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Field-driven reversible networks from colloidal rods

This work presents a strategy for assembling rod-like
colloidal particles into reconfigurable quasi-2D networks
using AC electric fields. By controlling the frequency and
amplitude of the field, the structure transitions from isotropic
dispersions to interconnected networks. Experiments and
Monte Carlo simulations demonstrate that field-induced
dipolar attractions drive percolation at lower area fractions
than in non-interacting systems. The approach enables
dynamic tuning of network porosity and connectivity,
offering a versatile platform for designing soft materials
with adaptive structural and transport properties.
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Highly interconnected percolated networks are interesting structures for materials with enhanced
transport and mechanical properties. While percolated networks of anisotropic particles have been
explored at the nanoscale, achieving highly interconnected structures at the microscale remains
challenging. In this work, we explore the controlled assembly of rod-like polymer colloids under external
fields leading to reversible quasi-2D networks. By varying voltage and frequency, we modulate the pore
size and thickness of the network. We find that field-driven attractive interactions enable percolation at

Received 1st March 2025, lower area fractions than predicted for non-interacting rods. Monte Carlo simulations incorporating

Accepted 16th April 2025 dipolar interactions and electrostatic boundary conditions confirm the field-induced transition from
DOI: 10.1039/d5sm00218d isotropic to aligned rod configurations, supporting the emergence of percolated networks. This work

presents a simple and robust approach for assembling reconfigurable colloidal networks with controlled
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1 Introduction

Colloidal self-assembly provides a powerful route for the
bottom-up construction of intricate microstructures, mimick-
ing nature’s ability to create complex structures from simple
building blocks."* The ability to precisely tune the interactions,
shape, and size of colloidal particles enables the rational design
of materials with tailored structures, including superlattices,**
colloidal crystals® and percolated networks.®’” Percolated net-
works are particularly interesting, as their interconnected
structures provide continuous pathways for efficient (electrical
or thermal) transport and mechanical contacts for improved
mechanical properties.®*°

Percolated or interconnected structures have been extensively
studied in nano- and microscopic systems. Colloidal gels formed
in dense suspensions of spherical particles exhibit kinetic perco-
lation where short-range attractive interactions mediate particle
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connectivity, offering new strategies for designing adaptive soft materials.

aggregation, resulting in fractal-like structures and arrested phase
separation.’”'® The strength of particle interaction in colloidal
gels can significantly reduce the critical percolation threshold"” -
concentration at which an interconnected path appears - as
supported by theoretical predictions.®"’

While percolation in isotropic spherical colloids mainly
depends on the strength of the interactions, percolation in
anisotropic systems also accounts for geometrical factors.?™>?
For instance, in systems of carbon nanotubes (CNTs) interacting
via excluded volume interactions, percolation depends on the
concentration and aspect ratio of the nanotubes.?*>® Moreover,
similar to their spherical counterparts, the percolation threshold
in these systems decreases in the presence of depletion-induced
weak interactions,”®>° but also when the rod polydispersity
increases, as supported by theoretical studies.>>**>®

External fields provide an alternative approach to induce
percolation in colloidal systems.*® Electric and magnetic fields
enable reversible modulation of interparticle interactions and
facilitate the directed assembly of complex structures. While
interconnected networks have been observed in systems of
colloidal spheres actuated by electric fields,>"** the network
formation of anisotropic particles—such as dielectric rods,
dumbbells,**” ellipsoids, or Janus rods***>—under electric
field actuation remains largely unexplored. Since electric fields
enable in situ control over particle interactions, they provide a
unique route to modulate network connectivity and reversibil-
ity, which is essential for designing materials with tunable
mechanical and transport properties.

This journal is © The Royal Society of Chemistry 2025
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In this work, we explore the directed self-assembly of colloi-
dal rods using AC electric fields to achieve percolated networks.
We demonstrate that by tuning the frequency and amplitude of
the applied field, we can control the balance between electro-
hydrodynamic forces and dipolar interactions, resulting in tun-
able quasi-two-dimensional networks, as supported by Monte
Carlo simulations. Our system reveals reversible transitions
between disordered planar phases and continuum networks,
providing new insights into designing porous materials with
controllable network properties, for smart materials’ design.****

