder blue light illumination (blue light intensity of (106 + 1) pW/mm?)

(Figure S4 ar to the data shown in Figure 2e. We tracked four PS beads located up-

down-left-a th respect to the initial position of the Janus cluster (before the blue light is

Lith

on) (V' “The concentration of the products of the photocatalytic reaction near the
large clus er high, which stimulates the efficient directed motion of the surrounding
PS beads om the cluster. Those PS beads, which are closer to the cluster (up and

right) n MSD of about 35 um” in 2 s, which is slightly higher compared to the other

A

two beads (abot®0 pm? in 2 s). The PS beads acquire a noticeable radial velocity component

of about 4.4 um/s (speed after the first second) and are propelled to a distance of about 22 pm
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in 7 s, away from the initial (R, in Figure 2g) but also the final (R in Figure 2f) position of the

cluster.

The clu&anus particles is less isotropic and shows much higher diffusivity
compar:d to the large cluster. Therefore, its MSD reaches up to about 28 um? in 2 s (Figure
3e). The icle cluster leaves the region with surrounding PS beads relatively quickly,

within ab@ut 4 s§(Figure 3a-c and Video S3). Thus, PS beads interact with the 3-particle

CFl

cluster for g ligmiged time only, which lead to their rather small directed radial displacement of

S

about 8 p from the initial location of the Janus cluster (R, in Figure 4g and Video S4).

This is about 2.58times smaller than in the case of the large cluster (compare Figure 6e and

9

61). Howegfer, more efficient motion of a 3-particle cluster increases the value of R up to

n

16 um, which 1s about 1.5x larger than for the case of a Janus cluster (compare Figure 2g and

a

3g). Furt the MSD of the PS beads is about 10 pmz in 2 s (independent of their

initial n with respect to the cluster), Figure 3e.

M

The 1 f a single Janus micromotor with PS beads is very different compared to

the case of clusters discussed above. From the experiments, we conclude that the chemical

[

gradient ar. single Janus motor is not strong enough to affect the Brownian motion of

the PS b

O

e only type of interaction is the mechanical impact (i.e., core-to-core

interactiofl) when the Janus motor collides with a PS bead (Figure 4a-c and Videos S1). In

g

this cas acquires a directed push from the Janus motor and moves together with the

t

motor as I hey stay in contact. The single Janus micromotor shows a linear trajectory
(Figure 4d) withan MSD of about 55 pm® in 2 s (Figure 4e and Video S5). This efficient

motion a single Janus micromotor to leave the interaction region within the first

AU

second and minimizes the propulsion effect to the surrounding PS beads. In this case,

independent of their initial position with respect to the single Janus particle, the PS beads
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almost do not move away from the initial position of the Janus particle (R, barely changes in
7 s, Figure 4g). Under blue light illumination, the PS beads perform a Brownian motion with
an MSD 0! ﬂt 5 um® in 2 s, which is only slightly higher than the reference MSD value of
about 4 p een light) (Video S6). The increase of the distance R between the Janus
. , : . :
mlcromot! and PS beads is due to the displacement of the Janus particle (Figure 4f). We
note that w only one PS bead acquired a noticeable directed displacement with an
MSD of ab

um? in 2 s (Figure 4e). However, this is a result of a collision of the Janus

micromot@c ilito this PS bead (Figure 4e).

Discussion s

We mode! the experiments with single Janus particles and their three- or many-particle
assemblie can be found below, in the Section “Simulations”). For the case when
there is mmetric distribution of chemical products around a Janus particle (the
reference ¢ green light illumination in the experiment), Janus particles and their
assem o thermal Brownian diffusion. Turning blue light on initiates the chemical
reaction apthe Ag/AgCl-covered surface of the Janus particle, which leads to a strong radial
flow of thﬁal-reaction products from the surface. This flow is responsible for the self-

propulsio Janus particles and their assemblies, as well as for their long-range

interactio!with passive beads.

