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Ensembles of suspended spinning particles in liquids form a distinct category of active matter systems
known as chiral fluids. Recent experimental instances of dense chiral fluids have comprised of
spinning colloidal magnets powered by an external rotating magnetic field. These particles interact
through both magnetic and hydrodynamic forces, organizing collectively into circulating clusters
characterized by unidirectional edge flows. Here, we externally drive the collective behavior of
spinning colloids by leveraging diffusiophoretic interactions among the geometrically anisotropic
particles. We show that these nanoscale interfacial flows lead to the formation of bound states
between spinning colloids that are stabilized through near-field hydrodynamic and chemical
interactions. At a collective level, we demonstrate that added diffusiophoretic interactions cause aloss
in structural cohesion of the circulating clusters and promote expansion, while preserving global
cluster inter-connectivity. The expanded cluster state is characterized by the formation of a dynamic
interconnected network promoted by axi-asymmetric interactions around particles with attractive
dipolar interactions dominating along the direction of the magnetic moment. This process is observed
to be entirely reversible, offering external control over the emergent dynamics in dense chiral fluids,
paving the way for new self-organization routes in chiral fluids and broader forms of active matter.

A modern approach to developing self-organization processes capable of
producing structural and functional complexity is to use dissipative active
systems whose constituents consume energy from their environment and
remain out of equilibrium. A classic example of synthetic systems capable of
self-organization are self-propelled active colloids, where individual parti-
cles locally exert mechanical forces and stresses on the environment and
nearby particles, leading towards large-scale collective phenomenon inac-
cessible at thermal equilibrium'”. Self-organization in self-propelled systems
arises broadly from two distinct phenomenon: inter-particle interactions
and motility induced phase separation (MIPS). Systems with dominant
velocity-alignment interactions between particles have been shown to
evolve from isotropic gas-like distributions into spatially localized swarms,
and eventually into a homogenous polar liquid phase with increasing par-
ticle concentration™. Other complex spatiotemporal patterns such as
chains, clusters, and vortices have been achieved by tuning either individual
particle properties, such as shape, or inter-particle interactions via electric,
magnetic, chemical, or hydrodynamic fields’". In contrast to interaction-
induced self-organization, dense clusters of low-motility particles can
spontaneously form even in the absence of attractive interactions, directly as

a result of particle motility - a phenomenon known as MIPS'". In MIPS,
cluster formation arises from a combination of self-propulsion and isotropic
excluded volume interactions, where particle accumulation leads to
attenuation of particle motion, which in turn reinforces further accumula-
tion, a self-trapping mechanism that results in cluster formation.

In comparison to self-propelled active systems, chiral active systems,
composed of spinning rotor particles, that utilize their rotation as a route to
pattern formation and self-organization, are only beginning to be explored
systematically'>"*. While in these systems there is no significant propulsion
at the level of an individual particle, spinning particles exert local torques,
and translational motion emerges as a result of hydrodynamic interactions
between spinners at a collective level. Interactions between chiral particles
are mediated through the fluid and nearby interfaces and have been shown
to result in formation of complex structures such as vortices and dynamic
2-D crystalline lattices™ . Recently, a collection of hematite micro-particles
that assemble due to an in-plane rotating magnetic field has been proposed
as a model system to investigate chiral fluids and has been shown to form
rotating vortices with novel properties including sustained chiral edge
modes'*****. However, unlike their counterparts in self-propelled systems,

'Department of Chemical and Biomedical Engineering, FAMU-FSU College of Engineering, Tallahassee, FL, USA. ?National High Magnetic Field Laboratory,
Tallahassee, FL, USA. *Department of Mechanical Engineering, University of Hawai’i at Manoa, Honolulu, HI, USA. “International Institute for Sustainability with

Knotted Chiral Meta Matter (WPI-SKCM?2), Hiroshima University, Hiroshima, Japan.

e-mail: jk22bh@fsu.edu; jali@eng.famu.fsu.edu

Communications Physics| (2024)7:291


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01787-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01787-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01787-3&domain=pdf
http://orcid.org/0000-0002-2184-4152
http://orcid.org/0000-0002-2184-4152
http://orcid.org/0000-0002-2184-4152
http://orcid.org/0000-0002-2184-4152
http://orcid.org/0000-0002-2184-4152
http://orcid.org/0000-0003-3335-5900
http://orcid.org/0000-0003-3335-5900
http://orcid.org/0000-0003-3335-5900
http://orcid.org/0000-0003-3335-5900
http://orcid.org/0000-0003-3335-5900
http://orcid.org/0000-0002-2997-1981
http://orcid.org/0000-0002-2997-1981
http://orcid.org/0000-0002-2997-1981
http://orcid.org/0000-0002-2997-1981
http://orcid.org/0000-0002-2997-1981
mailto:jk22bh@fsu.edu
mailto:jali@eng.famu.fsu.edu
www.nature.com/commsphys

https://doi.org/10.1038/s42005-024-01787-3

Article

there have been no demonstrations of the reconfigurability of collective
states in chiral fluids by tuning inter-particle interactions. The potential
ability to arbitrarily control emergent properties on-the-fly via external
signals is an important feature of synthetic active matter systems that
enables programmable self-assembly.