2 Materials and methods
2.1 Polymeric SU8-rods suspension synthesis

We use a previously described method to synthesize the fluor-
escent colloidal SU-8 polymer rods.”” In a typical synthesis, a
250 ml beaker with an inner diameter of 5 cm was filled with
110 ml of glycerol. A mixer (Heidolph RZR 2021) equipped with
a high-shear impeller with a diameter of 3.5 cm was then
introduced into glycerol. We started the high shear-mixing
process by applying 1500 rpm—corresponding to a shear stress
of 518 Pa to the glycerol phase, and immediately after, approxi-
mately 0.1 g of SU-8 50 viscous photoresist (Michrochem) was
dropped from a spatula into the gap between the inner wall of
the beaker and the impeller, resulting in a turbid dispersion. To
synthesise fluorescent SU-8 rods, the dye was previously mixed
with the SU-8 50 epoxy-based photoresist resin at a mass ratio
of 10 mg dye (Rhodamine) g~ * SU-8 50. The high-shear mixing
of glycerol and the SU-8 50 was continued for 10 min. The
resulting non-Brownian SU-8 rod-like particles in glycerol were
directly exposed to sonication for 1-3 h to break them into
smaller colloidal rods. These colloidal SU-8 rods were subse-
quently photo-crosslinked by exposing them to UV light with a
wavelength of 365 nm for 30 min to yield chemically stable rods
that can be dispersed in both aqueous and non-aqueous
solvents. To remove the glycerol, the colloidal SU-8 rods were
washed by repeated centrifugation and redispersion cycles at
3000 x g for 40 min using water containing 0.2 wt% SDS
(Sodium dodecyl sulfate). Any large or irregularly shaped rods
were easily removed by sedimentation in water under gravity for
an hour. Finally, the resulting colloidal SU-8 rods with length
(L) of 6-10 pm and diameter (d) of 0.5-1 pm were kept in water
containing 0.2 wt% SDS to prevent aggregation during long-
time storage. Previous to the experiments with AC fields, the
SU-8 rods suspension was centrifuged and redispersed in
MilliQ water three times, with no added salt and conductivity
(6m =5.5 x 107> S m™ ). In this work, the colloidal suspension
is dispersed in MilliQ water with no added salt, where the
surface charge of the SU8-rods is around { = —30 mV.

2.2 Sample cell preparation

To build the experimental cell, we first clean coverslips (0.7 mm
thickness and 24 x 36 mm, Menzel Glidser, Germany) by
sonicating them for 5 min in ethanol, then 5 min in pure
MiliQ water, and drying them with compressed air. Then, we
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sputter-coated the slides on one side with 3 nm of chromium-
Cr and 10 nm of Gold-Au (SAFEMATIC, Switzerland). We
functionalize the metal surface with a solution of 10 mg ml™*
Polystyrene-sulfonate (PSS) for 10 min to avoid attractive elec-
trostatic interactions between the substrate and the particles
followed by the removal of PSS excess, rinsing with MilliQ
water. A droplet (7.4 pl) of the SU8-rods suspension with a
concentration of 0.1% w/v in pure MilliQ water is deposited on
the bottom conductive coverslip within a 9 mm-circular open-
ing of a 0.12 mm-thick sealing spacer (Grace Bio-Labs Secur-
eSeal, USA), and then closed with a top electrode with the
conductive side facing the sample. The top and bottom electro-
des are connected to a signal generator (Keysight 33500B
Waveform Generator Trueform). Thanks to the thin metal
layers coating the coverslips, the electrodes remain transparent,
and we perform real-time image acquisition while the AC
electric field is applied perpendicularly to the conductive cover-
slips. We perform the experiments with an average particle area
fraction of ~40%. For this, we tilt the experimental cell over-
night with an angle of 10 and wait until the particles accumu-
late due to gravity. Once the desired area fraction is achieved,
we place the sample flat for the following experiments.

2.3 AC electric field experiments and analysis

We characterized the SU8-rods assembly behaviour under
different voltage conditions by applying a sinusoidal AC field
ranging between 1-10 V,, voltage-per-peak (8333-83333 Vm ')
and 1-10 kHz perpendicular to the electrodes. We observe the
SU8-rods labelled with Rhodamine with 10x, 20x and 40x
objectives and an LED light source (cool LED pE excitation
system / = 550 nm) and an inverted optical microscope (Olym-
pus IX71). Images and videos were taken with a Hamamatsu
Orca 4.2 camera, with 100 ms exposure times. For further
quantification of the sedimentation of the SU8-rods and their
behaviour under AC fields, we use a confocal microscope (Zeiss
LSM 980 Airyscan with camera Zeiss Axiocam 705 mono). A
z-step of 0.62 pm was used, but due to the mismatch of the
refractive index, a correction factor k = nyaer/Nair Was necessary
for 3D reconstruction of the confocal stacks. The structural
quantification was performed using pre-optimized particle
tracking algorithms (Python) and Image ]J.