In thewt, 1 um PS beads are used, i.e., their translational diffusion coefficient is
twice of that foriingle Janus particles: Drps = 2Dr, as Dr is inversely proportional to the
radius Rp particle, Dr = kBT/6m1Rp.“6] The strength of the flow is an unknown
parameter, we denote by A. This parameter characterizes the maximum effective force
exerted on PS beads at the surface of a Janus particle when illuminated with blue light. This
effective force includes contributions from the flow of the fluid and products of the chemical
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reaction as well as the electrostatic interactions with (moving) H" and C1 ions and can hardly

be evaluated analytically. Instead, A is determined via calibration of the simulated MSD on

{

the correspoading experimental data for a single Janus particle (Figure 4h, 4i and Figure S5).

This beh eived also for the cases when an active Janus particle is fixed at the

[
surface ang surrounded by a dense matrix of passive colloidal particles (Figure 5).

A similaff situafion, for clusters consisting of three single Janus particles, is presented in

G

Figure 3hgi. e that since Janus particles in a three-particle configuration are linked by

S

their hydropfiobtC Ag/AgCl caps (Figure 1d), their resulting self-propelled velocity is always

lower than the sglif-velocity of a single Janus particle: v; < v. This is explained by the inside

U

orientatio vidual Janus particles due to their hydrophobic Ag/AgCl caps, resulting in

N

cancelling out the self-velocities of the constituent individual micromotors. Our estimates

a

show tha -propelled velocity of a 3-particle Janus assembly, corresponding to the
experi measured MSD, is typically v; = 0.4v (although v, can be very small for
"antis c" configurations or close to v for rare nearly-symmetric alignment of Janus

particles in a two-particle molecule). At the same time, three-particle configurations reveal a

much strohlity to rotate, due to the geometrical arrangement of the caps, which can be

seen in thories shown in Figure S6a, 6¢, 6e. Similar behavior has been demonstrated
earlier rn peroxide driven two- and three Janus particles assemblies.!*”!

Finallms‘[ers of Janus particles show even less ability to self-propel, due to the

random oﬂ\ of individual particles in the clusters. Also, their translational diffusion
coefficient scaleggas 1/R., where R is the radius of the cluster. However, thanks to many
"engin{produce a strong flow under blue light, large clusters repel PS beads much
stronger than individual (or triple) Janus particles (Video S5, S6). Figure S7 shows the results

of simulations of this experimentally observed behavior of large clusters of Janus particles.
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Using the flow strength (parameter y defined above) as a coefficient in the effective
repulsion between light-activated clusters and PS beads, calibrated on the experimental
values (@r single Janus particles, we evaluated the average distances: (i) between
PS beads particles (also triple, and clusters) and (ii) between PS beads and the
initial p-ossm the Janus particle (cluster). The average distances (averaged over several
realizationggof tegjectories of Janus particles and all PS beads in the system) as a function of
time are ;mzed in Figure 6. As follows from Figure 6, the distance between a single
Janus pa and PS beads is the largest. This is because of the high self-velocity of single
Janus part@ich escape the collision point (i.e., the initial point where the Janus particle
was locate blue light was turned on), thanks to their own engine. While PS beads
themselve the smallest distance, as the flow produced by a single Janus particle is the
smallest. MCreaSing the number of Janus particles in the assembly (double and triple
Janus 1 e distance to moving Janus particles decreases while the distance to the
collision poi reases. Finally, for large clusters the difference between the two distances
becomes very small since large clusters just slightly diffuse away from the collision point.

However,his average distance becomes large enough thanks to the strong flow due to the

[

chemical @a‘[ the surface of many Janus particles in the cluster. Thus, this distance is
larger than for double and triple Janus particles for short times (about 8 s) and is

comparab g;o that for double Janus particles for some longer times. These results agree with

our expwbservations.