Here, we show collective states in chiral fluids of colloidal spinners can
be externally reconfigured by introducing inter-particle chemical interac-
tions. In the absence of this interaction, the spinning particles interact
strongly via coupled hydrodynamic fields and magnetic dipolar interac-
tions, leading to the formation of circulating clusters with sustained edge
currents in a background of freely rotating individual spinners. The size of
the separated clusters can be controlled via the rotational frequency of the
applied magnetic field. When the same particle system is suspended in
H,0,, in the presence of UV light, each hematite particle acts as a catalyst for
local decomposition of H,O,, introducing local diffusiophoretic interac-
tions. We find that these additional interactions lead to a loss in cohesivity of
the circulating clusters and deplete the edge currents observed in rigid
clusters. Our simulations show that near-field hydrodynamic and diffu-
siophoretic interactions are responsible for the formation of coupled bound
states in the presence of chemical interactions, leading to loosening of chiral
clusters without destroying them. The expanded cluster state is character-
ized by the formation of a dynamic inter-connected structure that results
from the interplay between axi-asymmetric magnetic-dipolar attractions
and effective diffusiophoretic repulsions and is completely reversible. This
allows us to switch between rigid and relaxed cluster states in chiral fluids via
an external signal. Additionally, we show that the rotating clusters form
inter-connected networks of colloids, once the rotating field is removed,
whose structural properties such as porosity and conformation can also be
controlled by chemical interactions.

Results
Clustering of spinning colloidal particles
Our experimental system is composed of an aqueous solution with
monodisperse ellipsoidal hematite colloids, with long axis (short axis) equal
to b=14pm (a=1.0um) and a permanent magnetic moment oriented
perpendicular to b (Fig. 1c). These particles are density mismatched
(p=5.26 g/cm’) and sediment close to the bottom glass surface in our
experimental cell (two glass slides separated by a & =120 pm spacer with
r=2.5cm) and are quasi-confined to their sedimentation plane. In the
absence of an external magnetic field, we find that most of the ellipsoidal
particles spontaneously arrange into chain structures of finite length due to
magnetic dipolar interactions and are aligned in the direction of the earth’s
weak magnetic field (Supplementary Fig. 2A). Since the direction of the
particles permanent magnetic moment is perpendicular to the long axis,
their chaining direction is perpendicular to b. We also observe a dilute
concentration of individual particles interspersed with the ellipsoidal par-
ticle chains which are subject to thermal fluctuations and participate in
exchange of particles at the ends of the chain structures. Due to the small size
of the ellipsoids, they are subject to thermal fluctuations and the shape of the
chain fluctuates while remaining generally aligned with the direction of the
weak magnetic field.

We begin by applying a static magnetic field in the 2z direction,
B = B,z. The ellipsoidal particles immediately break away from the chain
structures and orient with their short axis perpendicular to the glass sub-
strate. The particle motion is now dominated by thermal fluctuations
leading to a randomly distributed system over time (Supplementary
Fig. 2B). We let our system evolve for t = 600 s after application of the static
field in the z direction to obtain a state of randomly dispersed particles
(Fig. 1a, d). From this initial state, we begin to apply a rotating magnetic field,
circularly polarized in the (%, y) plane with magnitude B, and frequency f,
B = B(cos(2nft)x + sin(27ft)p) applying a torque on each particle
7 = m X B. While the applied rotating field frequency is lower than the step-
out frequency (~70 Hz; Supplementary Fig. 1) the colloids remain phase
locked with the direction of the external magnetic field, and we obtain
colloidal spinners.

