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Theory
Quasi-electrostatics

Considering electro-neutrality for the bulk solution in the absence of magnetic effects, the set of Maxwell equations is reduced
to

py =V-(¢E)
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E=-V¢
Here E is an applied electric field, ¢ the bulk potential, Py a distribution of volumetric free charge density existing only in the
presence of any dielectric gradient across the bulk.'> & and o are dielectric permittivity and electrical conductivity,

respectively. Assuming a harmonic actuation ¢(t)= Acos(wt+6) and hence seeking solution for sinusoidal steady state, we
introduce phasor amplitude of each electric field variable denoted by a tilde for analytical convenience

¢(t) = Acos(wt+6)

=Re (Ae«fee./wf ): Re (%jwt ) (S2a)
E(r)=Re(Ec™) (S2b)
p(t)=Re (pe’ “ ) (S2¢)

Here w =27z f and f are the angular frequency and linear frequency of the harmonic field, respectively.
From Eq.(S1) and Eq.(S2), charge conservation for sinusoidal steady state is obtained

V-((o+jes)E)=0 (S3)
For homogeneous bulk salt concentration, Eq.(S3) is further reduced to the Laplace equation®”
V2ge=0 (S4)

AC Dielectrophoresis (DEP)

At frequency below tens of megahertz, Maxwell-Wagner interfacial polarization is the dominating polarization mechanism at the
interface between two dielectrics.® When a dielectric particle suspended in liquid medium of different polarizabilities is
subjected to a background non-uniform electric field E, DEP force acting on the induced dipole moment of the particle will

attract it to (positive DEP or pDEP, Re (fCM (a)))> 0) or repel it away from (negative DEP or nDEP, Re (fcM (a)))< 0) a high field

intensity region.



Point dipole approximation

For spherical particles of radius R, the net time-averaged DEP force in an AC field can be given by the point dipole (PD)
approximation which ignores any near-field effect®12

(Fppp) = 7,R Re (o, (0))V (E -E ) (S5)
With £, (a)) being the frequency-dependent Clausius-Mossotti (C-M) factor3-15
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Here Re(...) denotes the real part of (...), and * is the complex conjugate operator. The subscripts p and f represent particle and

O-p~f

2 .
fluid, respectively. &, , =&, , —Jj is the complex permittivity of an indexed lossy dielectric.

Since they possess a net surface charge density, PS particles at nano- and micro-meter dimension do not behave as ideal
insulators. An equivalent bulk conductivity of the PS colloids is related to the surface conductance Ks through

-9
o, =&=w:0.0004S/m (S7)
R 5x107" m
Here Ks = 1nS is appropriate for particle diameter more than 2um.® 0.0004S /m PS particle of 5um radius suspended in
0.002S / m electrolyte gives rise to an in-phase polarization shown in Figure S1(A), which has a constant low-frequency
conductivity plateau around -0.363 from 1Hz to 10kHz. As a result, any frequency-dependent particle behaviours observed in this
frequency range cannot be solely caused by Maxwell-Wagner interfacial charge relaxation.
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Figure S1. (A) Real part of the C-M factor for 10um PS microbeads suspended in 0.002S/m electrolyte solution; (B) Double-layer model: a stern-layer capacitance C; is in series with

the diffuse-layer capacitance Cp with a surface capacitance ratio § =C, /C; .

Maxwell stress tensor approach

If any near-field influence becomes important, such as particles come close to one another or any other solid surface, the above
approximation can no longer work accurately. Under such circumstances, the DEP force can be accurately obtained by
integrating the time-averaged Maxwell stress tensor (MST) over the control surface of a closed volume!® 17

d
(Fppp) = §T>~ndS (S8)

Here n is the unit vector normal to the particle surface 0P .
The expression of MST is given by

<%>:%Re[£_ftf*—%(£f .Ef*)j (S9)

Here the subscript f means the complex electric field Ef is obtained in the fluid domain along the control surface 0P, andI isa

unit tensor.



Continuity of normal component of the complex electric displacement vector is satisfied across the particle/electrolyte
interface oP
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Field-induced double-layer polarization

An initial normal field component on the surface of the floating electrode brings mobile counter-ions to this interface (Figure
1(C)), where they accumulate and form a diffuse screening cloud of dipolar nature after a characteristic RC charging time

c = aCd/Uf (l+§)= é‘a/af)uD (1+5)(a =0.195L =39um is the characteristic macroscopic length scale).’® This IDL has a
Debye length 4, =, [Dgf/O'f ~26.6nm #1920 Here D =2x10"m" /s is the ionic diffusivity.