2.4 Theoretical framework

When an external electric field is applied to a suspension of
polymeric colloidal rods in water, charge redistribution around
the particle surfaces induces polarization, resulting in a dipole
moment that aligns with the field direction and remains
perpendicular to the electrode surfaces. In the quasi-static
regime, the characteristic charge relaxation time is given by
&m + &p
Om + 0p
permittivity and conductivity of the medium and &,, o, are
those of the particles. For polymer-based colloidal rods in Milli-
Q water, this relaxation time corresponds to a critical frequency
fo = 12ntyw ~ 10° Hz. At frequencies f « f;, the system
behaves as a suspension of dipolar rods with field-induced

the Maxwell-Wagner time tyw ~ , where ¢, o, are the
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dipole moments aligned with the field, as polarization equili-
brates almost instantaneously. While this assumption holds for
low applied potentials, the dependence of the permittivities
and conductivities on the external field strength may introduce
nonlinear effects. In particular, electrohydrodynamic (EHD)
effects may dominate when the fluid motion driven by electric
field interactions exceeds the random thermal motion of col-
loidal particles as was discussed by Ristenpart et al.,*® and later
studied for a variety of colloidal systems by Wung et al.>”*7
This defines a threshold for the onset of field-induced hydro-
dynamic interactions. The characteristic velocity associated
with EHD flows, arising from electro-osmotic effects, is given
b ngO2

y Uenp ~ PR
dynamic viscosity of water, and f the frequency of the applied
field. This expression illustrates how EHD flows arise from the
interaction between the oscillating field and the induced
charge distributions near the colloidal surface, where the
inverse dependence on f arises because, at higher frequencies,
charge redistribution lags behind the field oscillations, redu-
cing the impact of EHD flows. A competing effect is thermal
diffusion, which sets the characteristic velocity for Brownian

where E, is the applied field strength, # the

. kgT .
motion Uy, ~ #. For EHD effects to dominate, the electro-
no

osmotic velocity must exceed the characteristic velocity asso-
ciated with diffusion. This condition leads to a threshold
ks Tf
EmO
stronger fields are required to drive EHD effects as the fre-
quency increases. Thus, the threshold voltage scales as

electric field Egpp = . This condition indicates that

VEup \ﬂ . In our experimental observations with colloids
with thickness ¢ = 1 um, suspended in water with permittivity
em = 78¢y and viscosity 5 ~ 1072 Pa s, and electrodes separated
by a distance L ~ 100 pm, confirm that for frequencies in the
range 1 kHz < f < 10 kHz, the threshold voltage falls within
8V < Vguyp < 25 V. These results reveal two distinct regimes.
In the first regime, EDH effects dominate, characterized by
repulsive interactions, as we will show in Section 3.5. In the
quasi-static regime, polarization occurs on a lower scale. This
analysis can be further refined to clarify the transition between
these regimes. In the quasi-static regime, each rod acquires a
permanent dipole moment that remains aligned with the
electric field, ensuring minimal energy when the rods are
oriented parallel to the field. However, the presence of an
electrode significantly alters the interaction landscape by intro-
ducing mirror dipoles, an essential theoretical construct
required to satisfy the boundary conditions of the system.
These mirror dipoles induce two key effects: first, an attractive
interaction between each rod and its mirror image, drawing the
rods toward the electrode, and second, an effective attraction
between neighboring rods in a planar configuration due to
cross-interactions with their respective mirror charges. Thus, in
the absence of gravity, planar configurations are energetically
unfavorable due to dipolar interactions, which favor standing
rods. However, when gravitational effects are included, sedi-
mentation competes with thermal diffusion, and we can

4598 | Soft Matter, 2025, 21, 4596-4605
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quantify this balance through the Péclet number Pe = VSFJ ~

4.0. The sedimentation velocity is estimated using Stokes’ law,

202gA
is vy =22 9g P 975 % 107 ms~! while the diffusion coeffi-
cient, obtained from the Stokes-Einstein relation
kgT
D=-2"246%x10""m?s"!, where the mass density
6mno

difference®® is Ap = 280 kg m>. Since Pe > 1, sedimentation

is the dominant process, forcing rods into a predominantly
planar orientation. In this configuration, the stronger induced
dipolar attractions, combined with the polydispersity of the
system and the pointed tips of the rods, may play a crucial role
in stabilizing the observed percolated network structures. In
Section 3.2, we will test this hypothesis by performing Monte
Carlo simulations in the zero-frequency limit, systematically
comparing the equilibrium structures obtained from initially
standing and planar rod configurations to assess the role of
sedimentation-driven alignment to the electrode.