The spinning colloids interact with each other both via hydro-
dynamic flows and the aforementioned magnetic dipolar forces. When a
colloid is externally driven, as in our case, the spinner transfers external
torque to the fluid, and at high frequencies, the generated dipolar azi-
muthal flow can be approximated to be that of a sphere, which decays as
1/r%, given by u(r) = a2 2 X > where 7 is the fluid viscosity, leading to
transverse pairwise forces between spinning colloids and advection in the
generated flow fields”. In the absence of magnetic dipolar attraction, the
two colloids would have a static center of mass and rotate about their
center of mass with an angular velocity Q = ﬁ, where r is the initial
separation between the two colloids. Our simulations show the formation
of these orbits for spinning ellipsoidal colloids with hydrodynamic
interactions (Supplementary Fig. 3, Methods). However, in the presence
of dipolar attractions the orbital trajectories become contractile and
collapse into each other (Supplementary Fig. 4)*. The collective behavior
of a system of externally torqued spinners is determined by a combi-
nation of short-range hydrodynamic repulsion and magnetic dipolar
attraction. Upon application of the rotating magnetic field on a randomly
dispersed system of magnetic particles, we observe configurational
transformation to a system consisting of dense rotating clusters in a
background of dilute free spinners (Fig. 1b, d). These clusters grow with
time both via accumulation of individual particles from the bulk phase
and also by the merging of nearby clusters to form larger clusters
(Fig. 1e, f). In order to characterize the emergent behavior, we track the
number of individual particles and clusters in the system and find that
over time, the fraction of single particles reduces, as the fraction of
clusters grows simultaneously, with both values saturating at
t=270s (Fig. 1g).

Similar to previous work, we also find that the cluster size has a
dependence on the applied frequency, with lower rotating frequencies where
attractive interactions dominate over squeezed repulsive flows, leading to
larger clusters™*. We track the size of the clusters by estimating their
contour area (see Methods) and plot the probability densities of cluster areas
for different applied frequencies ranging from f=20Hz to 50 Hz. We
observe a clear separation in the probability density function of cluster areas
between the different applied frequencies, with the peak for f=20Hz at
A = 48 um?, whereas for f= 50 Hz, the peak occurs at A = 17 ym? (Fig. 1h),
indicating the development of smaller clusters for higher frequencies. At
higher frequencies, chiral flows generated by the spinning particles dom-
inate over dipolar attractions hindering aggregation and stabilizing smaller
clusters. In Fig. 1i we plot the contour of a representative cluster for each
driving frequency to show the cluster growth at different frequencies, and in
Fig. 1j we show the growth curves. We restrict further experiments to
f=20 Hz which promotes the formation of larger sized spinning clusters.

To understand the motility dynamics of the colloidal spinners within
the spinning clusters, we use an optical flow detection method to calculate
flow velocities in different regions of the vortex (Fig. 2). This method yields a
2D vector field where each vector is a displacement vector showing the
movement of points from each frame to the next. Due to the high density of
particles in the clusters we find that optical flow methods provide more
reliable analysis than individual particle tracking. We average the optical
flow vectors over 1800 frames (30s) to obtain steady state velocity and
vorticity distribution within the formed clusters (Fig. 2). We find that the
cluster is composed of a rigid core where very low velocity is detected
surrounded by a fast flow at the edges with circulating spinners in the
direction of the applied rotational field, as typical for chiral fluids. In Fig. 2a
we plot the velocity vector field and in Fig. 2b, ¢ the corresponding velocity
and vorticity magnitudes for a vortex with » = 18 um. In Fig. 2d-f we plot the
detected flow velocities along the radial profile of the vortex for three dif-
ferent vortex sizes from r=8pum to r=18um and observe consistent
behavior in all cases, with clusters containing a rigid core surrounded by an
edge current with v,qe, = 20-25 pum/s. We also calculate the absolute values
of mean vorticity magnitude (| (rotv(r, t)),|),cro; (Fig. 2¢, g-i) which also
confirms a rigid core with a circulating edge current of the spinner colloids
for all cluster sizes.
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Influence of diffusiophoretic interactions on spinning clusters

The hematite particles that we use as colloidal spinners are photo-
catalytically active when suspended in a solution of H,O,. Briefly, when the
hematite colloids are exposed to blue light (wavelength A = 450-490 nm)
they induce a photocatalytic decomposition of H,O, (2 H,O, — O, +2
H,0) creating a local excess of reaction products. For an individual hematite

particle, we observe enhanced diffusion dynamics in the presence of UV
illumination (Supplementary Fig. 5). More importantly, it sets up a chemical
gradient of the reaction product in the particle vicinity which drives the
diffusiophoretic migration of nearby particles™. Since diffusiophoresis is a
surface slip phenomenon, the direction of colloidal migration in a chemical
gradient is sensitive to the surface properties and depends on the particle
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Fig. 1 | Configurational transformation in colloidal spinner suspensions. Sche-
matic representation of the distribution of ellipsoidal hematite colloids before (a)
and after (b) application of an in-plane rotational magnetic field. ¢ SEM image of an
ellipsoidal hematite particle. Arrow indicates the direction of magnetic moment.

