Electrokinetic motion of polarizable particles

Synonyms

Dielectrophoesis, indued-charge electrophoresis, electrophoresis of thesecondkind.

Definition

Theelectrokingic motion of polarizable paticles results from el ectro-osmotic flow (induced-
charge electrophoiesis) of thefirst of secondkind, in addition to electrodatic forces
(dielectrophoresis).

Overview

Theclassical theory of electrophoesis (particle motion dueto electro-ogmotic flow) assumes
tha surface chargeremainsfixed at its equilibrium value, when electric fields (or other
perturbationg are applied (1). For thin eectrical double layers, the assumption of Gixed
chargeQimplies tha particles of uniform compostion all have the same electrophoketic
mobility b (velodty/field)
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regardless of ther sizes and shapes. This naurally poses problems for electrophoetic
separation and has led to theuse of capillaries or gels to exploit additiond effects.

In equaion[1], the Czeta potential O! can beviewed as simply expressing the mobility in units
of voltage, after factoring outthe permittivity " and viscodty # of the bulk solution. In
Smoluchowski@ origind theory, still widdy acentury later, the zeta potential is equd to the
voltage " of the Qlip planeO(atomically close to the surface) relative to the nearby bulk
solution (jus outsidethediffuse pat of thedoubklayer), and, throughthedoublke-layer
capecitance, it also measures the surface charge The assumption of fixed charge thusbecomes
equivaent to tha of condant zeta potential, and the mobility [1] reduaes to a coefficient of
linear respong, U" E.

Since all materials are polarizable to some degree, the surface chargeis generally notfixed.
Thisleadsto abroad class of nonlinear electrokinetic phenomena where buk electric fields
interact with induced diffuse chargein solutionto produce noniinear electrophaetic motion,
U= f(E) In electrolytes, such effects of induced-charge electrophoeesis (ICEP) occur in
addition to the purely electrogatic effect of dielectrophoresis (DEP) in low-frequency AC
fields(< 100kHz), where thereis enoughtime for diffuse-charge relaxation aroundthe
paticle within each period. ICEP is a complex phenomenon, which can lead notonly to
nonlinear mobility (in thefield direction) butalso to rotation and motionin arbitrary
directions even in uniform fields

At still lower frequendes (< 1 kHz), the passage of current througha particle, either by
Faradac reactions surface condudion, or selective ionic condudion, can produe bulk salt
concentration gradients and coupled effects of diffusophoesis. If asupelimiting current is
reached (typically inthe DC limit), then electrophoresis of the secondkind can occur, driven




by extended space charge Undeastanding all of these effects and exploiting themin
microfluidic devicesis an activefield of research.

Basic Methodology

Thetheoretical description of nonlinear electrokinetic phenomenais chdlenging and not yet
fully developed. In mog of our examples be ow, we focuson themotion of anidedly
polarizable particle, which maintainsuniform potential “,(z) and congant total charge Q
withoutpassing any direct current; we also neglect surface condudion and specific adsorption
of ions Unde these conditions indued-charge electro-oamotic flows are strongest, and a
general mathematical framework has been developed (2-5) for the Qveakly norlinearOlimit of
thin doubk layers where the bulk salt concentration (and condudivity ”,) remainsnearly
congant.

Thecalculation goes as follows for the motion of an isolated particle of arbitrary shgpe,
subjected to a nortuniform, time-dependent electric field at infinity for ¢ >0. Thebulk
electrogatic potential satisfies Laplace® equaion, VZp = 0, subject to the far-field bounday
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where}'Eb istheuniform component of the backgrourd field, éb isthefield-gradient tensor,
etc. (Note that the congant GbackgroundvoltageOhas been set to zero.) The GRCObounday
conditionis applied onthe paticle, jug outsidethedoubk layer,

c<w)‘il—lf= n-(0,V¢) [3]

whee C(") isthedifferential capacitance of thediffuse part of thedoubk layer, asafundion
of its voltage drop
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where $ is apaameter controlling how much of the total double-layer voltage endsup across

thecompect layer (theratio of the diffuse-layer and compact-layer capecitancesat the point of
zero charge). The paticle@ potential ¢ (t) relative to the background is set by the condraint

of congant total charge (2,4),

o= { fewanfoa-g

This condition smplifies consgderably if C " condant, e.g. for small voltages |y K<kT /e

aroundthe point of zero chage Thediffuse-layer voltage (and zeta potential) then
redistributes withoutchanging its surface average (3,5)
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butit isimportant to remember that this assumption breaks down for largeinduced voltages
and/or highly charged paticles, since generally dC/dy = 0. (See bdow.)

In theweakly norinear regime, the electrochemical and fluid mechanical problems decouple,
except tha theformer provides thedip velodty driving thelatter. The bulk fluid velodty
satisfies the Stokes equaionsof viscousflow,
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(keeping the ungeady term for time-dependent applied fields) subject to vanishing velodty at
infinity. Thebounday conditiononthe particle surface (jus outsidethedoubk layer)

u:hs+l'J+'r"# [8]

describes electro-osmotic slip in the moving frame trand ating and rotating with the paticle.
Assuming congant permittivity and viscosty, thedip velodty is given by Smoluchowski(3
formula,
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where " (r,t) acts asthelocal zeta potentid. Findly, asin classical electrophoesis and
dielectrophokesis (effects which are bath induded here, alongwith ICEP), thetrandationd and
rotationd velodties, U and " , are deermined by the conditionsof vanishing total force and
torque respectively,

o #)dA= & %0"#)dA=0 [10]

since viscousdissipation suppresses acceleration. In [10], thestress tensor indudes viscous
and electrogatic contributions