In sumr: observed new aspects of the collective behavior in a system of visible
light-d<e Ag/AgCl Janus micromotors (single, double, triple, and clusters) and
passive PS bead$} in pure water. When illuminated by visible light, the Janus micromotors
perform self-propelled motion and exclude the surrounding PS beads. The exclusion effect to
the passive PS beads was found to be much stronger for large assemblies of Janus particles

This article is protected by copyright. All rights reserved.
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than for individual Janus micromotors, due to strong flows of the products of the chemical

reaction from large clusters. These enhanced flows were detected by tracking the trajectories,

average dis s, and MSD of the passive beads with respect to the initial position of the

Janus pa lies (before boosting the chemical reaction at the surface of Ag/AgCl-
N ) .. . .

based mlcsmotors by blue light) and to the position of the moving Janus particle or cluster.

The obseuective behavior was also analyzed in simulations, by numerically solving

the Langev ations of motion for active Janus motors (and their clusters) in the presence
of diffusiwve beads. While basic parameters of the model, such as the diffusion

constants, were @yaluated theoretically, the unknown interaction parameters between active

motors and ive beads were determined via calibration with the available experimental
data. The ﬁf the simulations are in agreement with the observations and shed light on
the compl ics of the interacting active-passive system. The observed efficient visible
light-dg ion in the mixed system of active micromotors and passive beads could be
further appli r biological studies, such as the investigation of the interaction between

motile micromotors and bio objects.

Experimthion

Fabri&anus Polystyrene/Ag/AgCl micromotors: Self-assembled monolayers of 2

um polMS) particles were prepared by drop casting the PS suspension (25 mg/mL in

Ethanol solution}jonto O, plasma pre-processed glass slides. After the process of electron

U

beam depo ase pressure: 7 x 107 mbar; deposition rate of 1 nm/s), a 60 nm thick Ag

A

layer was pper surface of the PS monolayer. Then the Janus Ag coated polystyrene
particles (PS/Ag) were resuspended in DI (deionized) water and were dispersed in a
polyvinylpyrrolidone (PVP) solution (50 mM) by a sonication process. Afterwards, an excess

This article is protected by copyright. All rights reserved.
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FeCls solution (0.02 M) was added to it and stirred for 20 min. The final solution was washed

with DI water for five times and suspended in DI water for future use. The whole synthesis

{

P

process mu done in a dark environment. The propulsion of micromotors in deionized

(DI) wate e photocatalytic reduction of AgCIP" at the location of the cap: 4AgCl

-
+2H,0 SpAAg + 4H' + 4Cl + 0,0,

Materialsgandglnstruments: The PVP (Mw = 55000), Iron(Ill) chloride hexahydrate

C

(FeCl3*6H,; d the Polystyrene microparticles (diameters: 1 um and 2 pm) are from

S

Sigma-Aldtigh. The 4-wavelength LED lamp and its driver (DC4104) are from THORLABS

and the fluoresSgnce lamp (HBO 103) is from Carl Zeiss Microscope. The light power

U

detector ( ) and its monitor are from Gentec-eo. The specimens for SEM were

T

prepared asting a 0.002 ml microparticle solution on a 5 mm x 5 mm Si wafer and

coating itfwi 20 nm thick carbon layer (SCD500 coater, Leica Microsystems GmbH,

a

Germa e charging of the specimen in the electron beam. The SEM images were

acquired in lus (Carl Zeiss Microscopy GmbH, Germany) SEM operated at 3 kV.

Vi

Optical video recording: The motion of Janus PS/Ag/AgCl particles and 1 pm PS beads

[

Were reco h a Carl Zeiss inverted microscope (Axiovert 200 M) integrated with a

Cascade mera (5120). The suspension with Janus micromotors was diluted and

mixed on glass slide with a droplet of DI water. To study the collective behavior, a

suspen S beads was dispersed in a DI water droplet and then it was further diluted

th

in the su with Janus PS/Ag/AgCl particles. 400 frames video files were recorded

U

with a Ca mera (28 frames/s). Two kinds of light illuminations were used for video

recordi

A

Green light illumination: For reference measurements, we used the bright light from the

microscope lamp (12 V and 100 W Halogen lamp), which was processed by the filter sets in
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green and yellow colors. Thus, we obtain a green-colored light, which is used here as a

reference. The intensity of the reference green light is (8 + 1) pW /mm?”.