d In-plane distribution of colloidal particles after magnetic field actuation at
f=20 Hz. Each image is obtained by averaging the positions of colloidal particles
over 100 s after application of the rotating magnetic field, showing the formation and
growth of clusters over ¢ =500 s. e Timelapse microscopy images showing the
growth of cluster area in a single cluster at f= 20 Hz. f Timelapse microscopy images

showing the coalescence of neighboring clusters to form a larger cluster (f= 20 Hz);
Supplementary Movie 1. g Time evolution of the normalized fraction of clusters
(magenta) and individual particles (brown) over t = 600 s at f= 20 Hz. The plots are
normalized to maximum observed values of Nejusters and Nparticles: h Probability
density function of cluster areas at different frequencies from f= 20 to 50 Hz over
time. i Time evolution of representative contour areas of clusters at different fre-
quencies over t =0 to t = 600 s. j Time evolution of average cluster area growth at
different frequencies from f = 20 to 50 Hz. Scale bar in (c) corresponds to 0.5 um. All
other scale bars correspond to 10 pm.
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Fig. 2 | Velocity and vorticity maps of clusters of spinning colloids. a Steady state
velocity vectors in a cluster with a rotating in-plane magnetic field (f=20 Hz,

B =10 mT). The colors correspond to the velocity vector direction. b Velocity
magnitude of the cluster represented in (a) with the edge current clearly visible, color
bar units are pm/s; Supplementary Movie 2. ¢ Vorticity map of the cluster repre-
sented in (a, b); color bar units are 1/s. d—f Velocity magnitude plotted along a radial

profile for clusters of 3 different sizes ranging from r = 8 um to r = 18 pm, with insets
on the right showing the velocity map image for each cluster. Error bars represent the
standard error of mean. g-i Corresponding vorticity magnitude plotted along a
radial profile with insets on the right showing the vorticity map image for each
cluster. Error bars represent the standard error of mean.

surface mobility (u,). Additionally, the reaction also sets up a chemical
gradient along the nearby glass substrate, introducing an unbalanced
osmotic pressure that drives radial surface flows along the adjacent glass
surface, the direction of which is again dependent on the substrate surface
mobility (). The net effect on a neighboring particle is determined by the
balance of both diffusiophoresis and near substrate osmotic flows. In a
simple experiment, we affix hematite particles onto a glass substrate by
allowing a dilute suspension of the magnetic particles to dry. We then add a
suspension of r =1 um silica colloids in H,O, (0.5% v/v) in the area of the
affixed hematite particles to study the interaction between the two. The
hematite particles remain adhered to the substrate while silica particles
display Brownian diffusion in the fluid. In the absence of UV illumination,

we only observe excluded volume interactions between the hematite and the
silica colloids, but as soon as the UV light is activated, we observe a strong
attraction between the two colloids. Over time, we find that diffusing silica
colloids in the bulk accumulate in layers around the affixed hematite par-
ticle, with inner layers being more rigid than the outer layers, indicating that
the net effect of the diffusiophoretic and chemiosmotic interactions is
attractive (Supplementary Fig. 3). The number of accumulated passive silica
colloids is also dependent on UV intensity, with higher intensity leading to
higher number of attracted particles. confirming this to be a osmoto-
phoretic effect (Supplementary Fig. 5, Supplementary Movie 3).

In our system of spinning hematite colloids, when suspended in H,O,,
there are several inter-particle interactions that occur in the presence of UV
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Fig. 3 | Reversible control of cohesion through chemical activity. Schematic
representation of the clusters of ellipsoidal hematite colloids before (a) and after (b)
application of an UV illumination. ¢ Optical microscopy images of the colloidal
spinner cluster with UV activation turned on and subsequently off, showing the
reversible control of cluster cohesiveness; Supplementary Movie 4, 5. d Positional

probability distribution of a colloidal spinner cluster under different stages of UV
activation (f=20 Hz, B=10 mT) over t =180 s. e Corresponding velocity maps of
the cluster with and without UV activation. Velocity magnitude of a colloidal
spinner cluster plotted along a radial profile (f) after UV activation (g, h) and UV
deactivation (i, j).