3 Results and discussion
3.1 AC field-driven colloidal rods continuum networks

In Fig. 1(a), we show a schematic representation of the experi-
mental system studied in this work. First, we place a diluted
suspension of fluorescent SU-8 rods with average length L =
6.2 + 3 um, average diameter D = 1.5 + 0.5 pm, and average
aspect ratio L/D = 8 + 2 of polydispersity of ~20% (see
Fig. 1(b)), into a custom-made electric cell of 120 um thickness
(see Materials and methods). The aspect ratio used in these
experiments is distinctively bigger than previous experiments
of anisotropic inorganic colloidal particles under electric
fields,>**”*° where typical aspect ratios L/D < 5. Due to the
small gravitational length of the particles (Ly = kzT/mg =~
44 nm), rods sediment close to the bottom electrode and form
a quasi-two-dimensional system (see Supplementary Movie S1,
ESIt), where particles can explore all orientations within the
plane (see Fig. 1(c)). To increase the particle volume fraction to
~0.4 (see Fig. 1(c)), we equilibrate the sample at a 10 tilt
overnight (see Materials and methods).

In the absence of electric fields, the particles show isotropic
ordering as expected for low packing of colloidal rods
(Fig. 1(c)).*> Remarkably, after applying an AC electric field
perpendicular to the bottom electrode at 1 kHz and voltage-per-
peak of <4 V,,, we observe the formation of a porous inter-
connected and continuous network, extending through the
whole field of view of 10 000 pm? (Fig. 1(d) and Supplementary
Movie S2, ESIt). The rods are attracted to the bottom electrode
due to the interaction with their dipole image, as we will
discuss later in detail, with the long axis parallel to it. These
networks are formed by strands of locally planar assemblies of
aligned rods, with high local ordering yet without exhibiting
significant global order on larger scales (Fig. 1(e)). In this
configuration, some of the rods lie on top of the 2D layer,
depending on their initial state without the field. The presence
of the rods close to the bottom electrode distorts the electric

This journal is © The Royal Society of Chemistry 2025
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(a) Scheme of the experimental setup, with a colloidal dispersion of SU8-rods sedimenting between two parallel electrodes. The spacing between

the electrodes is 120 um. The arrow pointing down indicates gravity acting on the sedimenting rods. (b) Normalized frequency of the aspect ratio of the
colloidal suspension of rods (L/D) with a polydispersity ~20% (c) Fluorescence microscopy image of a monolayer of SU-8 rods in the absence of an
electric field. (d) Fluorescence microscopy of an interconnected network of SU-8 rods upon applying an AC electric field at 1 kHz and 2 Vj,,. The inset
schematic depicts the orientation of the planar network with respect to the bottom electrode and the oscillating field applied perpendicular to the plane.
(e, e;, e;) False-coloured fluorescence microscopy image of the network at different magnifications. The colours indicate the orientation of the rods. The
arrows indicate the local director n. Scale bars depict 50 um (b,c,d) and 20 um (e, e;).

field asymmetrically, leading to field gradients along the axes of
the rods, especially near the tips. This distortion enhances field
intensity due to geometric effects.*>>® The asymmetric field
distortion results in the development of induced dipoles on the
rods,”" which generates stronger electric fields at the rod tips,
driving attractive tip-body and tip-tip interactions. We have
additionally performed control experiments using SU8-spheres
from the initial synthetic protocol at the same area fraction (Fig.
S2, ESIT), where only isolated particle clusters form as previously
studied for spheres under AC fields.?”>* Although the process of
interconnected network formation could be interpreted as
kinetic phase separation driven by out-of-equilibrium dynamics,
in Section 3.4 we will argue that the steady-state nature of the
network supports a distinct mechanism reliant on field-induced
connectivity rather than dynamic clustering or segregation.