Blue lig ation: The source of blue light was provided by the external fluorescence

lamp with Zeiss filter sets, which is typically used for high quality fluorescence experiments.
p i ypically gh quality p

It has an W wavelength of 450-490 nm and an emission wavelength of 515 nm. The

blue light etenm’{ is (106 + 1) uW/mm®. All the light intensities were measured with a light

power detmntec-eo XLP 12).

Video a:Custom scripts in Python using the OpenCV library and TrackMate from

the image ing software Fiji (http://fiji.sc/) were used for particle tracking to obtain the

trajectory Wata (x,y) coordinates of Janus PS/Ag/AgCl particles and their assemblies. The

MSD wamted as follows: MSD = [r(t + At) — r(t)]} with A¢ the time step between

video framd% af@ r the (x,y) coordinate values from individual video tracking.>* >*! Following

=

the classical works on the evaluation of the MSD,!

>

information obtained from a 7 s long tracking movie (about 1/4 of the total duration of the tracking

> we present MSD data up to 2 s only based on the

movie). In addition, in Figure S8, we show the experimental and simulated 7-s-long MSD curves of
the micromotors (cluster, 3-particles assembly, and single Janus particle) and their surrounding PS

beads.

Simulati@ns™"The motion of active micromotors characterized by the self-propelled

velocity v as well as passive beads with v = 0 was simulated by numerically integrating

tho

the follov:rdamped Langevin equations: [55-59]
N

X, =V, cos b, WO+ [
1’.\/]

$1 = Vo sin 0 W)+ 2 1y (1
-

9;‘ =&p(0),
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for i,j running from 1 to the total number N of particles, active and passive, in the system.

Here, u is the mobility of Janus particles, &o(?) = (&ox(?), So,(?)) is a two-dimensional (2D)

thermal mse with correlation functions (& «(f)) = 0, (&), A1) = 2D10pX?),

where «, ; Dr is the translational diffusion constant of a passive particle of the
 EE—
same geomletry as an active micromotor, at a fixed temperature; & (¢) is an independent 1D

g

Gaussian fioise With correlation functions (& (7)) = 0 and (&y(£)$p(0)) = 2DrX¢) that models

C

the ﬂuctumf the propulsion angle 6. The diffusion coefficients Dr and Dgr can be
la

directly ca d or extracted from experimentally measured trajectories and MSD, by

U

fitting to t igal MSD.""") Thus, for a particle with radius Rp = 1 um diffusing in water at

room tem§rature, the corresponding translational diffusion coefficient is Dy = 0.22 pm?/s,

and the ro diffusion coefficient is Dr = 0.16 rad?/s.® we adopt these values in our

model.

. N .
The IE the first two equations, Zy Jf; » represents, in a compact form, the sum of

all inter-particle interaction forces in the system. These interactions, in particular, include: (i)
elastic sohpulsive interactions between active particles, between passive beads, as

well as b @ active and passive particles;” " (ii) the experimentally observed short-

range attragii ong particles leading to their aggregation in "molecules" and clusters;”" **
631 and ve repulsive interaction between Janus particles and passive beads, due to
the radial !iow of products of chemical reaction from the surface of Ag/AgCl Janus particles

when beinggi ated by blue light.

The i@etween particles of any sort, active or passive, during the collisions, i.e., the
[55-59]

core-to-core interaction, is modeled by an elastic repulsive force:

This article is protected by copyright. All rights reserved.
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oo KRR ). [ —F|<R R, @)
o, if |f-7|2 R +R,,

where R;; iy, are, correspondingly, the radius and the position of the i(j)th particle, and &

is the s rlng constant of the elastic repulsive interaction. The experimentally observed
adhesion Manus particles and silica beads®” > % (due to the electrostatic attraction

and possi‘y oth’ mechanisms) is modeled by an additional effective short-range attractive

force termw
K‘(R

rl.—rj‘>Rl.+Rj, 3)