As for mathematical description of field-induced double-layer polarization around the floating electrode, the diffuse screening
cloud can be regarded as a capacitor skin charged by Ohmic current from the bulk resistance in the asymptotic limit of thin IDL2!

o, (n-v#)= jo 2 (43/— ) (S11)

C & o
Here & =—2is the surface capacitance ratio of the diffuse layer C, =/1—fto the compact layer Cg = 0.2F /m?*, Vy = A/Z the
s D

floating potential of the middle electrode, ¢ the potential in the bulk just outside the double-layer, C, =

total capacitance (Figure S1(B)), and n the unit normal vector on the surface of the floating electrode.
0, o
At steady state, the uneven distribution of an induced surface charge density —(/°: -C, (VO —3"5 in the IDL repels the bulk field

lines completely, which makes the polarizable surface behave like an insulator (Figure 1(D)).

Induced-charge electroosmotic flow

The action of a tangential field component on the mobile ions in the Debye layer induces ICEO slip velocity u on the

slip
polarizable electrode surface, the time-averaged expression of which is derivable from the generalization of Helmholtz-
Smoluchowski formula2l- 22
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Here 7 =0.001Pa-s is the dynamic viscosity of liquid suspension, and E, =E—FE -n-n the tangential component of electric

field vector on the electrode surface.
Eq.(S12) is then inserted into the following Stokes equation as the boundary condition on the surface of the bipolar electrode,
with all other surfaces being treated as no-slip walls to obtain the steady state ICEO convective flow

~Vp+V-( (Vu+(Vu) ))-0 (313)

V-u=0

Here p is the hydraulic pressure, and u the flow velocity vector.

As shown in Figure 1(D), the ICEO flow has two opposite eddies around the oppositely charged metal strip, and affects the
particle electrokinetic motion at low frequencies through the interaction between the hydrodynamics and electrostatics.
However, when the field frequency is far beyond the reciprocal RC charging time

Sre-average = O (1 + 5)/27er (0.195L)= 347 Hz for the equivalent circuit of the bulk ohmic resistance coupled to the interfacial

total capacitance, there is not enough time for the IDL to form due to a relaxation process. As a consequence, the polarizable
metal surface recovers to an ideal conductor above fp. ... (Figure 1(C)), and ICEO flow velocity declines by 50% at

chuavemge =347Hz (Figure 5(C)).



Numerical simulation

A commercial FEM software package COMSOL 4.4 is used in this study to numerically calculate the particle DEP force and ICEO
flow. The electrostatics and hydrodynamics are governed by Eq.(S3) and Eq.(S13), respectively, and boundary conditions for their
simulations are shown in Table S1 and Figure S2.

When DEP force is approximated by PD method Eq.(S5), the influence of particle on the its surrounding electric field must be
neglected, i.e. Eq.(S10) is not considered and hence Eq.(S3) is solved in the absence of particles. In contrast, when MST approach
Eq.(S8) is applied to quantify the accurate DEP force acting any solid body, the impact of the colloid volume on the near-field of
the colloid must be directly taken into account in the calculation of the complex electric field.

Figure S2. 3-D geometrical model for numerical simulation

Table S1. Boundary conditions for electrostatics and hydrodynamics in numerical simulation

Index number Name Electric boundary condition for | Flow boundary condition

Eq.(S3) for

Eq.(S13)
1 Left electrode D=A u=0

2 Floating electrode Eq.(S11) Eq.(S12)
3 Right electrode ®=0 u=0
4 Channel walls n-vd=0 u=0
5 Particle surface Eq.(S10) u=0

Particle-electrode electrokinetic interaction
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Figure S3. (A) z- component of DEP force (DEPz) acting on particle 1 at a distance of d=50um from the electrode surface as a function of frequency; (B) z- component of DEP
velocity of particle 1 (VDEPz) for d=6um; (C) lllustration of vertical force components acting on the ensemble of the horizontal particle chain assembled on the electrode surface at
5~50Hz.