illumination. Magnetic dipolar interactions and external torque induced
hydrodynamic flows lead to the formation of circulating clusters as we have
described before (Figs. 1, 2). Additionally, the decomposition of H,0O,
introduces diffusiophoretic interactions between particles, and osmotic
flows in the proximity of the substrate. The overall collective behavior in the
presence of UV illumination is determined by the interplay between these

different interactions. In our experiments, as soon as UV illumination is
switched on, we observe an immediate and rapid expansion of the circu-
lating cluster leading to a loss in cluster cohesion (Fig. 3a—c). To characterize
this loss in cohesion, we plot the two-dimensional positional density dis-
tribution at different points in time before and after UV exposure in Fig. 3d
with darker colors indicating higher values. Before UV exposure we obtain a
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Fig. 4 | Development of internal branched struc-
tures. a Number of detected branches (magenta)
and the branch length (brown) obtained by a digital
thinning algorithm plotted over time before and
after UV activation (dotted line). Branch detection
analysis demonstrated on a typical cluster of spinner
colloids before (b) and after UV activation (c, d);
Supplementary Movie 6. Scale bar corresponds to
10 pm. e Calculated trajectory of spinners with
hydrodynamic and magnetic dipole-dipole interac-
tions, but without chemical activity. As they spin, the
particles spiral towards each other until they collide.
f The particles from (e), but with chemical activity
switched on. The particles are stably attracted to a
circular orbit with no steric contact.

compact cluster with a dark center and a lighter outer edge where we have
the circulating edge velocity. After UV exposure we observe an expansion of
the cluster and a decrease in positional density in all regions as a result. The
cluster radius increases from r=7um at t=tyy ,, to r=11pm at
t=tyy on+ 18 s, after which the cluster radius saturates. Similar to analysis
in Fig. 2, we also employ optical flow detection to estimate velocities in
different regions of the circulating cluster and observe a loss in edge velocity
(Fig. 3e) upon UV exposure. As the cluster expands, the edge velocity
reduces from Ve =17um/s at t=tyy ., 10 Vege=12um/s at
t=tyy on+8s and eventually normalizing across the cluster at
t=tyv_on + 185 t0 Veqe. = 8 um/s (Fig. 3f-h).

The cluster expansion is completely reversible. Once the cluster is in its
fully expanded state, we switch off the UV illumination and find that the
cluster recovers its cohesive state similar to pre-UV illumination. This
reversible process is characterized by the intermediate formation of small
local clusters which subsequently merge to form the larger initial cluster. We
find that since the expansion radius of the cluster upon UV activation is
limited, the recovered clusters tend to be composed of the original particles
due to the high local particle density within the expanded cluster compared
to bulk density. In Fig. 3d we plot the two-dimensional particle density map
which shows after t=tyy o5 the initial formation of small clusters
(r=3-4um) in close proximity of each other that subsequently merge to
form the larger cluster. Interestingly we recover the edge currents in the
intermediate clusters and find that it is has similar v, to that of the initial
(and final) clusters at v4e = 16 um/s (Fig. 3i, j). The intermediate clusters
also have a rigid core (Fig. 3e) and the cluster merging is primarily promoted
by the fast-moving spinners at the edges of the clusters.

In order to gain an understanding of the mechanism leading to cluster
expansion we record high magnification image sequences of cluster
dynamics in the presence of UV light. In our experiments, at t = 0, the cluster
is compact with a rigid core and a fast-moving edge layer as described
previously (Fig. 2). Immediately after UV light is turned on (t=8s), we
observe holes that begin to develop within the cluster as it expands. The
holes form across the structure simultaneously and we do not observe any

obvious directional propagation. While some of the particles at the edges
separate out into the bulk during the expansion process, remarkably, we
observe that the expanded cluster has a finite radius and is primarily
composed of a dynamic network of inter-connected particles. The separated
particles continue to rotate in the rotational magnetic field and form tran-
sient links with other nearby particles along their magnetic dipole moment
creating a dynamic connected network of reconfiguring colloidal chains. To
characterize this interconnected structure, we apply a morphological
operation where we binarize each frame in our image sequence and reduce
all detected binary objects to single-pixel wide representation to obtain the
‘skeleton’ of the expanded cluster structure that preserves topological and
connectivity information from the original image. This method allows us to
construct the cluster as a network of branches along the formed colloidal
chains and track their evolution over time. In Fig. 4a, we plot the number of
detected branches (Np4ne,) and the average length of branches (<L bmmh>).
At the initial state as the cluster is primarily a rigid structure, we see a small
number of branches with high Ly, as the morphological operation
reduces to cluster regions around transient gaps that appear in the cluster.
However, once the UV light is turned on (¢ = 8 s; dotted line) we find that
Nirancn increases by >66% as the cluster begins to expand and ({Ly,,,,)) in
the system reduces simultaneously indicating the formation of a networked
structure.