[ = -7

0, i F—Fj‘>>Rl.+Rj,
where « 1 able coefficient for the attractive interaction. This attractive interaction
results, inmlar, in the aggregation of Janus particles in two- and three- particle
"molecu in large clusters, as well as in the adhesion of PS beads to Ag/AgCl particles
and th ion of irregular "shells" of PS beads around Ag/AgCl particles and their

aggregates. Note that the chemical reaction at the surface of Ag/AgCl particles induced by

blue light %&1 strong radial flow of the ions and other particles from the surface of the

particles. @N easily overcomes the attraction between the Ag/AgCl particles (or their

aggregate beads and strongly repels the PS beads away from the Ag/AgCl particles,
as observed 1n experiments. This repulsion depends on the number of Ag/AgCl particles in

the aggre us, large clusters of Ag/AgCl Janus particles repel PS beads much stronger
than singl particles when illuminated by blue light. We model this radial flow by a
finite-r 1d of radial forces, decreasing in amplitude as 1/r from the center of a cluster

of Janus particles (or a single particle):
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4

v —

J

0, if‘f—?j‘>>Ri+Rj,

where y lative "strength of the flow" parameter, which includes the flow of the

fluid, the gradiemiof the concentration profile of ions (note that negative ions repel negatively

) if"f-—Fj‘>Ri+Rp 4)

f_/low —
ij

charged Pﬁ and other products of the chemical reaction from the surface of the AgCl
particles“ % ated by blue light. The parameter y is determined from the calibration of
the simul%ctories and the MSD of the PS beads to the experimentally measured MSD,

for the ca:;ingle Ag/AgCl Janus particle, and, respectively, varied for double, triple

Janus pa nd their large clusters. Thus, we found that for single Janus particles py =

(3.2- 3.9)Eand for clusters uy=~ (19.4 - 27.2) um?/s.

The sim@rocedure includes two main steps. On the first step, the initial state of the
system so that it corresponds to the moment of time right before the blue light is
turned o gle Ag/AgCl Janus particle or cluster of Janus particles was placed at the
position (0,0), and other particles, i.e., PS beads, were distributed randomly. During the first

400 s of tuation, the particles executed Brownian motion. As a result, some PS beads

aggregatee Janus particle (or the cluster of Janus particles) and some PS beads were
located aw, the Janus particle. Then the repulsive interaction (4) was turned on, so that
modelﬁ\ the blue light in the experiment, the self-propelled particles acquired a
self—velocﬁr 0, and the trajectories of all the particles including the Janus particle (or

cluster) a ds were recorded; typically, during the first 10 s (corresponding to typical

experim servation times).

Supporting Information:
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Supporting Information is available from the Wiley Online Library or from the author. The

file includes further details on measured and simulated trajectories of Janus particles. The

conespmHOCities of the particles as well as the MSD data are presented as well.

Video Sl&e 4a-c) Trajectory recordings of a single Janus PS/Ag/AgCl particle
N L .

surroundeg by 1 um PS beads under green and blue light illumination.

Video S2.()qure 4d-g) Trajectory recordings of four PS beads around a single Janus

PS/Ag/Ag romotor under blue light illumination.

Video S3. Figure 3a-c) Trajectory recordings of 3-particles Janus surrounded by 1 pm PS

beads under gre§ and blue light illumination.

Video S4&ure 3d-g) Trajectory recordings of four PS beads around a 3-particles Janus

under blu umination.

Video SS@UTG 2a-c) Trajectory recordings of a Janus cluster surrounded by 1 um PS

beads and blue light illumination.
Video S6. (fi ure 2d-g) Trajectory recordings of PS beads around a Janus cluster under
blue light illumination.
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Figure 1. M image of 1- , 2-, 3-particles assemblies and a cluster. (f) Schematic

figure of blu€™light actuated exclusion process between a PS/Ag/AgCl cluster and

surrounding e PS particles in pure H,O. (g) Velocity of 1-, 3-particles assemblies and a

N

cluster, ith the fitted guiding lines for each colored symbol. The corresponding

velocities @f the surrounding passive PS beads, averaged over four of them for each of the