As shown in Figure S3(A), the location of particle 1 is chosen in a way that the center of particle 1 has a distance d from the
surface of the floating electrode. We need validate the correctness of current MST calculation algorithm in the absence of any
near-field effect, so d=50um much larger than particle radius is preferred. The results from PD approximation and MST method
show a good agreement in Figure S3(A). The frequency-dependence of DEP force is due to field-induced double-layer
polarization rather than Maxwell-Wagner interfacial relaxation, since the real part of C-M function has a constant low-frequency
plateau below 10kHz (Figure S1(A)). Specifically, z- component of DEP force (DEPz) reaches zero in a uniform field around a flat
insulator at low frequencies (Figure 1(D)). With increasing field frequency, the floating electrode gradually recovers from an
‘insulator’ (Figure S4(A)) to a conductor (Figure S4(B)) from the perspective of an observer, resulting in an increase in DEP force.
The minus sign in Figure S3(A) indicates DEPz is directed along the negative z axis, i.e. nDEP force attracts the particle to the
electrode surface, which is in good agreement with Figure 5(B).

We then investigate particle-electrode electrokinetic interaction by placing particle 1 in close proximity to the electrode
surface, e.g. d=6pum. MST method and PD approximation coincide well with each other above 2000Hz, and both of them indicate
nDEP velocity on the order of -0.2um/s toward the electrode center above 500Hz (Figure S3(B)).

However, there is large disparity between the two approaches at low frequencies. Though VDEPz predicted by PD
approximation vanishes in DC limit in Figure S3(B) as DEPz does in Figure S3(A), VDEPz predicted by MST method clearly indicates
an electrostatic repulsion force (ERF) at low frequencies that repels the colloid away from the electrode surface. In this case, the
electrode behaves as insulating channel wall at low frequencies since the electric current passes around it (Figure 1(D)), and the
background field is rather uniform. As a result, this ERF has its origin in the near-field non-uniformity caused by the close
proximity of the insulating colloidal particle to the ‘insulating’ electrode (Figure S4(A)). Moreover, we even alter the bulk
conductivity of the particle to see if the sign of DEP force can make a change (results no shown here). Even for a conductive

particle of Re(fCM (a)))= 1, this DEP force at low frequencies is still repulsive, and there is a special case that ERF is zero when

the conductivity of particle equals that of liquid suspension, so ERF acting on colloidal particles which repels them away from
insulating walls in a uniform background field is common and independent of particle polarizability.

Analysis of the 2D assembly state
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Figure S4. A surface and arrow plot of the electric field in the x-z plane (unit: V/m), influence of dipole-dipole interaction on the near-field of particles, and an illustration of various
forces acting on neighbouring colloids under different conditions: (A) at 10Hz and 37.5V; (B) at 10kHz and 62.5V. Fic¢o, Faipoiar and Frpep denote ICEO fluidic drag, dipolar interaction
and nDEP force, respectively.



Table S2. DEP particle-particle interaction characteristics at different assembly frequencies

We

Field frequency x-component (horizontal) DEP y-component DEP interaction The resulting assembly
interaction Fpgpy Foepy state on the electrode

surface
5~50Hz (Figure 2) Strong attraction Strong repulsion Dipole-dipole chaining

configuration with
obvious inter-chain

separation
3kHz (Figure 4(B)) Weak attraction Weak repulsion Compact assembly
10kHz (Figure 4(D)) Weak repulsion Weak repulsion Disordered 2D packing

Description of video clip

also include herein a series of video clips of frequency-dependent particle electrokinetic behaviors near the floating

electrode to help present our work vividly.

T

1)

2)

3)

4)

5)

6)

7)

he following is the description of video clip, which are presented in the order of increasing field frequency.

At the field frequency 5Hz much lower than the reciprocal RC charging time, ICEO micro-vortices result in a rapid transport of
colloidal particles toward the electrode center, where they form arrays of horizontal particle chains that are almost parallel
with the applied field direction, and there is large inter-chain separation along the y-direction.

At the frequency 10Hz or 50Hz, the particle trapping and dipolar chaining self-assembly phenomena keep identical with 5Hz,
but the inter-chain distance overall decreases.

At 200Hz around the inverse RC time scale, particles or short particle chains formed during rotation rotate synchronously
with ICEO vortices in the x-z plane and no particles can be trapped on the electrode surface.

At 600Hz, the particle/chain rotation phenomenon keeps similar with 200Hz, but 1~2 columns of particles are trapped on the
electrode surface.

At 2kHz, some local circulating motion of particles in the vicinity of electrode edge still occurs, and 2~3 columns of particles
are trapped on the electrode surface.

At 3kHz, particles can be once again effectively trapped at the electrode center under the combined action of ICEO flow and
nDEP force, and a compact 2D assembly state occurs on the electrode surface.

At 10kHz much higher than the characteristic RC charging frequency, nDEP induced particle trapping also takes place at the
center of the electrode surface, while disordered 2D packing is formed this time.
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