The expansion of the circulating cluster upon UV illumination is
somewhat counter-intuitive considering that the osmoto-phoretic effects
result in attractive interactions when tested with tracer silica particles
(Supplementary Fig. 5) and that the magnetic dipolar interactions are
strongly attractive. However, osmotic and phoretic effects are highly sen-
sitive to the material surface properties and direction of migration changes
by switching the sign of the surface mobility parameter (u,). While the value
of u, is difficult to directly access experimentally, our observations suggest
that for a hematite particle it results in a repulsive particle-particle inter-
action unlike the hematite-silica case. As we show below, the interplay
between the hydrodynamic, magnetic, and phoretic interactions can result
in a loosened cluster without destroying it. The axi-asymmetry resulting
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ellipsoidal hematite particles obtained when in-plane rotating magnetic field is
turned off. d, e Expansion of the colloidal network structure after UV activation, over
time; Supplementary Movie 7. Scale bar corresponds to 10 pm. f Evolution of cluster
width after UV activation.

from the attractive interactions along the direction of magnetic moment
(m), promotes the dynamic network formation observed in our experi-
ments (Fig. 4).

To further understand the interplay of chemical activity, hydro-
dynamics, and magnetic forces, we perform numerical simulations of the
trajectories of two interacting magnetic spinners. Our simulations resolve
the hydrodynamic and chemical fields sourced by the particles in micro-
scopic detail, through solution of the governing partial differential equations
(see Methods). Furthermore, we note that they resolve the ellipsoidal shape
of the particles and their rapid spinning motion, as driven by the rotating
magnetic field. In the absence of chemical activity, we recover the obser-
vation that a pair of rapidly spinning particles will slowly spiral towards each
other until making steric contact, due to a net magnetic attraction between
their dipole moments (Fig. 4e, Supplementary Movie 8). Keeping the same
magnetic parameters, we switch on chemical activity, with the particles’
phoretic surface mobility chosen to give a repulsive diffusiophoretic inter-
action. We do not consider the effect of charge, whether in the form of
charged molecular species (ions) diffusing in solution, or charge on the
surface of the particle (ie., the zeta potential.) as previous experimental
observations with tracers in hematite-H,O, systems could be quantitatively
captured by a model assuming production solely of an uncharged molecular
species by the hematite particle”””**. We find that the chemical interaction
can actually stabilize bound states of magnetic spinners that have a finite-
sized, liquid-filled gap between the spinners (Fig. 4f, Supplementary
Movie 9). This result is particularly surprising when one considers the far-
field decay of the magnetic and diffusiophoretic interactions. In the far-field,
the magnetic interaction decays as 1/r, while the diffusiophoretic interac-
tion decays as 1/r°, where r is the distance between the particles. (We note
that the interaction through chemi-osmotic flows would also have a 1/r*

decay.) For this combination of long-ranged repulsion and short-ranged
attraction, the expectation is that bound states would be unstable. Therefore,
the observation of stable bound states demonstrates the importance of near-
field hydrodynamic and chemical interactions. To test this hypothesis, we
also consider magnetically and chemically interacting particles with a large
initial separation. We find that they move away from each other (see Sup-
plementary Fig. 7), consistent with the form taken by the interactions in the
far-field regime. Overall, these results from two-body microscopic simula-
tions suggest that diffusiophoretic repulsion can loosen clusters - without
destroying them - by promoting formation of non-contact bound states.
Moreover, near-field chemical and hydrodynamic interactions are a
necessary ingredient for stabilization of the bound states.

Control of colloidal aggregation through magnetic and chemical
interactions

Finally, we show that the clustering and expansion phenomenon can be
exploited to control static colloidal aggregation behavior via a sequence of
applied magnetic and chemical activation signals. Initially, after suspending
hematite colloids in an aqueous H,O, solution, we observe that the density
mismatched colloids are arranged as finite length chains, aligned along
earth’s weak magnetic field, surrounded by a sparse population of individual
Brownian particles as described earlier (Fig. 5a). We then apply a rotating
magnetic field (f=20Hz) for a period of t=300s. During this time the
system transitions into large chiral clusters composed of rotating hematite
spinners that we have previously described (Fig. 5b). The size of the clusters
can be controlled both via applied frequency and the particle density in the
system. At t=300s we switch off the rotating magnetic field. We observe
that this creates a network of inter-connected chain structures that some-
what resembles a colloidal gel, composed of the particles in the rotating
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clusters collectively aligned along the weak magnetic field (Fig. 5¢). Effec-
tively, the rotational magnetic field allows us to transition from a system of
sparse chains of colloids through circulating clusters and eventually (when
the magnetic field is switched off) to dense interconnected networks of
colloidal chains whose extent is dependent on the size of the rotating cluster
(controllable via particle density and applied frequency). Further, we can use
the axi-asymmetric interactions resulting from magnetic dipolar attractions
and diffusiophoretic repulsions to control structural properties of the dense
networked structure such as porosity and size. Upon introduction of UV
light, we observe that the networked structure expands only in the lateral
direction. The colloidal chains remain intact through dipolar attractive
interactions but are laterally repelled from each other leading to an
expanded porous state (Fig. 5d, e) and the expansion continues to occur
until interactions with other neighboring chains stabilizes it (Fig. 5f). Similar
to chiral clusters, the process with the static networks is also reversible and
the structures revert to their initial configuration over time when chemical
interactions are quenched.