3.2 Monte Carlo simulations on network formation of
dipolar rods

To gain deeper insight into the self-assembly and network
formation of colloidal rods under an applied electric field, we
perform Monte Carlo simulations of a model system consisting
of 150 polarized rods at a surface coverage of 40%. Each rod has
an aspect ratio of L/D = 8 and is modeled as a rigid chain of
hard spheres, where each sphere carries its own dipole moment
with pair interaction

y a*(1 —3cos?0)

UZE ) (1)

3
where r is the center-to-center separation distance between
spheres, 0 is the angle between the interparticle distance vector
2
_r
2neso3kg T
interaction strength, where p is the dipole moment induced
by the external electric field.

r and the z-axis, and y = is the dimensionless

This journal is © The Royal Society of Chemistry 2025

The dipoles are consistently oriented perpendicular to the
two parallel conducting electrodes as they are induced by
the field. To satisfy the electrostatic boundary condition that
requires the electric field to be perpendicular to the electrode
surfaces, we account for an infinite series of periodic image
dipoles within the electrodes.> This approach, effectively mimick-
ing an extended periodic boundary in the direction normal to the
electrodes, allows for treating the long-range dipolar interactions
with the standard Ewald summation framework.”® As shown in
Fig. 2(a), although mirror images will attract the rods towards one
of the two electrodes and two neighboring planar dipoles near an
electrode experience a weak attractive interaction due to the
interaction with their neighbouring particles mirror images that
overcome dipolar repulsion, the ground state is the standing
configuration. In Fig. 2(b) and (c), we compare low-field and
high-field configurations in the absence of gravity, presenting both
side and top views. At low field strengths, the rods behave as an
isotropic fluid, experiencing only weak attraction to their mirror
images, which keeps them near one of the electrodes. As the field
strength increases, the fraction of standing rods gradually
increases, indicating a transition toward a more aligned standing
state (see Supplementary Section S1, Fig. S7, S8 and Movies S5, S6,
ESIt for more details). To bias the rods towards a planar configu-
ration, we introduce a gravitational energy U, = Pe-h with h the
height from the bottom electrode, which allows to tune the
sedimentation-diffusion competition effectively matching the
experimental Péclet number, Pe = 1.2. As shown in Fig. 2(d), the
rod orientation distribution exhibits a clear separation, with the
vast majority of rods adopting either a fully planar or fully standing
configuration. This realization demonstrates that gravity strongly
biases the system toward planar alignment, inducing weak dipolar
attractions between planar rods at large applied voltages, high-
lighting the interplay between electrostatic and gravitational effects
in determining the systems structural organization.

Soft Matter, 2025, 21, 4596-4605 | 4599
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Fig. 2 (a) Schematic representation of the dipolar interactions between rods and their mirror images at a conducting electrode. Due to electrostatic
boundary conditions, mirror dipoles induce an attractive interaction that stabilizes the standing rod configuration as the lowest energy state. (b)—-(e)
Typical simulated configurations show side and top views of the system under different field strengths and gravitational conditions. (b) At low field
strength and in the absence of gravity, rods exhibit an isotropic fluid-like configuration, remaining close to the electrode due to weak attraction to their
mirror images. (c) At high field strength, rods transition to a standing configuration as dipolar interactions align them along the applied field. (d) With
gravity included at low field strength, sedimentation dominates, forcing rods into a planar isotropic configuration. (e) At high field strength with gravity,
planar rods experience stronger dipolar attractions, leading to clustering and percolation, with only a few rods remaining in the standing configuration.
These results highlight the competition between dipolar interactions, sedimentation, and electrostatic boundary effects in determining the system’s
structural organization.
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Fig. 3 Fluorescence microscopy images of the two-dimensional SU8-rod network at varying voltages (a) 6 V, and (b) 2 V,,; and varying frequencies (1, 4
and 8 kHz). (c) Zoom in into a network pore from bj; at 1 kHz and 2 V,, (d) Schematic representation of a typical pore of the network with a characteristic
pore area Aq and pore thickness Ly. Frequency dependence of (e) porosity ¢4 and (f) Ly, for various voltages, increasing from dark to light pink for 2
(spheres), 4 (up-side triangles), 6 (down-side triangles), and 8 (diamond) Vj,, () Heatmap of the normalized number of standing rods N,oqs s as a function
of the frequency and voltage. The scale bars are 40 pm.
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3.3 Experimental network characterization with varying AC
field conditions