[

assemblies own with colored columns in the inset.
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Figure 2. (3ff’A"S@guence of video snapshots showing the motion of a self-propelled cluster

consisting ¢ ad 30 Janus PS/Ag/AgCl particles and the exclusive effect to nearby passive PS

beads under blue light illumination [(106 + 1) pyW/mm?]. (d) Trajectories of the cluster (open
triangles) 1d surrounding passive PS beads (half-open circles). The measurement is taken over 7 s

under ination [(106 + 1) uW/mm?]. (e) The corresponding experimental MSD curves
of the c triangles) and surrounding PS beads (color symbols). The orientation of the filled
part of the correlates with the data shown in panel (d). (f) Distance R between a PS bead
and the Janus cluster. (g) Distance Robetween a PS bead and the initial position of the cluster. (h)
Simulated ies over 7 s of a Janus cluster (v = 0.9 um/s; closed symbols) surrounded with PS

Is). (i) The corresponding simulated MSD curves of the cluster (top panel) and
d8sive PS beads (bottom panel) in 2 s.
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Figure 3. ( uence of video snapshots showing the motion of a self-propelled 3-particles
assembly clusive effect to nearby passive PS beads under blue light illumination [(106 + 1)

UW/mm?. jectories of the 3-particles assembly (open squares) and surrounding passive PS
beads (halffopen circles) under blue light illumination [(106 + 1) pyW/mm?]. (e) The corresponding
experi urves of the 3-particles assembly (black squares) and surrounding PS beads
(colors orientation of the filled part of the symbols correlates with the data shown in
panel (d). (fLDi e R between a PS bead and the 3-particles assembly. (g) Distance R, between a
PS bead and the infitial position of the 3-particles assembly. (h) Simulated trajectories over 7 s of a 3-
particles a v =2.5 um/s; closed symbols) surrounded by PS beads (open symbols). (i) The

lated MSD curves of the 3-particles assembly (top panel) and surrounding
s (bottom panel) in 2 s.
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Figure 4. (a-c) A sequence of video snapshots showing the motion of a self-propelled single Janus
particle (ogen circles in panels (d,e)) and the exclusion effect to nearby passive PS beads under blue
light iIIumihOG + 1) pW/mm?]. (d) Trajectories of the single Janus particle (open circles) and
PS beads (half-open circles) under blue light illumination [(106 + 1) pW/mm?].

g experimental MSD curves of a single Janus particle (black circles) and

surrounding PSbeads (color symbols). The orientation of the filled part of the symbols correlates
with theﬂ in panel (d). (f) Distance R between PS beads and the single Janus particle. (g)
Distanc PS beads and the initial position of the single Janus particle. (h) Simulated
trajectog of a single Janus particle (v =5 um/s; closed symbols) surrounded by PS beads
(open symbols). (i) The corresponding simulated MSD curves of the single Janus particle (top panel)
and surrounding passive PS beads (bottom panel) in 2 s.
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Figure 5. raction of a single Janus micromotor, fixed to the surface with the passive
matrix fo of high concentrated passive SiO, beads (diameter of 2 um). Panels from

left to rig the time evolution (a) 0.1 s, (b) 0.2 s, and (c) 0.3 s of the radius R between

LES

the centre ctive Janus micromotor and the surrounding passive beads.
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Figure 6 ated average distances between PS beads and different Janus particle

assemblies (one, two, three particles, and a small cluster). (a) Distance Ry between a PS bead
and the initia ition of a Janus object (related to the experimental data shown in Figure 2g,
3g, 4g) ce R between a PS bead and a Janus object (related to the experimental

data showg in Figure 2f, 3f, 4f).
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Visible-light-actuated plasmonic Ag/AgCl-based spherical Janus micromotors reveal
efficient exclusion effect to surrounding passive beads in pure H20. The exclusion efficiency
is controlled by the number of single Janus particles composing micromotors. The system-
specific_interactiagh parameter between Janus micromotors and passive beads is determined.
It assurM\‘/e power for further theoretical analysis of the complex dynamics of these

heterogerﬂa-passive systems.

a’

Author Mant

This article is protected by copyright. All rights reserved.
27