Conclusions

In summary, we have demonstrated the ability to control and reconfigure
circulating clusters that form in chiral fluids of spinning colloids. The
clusters form as a result of both hydrodynamic and magnetic dipolar
interactions between spinning colloids and are therefore sensitive to the
applied rotational frequency. The activity in chiral fluids arises solely from
the rotational motion of the spinners in contrast to self-propelled units in
conventional active matter systems and requires new methods of control.
Here we have shown that introducing additional chemical interactions
between particles gives us the ability to reversibly control the cohesiveness of
spinning clusters. Since the hematite particles in the chiral fluid are only
catalytically active in the presence of UV illumination, we can switch these
interactions on/off at will, giving us external control over the observed
collective states in chiral fluids. Our simulations of two particle interactions
show that the presence of chemical interactions can stabilize bound states of
magnetic spinners that have a finite-sized, liquid-filled gap between the
spinners leading to loosening of chiral clusters without destroying them.
Our preliminary experimental results also indicate the importance of par-
ticle shape in the observed collective states, as we achieve circulating clusters
using ellipsoidal and cuboidal hematite particles but not rod-shaped par-
ticles under the same magnetic actuation conditions (Supplementary Fig. 8).
A detailed investigation on the role of particle shape in chiral clusters will be
the subject of a future study. Finally, we have shown that the rotating clusters
result in inter-connected colloidal gel-like structures when the external field
is switched off and the properties of this structure can be controlled via
chemical interactions leading to lateral expansion when the UV illumina-
tion is switched on. We hope that the introduction of chemical activity-
based interactions in chiral fluids paves the way for developing new routes to
control self-organization in these systems. Since osmoto-phoretic interac-
tions are sensitive to surface properties we expect that surface modifications
could be an additional control parameter for collective behavior. Addi-
tionally these interactions enhance the role of the bottom substrate as the
osmotic flows are mediated along the surface and enable potential means to
control collective effects via surface-patterning”.

Methods

Experimental details

Iron (III) chloride hexahydride, sodium hydroxide, sodium sulfate, required
for ellipsoidal hematite particle synthesis were obtained from Sigma Aldrich
(USA). Hematite microparticles were synthesized with sol-gel method as
previously reported”. The shape of the particles was controlled by the
addition of sodium sulfate. For microparticle synthesis, 5.4 M NaOH was
slowly added to the 2 M FeCl; solution on stirring. Further, solution was
shaken vigorously to homogenize the gel. Subsequently 0.2 M Na,SO, was
added to the homogenized gel before aging in an oven at 100 °C for 8 days.
After 8 days, particles were centrifuged at 3000 rpm for 10 min, and washed
with water thrice to remove unwanted salt from the particles. The obtained

particles were suspended in highly deionized H,O to obtain the desired
particle concentration and stabilized by adding 1.375 mg/mL sodium
dodecyl sulfate (SDS).

For clustering experiments, a droplet (10 pL) of an ellipsoidal hematite
particle suspension was sandwiched between two glass slides separated by a
spacer (h=120 pum) and imaged with an inverted microscope at room
temperature using a X10X objective for capturing system dynamics and

X60X objective for capturing individual cluster dynamics. The external
magnetic field was applied using a field generator (MagnebotiX, MFG-100i)
consisting of 8 stationary electromagnets allowing us to apply arbitrary
magnetic fields in a spherical workspace of approximately 10 mm. The MFG
system was controlled using custom MATLAB scripts. Blue light was
applied via a fluorescent filter cube with an excitation wavelength 0of 491 nm.
The dynamics of the particles were captured via a CMOS camera at 30-60
fps. Image analysis was carried out using custom Python scripts. Images
containing hematite particles are binarized with a threshold such that only
particles and particle clusters are selected. Their contours are identified
using Python’s OpenCV library and their centers and areas are extracted.
The optical flow is calculated on the bright-field image sequence using the
cv2 implementation of the Gunnar Farneback algorithm. The branching
analysis is carried out by applying a thinning algorithm (zhang-suen thin-
ning) implemented in OpenCV. The function iteratively reduces binary
objects to single pixel representations while preserving structural informa-
tion. Average branch length and number are calculated from the structure
obtained from the final structure.