We focus now on exploiting the behaviour of the emergent two-
dimensional network regime at varying frequencies and vol-
tages (Fig. 3(a) and (b)). We start quantifying the changes in the
network structure by measuring the dependence of the porosity
(¢p) and network thickness (Ly) as a function of frequency
(1-8 kHz) and voltage amplitudes (2-8 V,;,). Here, porosity (¢,)
represents the fraction of void - pore - area relative to the total
area of the image, ranging between 0 and 1. It is defined as the

. A . . .
ratio ¢, = —V, where Ay is the void area and Ay is the total area
At

of the image, including the solid and void components. We
identified the pore regions and their associated pore area (44)
using image analysis (Fig. 3(c) and (d)). The thickness of the
network (Ly) is defined by measuring the lateral distance of the
connecting paths over the network. Overall, we observe
increased porosity with frequency, which saturates above
4 kHz and becomes sharper at higher voltages. (Fig. 3(e) and
Supplementary Movie S3, ESIt). Simultaneously, the thickness
Ly decreases with increasing frequency (Fig. 3(f)), causing an
important change in the network structure as the network skele-
ton is reduced in diameter. In addition, we observe a complex
evolution of the pore area Ap, characterized by the emergence of
smaller pores as the network begins to break, alongside the
formation of larger pores that expand in size and shape as the
network fragments. Consequently, the distribution of A, becomes
broader at higher frequencies (see Fig. S3, ESIf). Most impor-
tantly, this measurement is very sensitive to the size of the region
of interest, as the pores may extend over larger areas.

During our experiments, we observe rods aligning with the
applied electric field - standing - as we increase the frequency.
We quantify the population of standing rods (rodg) thanks to
their distinct circular shape and higher fluorescence intensity
when they stand up (Fig. 3(g)). This behaviour is consistent with
previous observations for microscopic rods,****3¢ arising when
the charges around the particle build a dipole resulting in the
alignment of the particles along the direction of the applied E.
Thus, a standing rod aligns its long axis parallel to the electric
field with an angle between the rod and the bottom slide of 0 =
0, while a planar dimer aligns its long axis perpendicularly to
the field 6 = /2. In this case, Ly is affected by the standing rods,
as only planar rod-like particles contribute to the network. As
we will see in the next section, this is a key event that affects the
network structure. Overall, together with frequency changing
the applied field strength provides an additional handle to
modify the structural properties of the SU8-rod monolayer.

3.4 Rod rearrangement and network connectivity

As previously mentioned, the network structure is significantly
influenced by the effect of the electric field E on the particle
orientation. In Fig. 4(a)-(c), we illustrate the impact of the
electric field on the same region of the network. As frequency
(and voltage) increase, the rods tend to align with E, leading to
the breaking of the network and a decrease in its thickness.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Fluorescence microscopy images of the two-dimensional SU8-rods
network at 2 V,, at frequencies (a) 1 kHz and (b) 4 kHz. (c) Schematic of the
network change from low to high frequencies due to the orientation of the
rods along the applied field E. 0 indicates the orientations of the rods with
respect to the bottom electrode (d) False-coloured microscopy images with
increasing frequency, identifying connected clusters with the associated
connectivity G. Each colour represents a percolated cluster (e) Frequency
dependence of connectivity G of the 2D-network as a function of frequency
for different voltages, with the arrow indicating the increase in voltage
amplitude. (f) Frequency dependence of the normalized experimental
area fraction by the theoretical critical area fraction for percolation

¢C_exp/¢z, being ¢; ~35%. The solid horizontal line depicts when

Peexp = ¢:. The arrow indicates an increase in stranding rods with increasing
frequency. Scale bars indicate 20 um.

The effect of the rods standing up on the overall network
connectivity is quantified by measuring the parameter G, as
shown in Fig. 4(d). Here, G represents the largest connected
component within the network, defined as the subset of nodes
where every node is accessible from any other node through a
sequence of connected edges. The presence of a large, domi-
nant component indicates a highly interconnected structure,
suggesting that a significant fraction of the system’s nodes
form a continuous, traversable path. At frequencies between f=
1-6 kHz and for voltages above 6 V,,;,, the connectivity of the
system is highest (G > 0.75), and we observe a continuous
network where the rods connect to form a path across the
system, resulting in a percolated planar network. When G <
0.75, we start observing a bigger population of isolated clusters
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of planar rods, and a decrease of percolated clusters spanning
over the field of view as the network starts disconnecting.
The degree of connectivity is inversely related to the applied
frequency, as the network transitions into thinner, more spaced
structures while the rods align with the field and orient
perpendicular to the plane, as sketched in Fig. 4(c). The
percolated network forms above a certain planar-rod area
fraction threshold for a fixed field condition. Thus, the con-
nectivity will decrease with increasing standing rods (rods) and
it will increase with increasing Ly (see Fig. S3, ESIT).

This behaviour aligns with theoretical predictions on perco-
lation networks in two-dimensional suspensions of rods.>* For
a system of sticks with a given aspect ratio L/D - accounting for
the polydispersity of the system - there is a theoretical critical
concentration ¢; at which the system transitions from isolated
clusters of rods to a configuration where there is, at least, one
percolating cluster. Increasing the concentration of rods
increases the likelihood of intersections, facilitating percola-
tion. Based on this, we estimate the critical percolation area
fraction ¢! of non-interacting rods to be ~35%, taking into
account the polydispersity (~20%) and aspect ratio (L/D ~ 10)
of our system (see Fig. S4 and ESIt for more details). We
compare the approximated theoretical value with the experi-
mental area fraction of planar rods contributing to the network

as (P exp) using the ratio @ e, / ¢s (Fig. 3(g)). We represent the

conditions of frequency and voltage at which we start observing
at least one percolated path of rods under the influence of the
AC electric field, and we count the planar rods to estimate

Goexpr When @, / ¢: =1, the experimental percolation

threshold in area fraction is equal to the theoretical prediction
for non-interacting rods. Here, percolation starts to take place

6 Vpp 8vpp Q

2 Vpp
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*

in our system at much lower area fractions (¢ .,

) with respect
to non-interacting rods and above a certain threshold of
frequency and voltage. This decrease in percolation threshold
rises due to the intrinsic polydispersity of the system and the
AC field-driven attractive interactions of the rods, driving the
rods assembly.

As estimated by van der Shoot and coworkers, ¢. decreases
when the polydispersity increases for a fixed average rod length.
Specifically, in our system, the percolation threshold is governed
by the weight-average rod length (L), which is greater than the
mean length L due to the longer rods contributing more heavily
to connectivity. For a Gaussian distribution, the weight-average

2
length is (L), ~ L + %, which shows that even small variances

lead to a decrease in the ¢.. Here, with a mean rod length of L =
6.2 um, and standard deviation of 3 um, we estimate at least a
20% reduction in the ¢. due to polydispersity. Moreover, the
presence of the AC-driven attractive interactions further reduces
the ¢. and influences the network structure (see ESIt for more
details), since rods come into contact and aggregate more
efficiently, as it happens for sticky rods.>***°%%” It is important
to note that this process is reversible, both when the field is
switched off and when transitioning between different field
conditions. By adjusting the electric field, colloidal interactions
can be directly manipulated to achieve similar effects by altering
the interparticle potential.

3.5 Phase behavior of SU8-rods under AC electric fields

In this section, we summarize and rationalize the behaviour of
the SU8-rods under the actuation of an AC electric field
perpendicular to the plane at various field conditions. For this,
we build a complete phase behaviour diagram at an initial fixed
SU8-rod area fraction of isotropic rods (x40%), and we vary the

Nrod,s
b o i
*

T 1

Isotropic

4 6 8 10
f [kHz]

Expansion 2D-Network Clusters  Standing

f=1kHz 2 kHz 4 kHz

Fig. 5

.____ * A ..o
=, S ANk

6 kHz

(a) Representative fluorescence microscopy images from the Phase diagram in (b) varying the frequency and the voltage (b), phase diagram of the

behaviour of the rod under an external AC electric field mapping voltage amplitude (V) and the frequency f. The colour coding indicates the relative
population of standing rods (N,cqss). from low (light grey) to high (dark grey). The phases are 2D-expansion (squares), 2D-network (stars), clusters
(triangles) and standing rods (circles) with the associated schemes for each conformation. The circle with the cross indicates the orientation of the
applied AC electric field. The scale bar represents 50 pm.
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amplitude of the voltage-per-peak (V},;,) and frequency (f), while
observing the sample under fluorescence microscopy (Fig. 5(a)).
We observe four main states: 2D-network (star), isolated clus-
ters (triangle), expanded aligned planar phase (square), and
standing rods (circles) as depicted in Fig. 5(b) and (c).