Numerical model

We consider two oblate spheroidal particles immersed in an incompressible
Newtonian fluid near a solid planar wall. The aspect ratio of the particles is
r, = 2, wherer, is the ratio of the major axis length to the minor axis length,
and we assume that the minor axis of each particle lies within the plane of the
wall. The wall is located at z =0, and we assume the particles maintain a
constant height z/a = 2.1, where g is the length of the semi-minor axis.
Each particle i has an intrinsic magnetic moment 7; = m;ii, where ai is
aligned with the minor axis. The system is driven by a rotating magnetic field
described by B(t) = By[sin(wt)x + cos(wt)y]. Each particle experiences a
magnetic torque 7 = r?:,- x B. In addition, the two particles interact with
each other through a dipole-dipole force F;; = 357‘;7"12 [?ij(&i . Zij) + (7 -
) + (7 - 1) — 5737y - ) (7 - )] and
7y =
ticle j from particle 4, 7;; is the torque on particle j due to particle i, #; is the

torque

[3(77; - #)(i;  73) + (7; x 77)], where Fy; is the force on par-

unit vector pointing from the center of particle i to the center of particle j, r is
the distance between the particle centers, and g, is the permeability of free
space’’. The suspending fluid obeys the Stokes equation —Vp + uV?i = 0,

where ii(;) is the velocity of the fluid and p(;) is the pressure. The velocity is
subject to the boundary conditions # = 0 on the solid wall, || — 0 as
%] — oo, and @ = U, + O, % (X — %) + ¥,,(2) on particle i, where U,
and 0, are the (unknown) translational and rotational velocities of particle i,
and ¥, is the position of particle i. The quantity ¥, ;(¥) is the interfacial slip
velocity, which results from chemical activity, and is discussed in detail
below. Incompressibility imposes the condition V - # = 0 on the velocity
field. In addition, we assume the following model for chemical activity ***.
Each particle generates a product molecule (“solute”) at a uniform and
constant rate over its surface. The number density of solute c(¥) is assumed
to be quasi-steady, i.e., diffusion of solute is much faster than advection.
Therefore, it is governed by the Laplace equation V¢ = 0. The boundary
conditions for the concentration are —D[# - V¢] = « on the surface of each
particle, |¢(X)| — 0 as |X| — oo, and # - Vc = 0 on the solid wall (i.e., the
wall is impenetrable to solute), where the surface norm 7 is defined to point
into the fluid. Here, D is the diffusion coefficient of the solute molecule, and
« is the rate of production of solute per unit surface area. The slip velocity is
determined by ¥ ;(X) = —bV c. The surface slip represents flow in a thin
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interfacial layer (relative to the length scale a), driven by osmotic pressure
gradients that originate in the effective interaction between the solute and
the surface”. The surface mobility b encodes the details of the solute/surface
interaction, and b is positive (negative) for an attractive (repulsive) inter-
action. We choose b <0 to obtain diffusiophoretic repulsion between the

particles. The quantity V|, = (? —nn) - V is the surface gradient operator.
We non-dimensionalize the equations by choosing w™! as the characteristic
timescale, and the semi-minor axis length a as the characteristic length scale.
As a result, the chemical activity is parameterized by the dimensionless
quantity A = |b|x/Daw and the dipole-dipole force by the dimensionless

m’—r‘;. We choose B = 500 and (when activity is switched on)

quantity B =
A = 0.025. This choice of B gives the slow decay of orbital trajectories, as
discussed in the main text, and likewise this choice of A gives bound states
when the activity is on. Sufficiently small variations of A and B do not change
the pair behavior. In each simulation time step, we first solve for the con-
centration field numerically, if chemical activity is present, using the
boundary element method (BEM)”. Next, we calculate the surface slip
¥, ;(X). We then solve the Stokes equation for the particle velocities, also
using the BEM. Next, we update the particles’ positions and orientations
using a rigid body dynamics engine, assuming that the minor axes remain in
the plane of the wall (i.e., O; = Q, ;2) and that the particles do not move in

the vertical direction, U

i = 0. We terminate the simulation if particles

come into steric contact.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Materials
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