The isotropic state is reminiscent of monolayers of colloidal
rods in the absence of an electric field or when the voltage is
negligible in this system, in this case, V < 2 Vpp, (<16667 Vm™).
At frequencies mostly above 1 kHz and voltages above 2 V;, an
unprecedented 2D-percolated network arises due to the complex
interaction between the anisotropic particles. This is in stark
contrast with previous works, where the main features observed
in the MHz regime are standing rods aligned with the electric
field,**?* or planar aggregates in coexistence with standing parti-
cles in the kHz regime for dielectric dumbbells.”” The observed
percolation behaviour in this work is characteristic of polydisperse
systems with attractive interactions, which, in this case, are finely
tuned by the applied electric field. The network disconnects with
increasing frequency into clusters, up to the full disconnection
due to all the rods standing up.

Finally, we observe a counter-intuitive network expansion at
1 kHz above a certain voltage (>4 V},). Increasing the amplitude
of the voltage, one would expect an increase in the magnitude of
the established interactions at 1 kHz in the already existing
porous structure, thus magnifying the close packing of the rods
within the skeleton of the network. This behaviour could be
understood by the dominating EHD-induced repulsive forces at
this frequency when increasing the voltage amplitude, as the
flows around the rods are extensile/repulsive (see Fig. S5 and
Movie S4, ESIt). This is consistent with the regimes mentioned
in Section 2.4. The magnitude of the flow ugyp increases with the
applied electric field at 1 kHz, as ugyp oc E?, generating a strong
repulsive force that disrupts the previously formed network into
a 2D planar highly packed conformation when increasing vol-
tage. We observe the opposite behavior at higher frequencies
within the voltages of our experimental setup, also evidenced by
the PIV analysis (Fig. S5 and Movie S4, ESIt). We observe an
effective attraction of the tracers towards the surface of the
rod, evidencing a decrease of the repulsive EHD flows as ugup
oc 1/f;*® with of dipole-dipole interactions between the rod and
the tracer particles dominating.

Thus, in this scenario, the interplay between dipole-dipole
interactions and frequency-dependent electrohydrodynamic
flows might explain why repulsion dominates at low frequen-
cies, while dipole-attractive interactions overcome weak EHD
forces at higher frequencies, leading to network formation as
supported numerically. This balance results in a percolating
structure with enough connectivity to span the system, as also
seen for spheres.*

4 Conclusions

Our study highlights the versatility of AC electric fields in tuning
interparticle interactions to control the reversible formation of
2D-percolated networks of colloidal rods. We demonstrate that

This journal is © The Royal Society of Chemistry 2025
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percolation occurs at lower effective area fractions than pre-
dicted for non-interacting rods of similar dimensions, empha-
sizing the critical role of field-induced attractive interactions.
These interactions, driven by induced dipole-dipole effects, act
as a tunable mechanism for “stickiness,” reminiscent of the
weak attractive forces that lower percolation thresholds in
carbon nanotube (CNT) systems. The percolation network can
be precisely controlled by adjusting the frequency and amplitude
of the applied AC electric field. Frequency modulates the orien-
tation of the rods, with higher frequencies aligning rods
perpendicular to the plane, thereby reducing their contribution
to the planar network. Conversely, increasing the voltage ampli-
tude enhances the strength of the field-induced dipole interac-
tions, effectively increasing the “stickiness” between rods and
promoting network connectivity. To confirm that these attractive
interactions arise from dipolar forces, we performed Monte
Carlo simulations of dipolar rods confined between two parallel
electrodes. The simulations show that the mirror-image inter-
actions induced by the conducting boundaries lead to effective
rod-rod attractions, facilitating network formation. These results
support the experimental observations, demonstrating that the
percolated networks reach a steady state after the electric field is
applied, confirming that the observed behavior represents a
stable, equilibrium-driven configuration rather than a phase
separation. Our results also reveal a reversible transition from
a connected network to a disordered planar expansion phase,
providing a mechanism to dynamically modulate pore size. By
leveraging the principles of continuum percolation, our
approach provides a robust framework to design percolated
structures with tunable connectivity and porosity. This work
opens pathways for creating advanced porous materials with
reconfigurable architectures.
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