" SHPE + %&u, +&u)+ (EE, #%EZ.SS‘”.) [11]

andtheintegrals are over any surface containing the particle because thefluid isin mechanical
quasi-equilibrium,

This basic methodobgy can be extended to more complicated situaions as outlined in the
article on nonlinear electrokinegtic phenomena For example, if thepaticleisnotideally
polarizable or has a dielectric coaing, then Laplace® equaion mug also be solved for the
electrodatic potential inddethe particle, with appropriate matching conditions(3). Channd
walls can bedescribed by replacing the conditionsat infinity with appropriate electrogatic
bounday conditions induding possible doubke-layer relaxation[3] and ICEO dip [9] onfixed
metal structures or electrodes; multiple particles can also be described, usudly with numerical
methods A greater complicationisto allow the paticle to selectively condud ionsor pass a
Faradac current and/or to adsorb significant salt from the bulk in its doubk layers. The
resulting gradients in buk salt concentration require solving thefull Poisson-Nerng-Planck
equdionsfor theeectrochemical relaxation (6) and allowing for bulk electroconvectionin the
fluid equédions(7). Conaentration gradients also lead to diffusophokesis, which addsaterm




propottiond to " | logcto the Girst kindGdlip formula[9], and, if strongenoughto producee
bulk space charge, also to electropholesis of thesecondkind (8,18).

Key Research Findings

Field-dependent mobility

A well-known prediction of theclassical theory of electrophoesisis tha the mobility [1] only
dependsonthetotal charge (or average zeta potential), in thelimits of thin doubk layers, small
charge, and weak fields(1). This remarkable result holdsfor any size or shape even if the
paticleis polarizable and acquires a non-uniform charge (or zeta) profile in respon® to the
applied field. It isnotwiddy appreciated, however, tha this follows from the assumption of
condant doubk-layer capacitance, which reduces [5] to [6].

In the 1970s SS Dukhin@ groupwas perhapsthefirst to recognize that the electrophaetic
mobility of polarizable paticles mug generally depend ontheelectric field (9). In a series of
Russian papers, which have yet to gain widespread attention, they predicted perturbaionsof
themobility as Ab « E* and thusnoniinear electrokinetic motion " U # E*, which they have
come to call the Stotz-Wien effect. For the case of a steady weak field applied to an ideally
polarizable sphee of radiusa, AS Dukhin derived an expangon for themobility,
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which holdsfor any modd of theelectrical doubklayer (10). The same result can bederived
fromthegeneral formalism aboveby expanding [5] for ” #" , =$ and keeping correctionsto
[6], and largefields nonspheical shapes, and AC forcing could aso be congdered. In
prindple, any field dependence of the mohility, regardless of its true cause, can be exploited to
separate paticles usng an unbdanced AC field, which cancels thelinear respon® (since

(E) =0) while amplifying mobility corrections(since (E°) " 0) (9,11).

Induced-charge electrophoresis

Mobility perturbaionsfor spheaica paticles, however, only hint at therich phenomenatha
can arise in the electrokinetic motion of pdarizable particles. Murtsovkin and co-workers
were thefirst (andto dae, the only ones) to experimentally observe nonlinear electrokinetic
motionin auniform AC field in directionsobliqueto thefield axis (12). They studied irregular
quatz particles movingin water near thewall of a cuvete in surprising directionsappaently
set only by the particle shgpe If a particle rotated enoughby Brownian motion when thefield
was off, it could be seen to reverse direction when the field was turned back on. Thevelodty
scaled with the squae of thefield amplitudeand increased with the particle size. No theory
was proposed for this phenomenon in pat since it was only oberved near thewall and notin
thebulk solution.

Bazant and Squires recently predicted that polarizable particlesin thebulk can undego
essentially arbitrary trandation and/or rotation by ICEP in auniform electric field, aslongas
they possess appropriate broken symmetries (2,4), such as non-spheaical shapes and/or non
uniform surface propeaties (e.g. dueto coaingsof different polarizability or compact-layer
capacitance). Theformer cases begin to explain Murtsovkin® early observationsand beg for
new experimentsto test a variety of specific theoretical predictions discussed bdow. The



latter cases, which had not previoudy been ob<erved, are described in a companion article on
electrokingtic motion of heterogeneousparticles.

For homogeneousparticles, the canonical exampleistha of an undharged, idedlly polarizable
paticle of irregular shgpein aweak, uniform DC field. In tha case, thebasic velodty scale for
ICEPis
U :ﬂ (uniform field) [13]
ICEP #(1+$)
where a is a characteristic radius (2). Using thelow-voltage modd [6-11] (with C=condant),
Yariv deived general expressionsfor thetrandationd and rotationd velodties, respectively,

U
= —CEH D, EE, [14]
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where C isadimengonless tensor and D apseudo-tensor, each expressible as surface integrals
involving the bulk potential, jus outsidethedoubk layer. Squires and Bazant treated a nunmber
of gpecific examples by solving [6-11] directly usng perturbaion methodsfor nearly
symmetric objects and discovered some simple prindples to predict the motion of a paticular
shape (4).

Thebasic mechanism of ICEP for irregular patticlesis shown in Figure 1. Asshown in (a) and
described in the article on nonlinear el ectrokinetic phenomena, the | CEO flow arounda
symmetric paticleis quadrupdar (2,3), drawing fluid in alongthefield axis and gecting it
radially. If the particle has broken left/right symmetry as shown in (b), then theradial flowis
stronge on onesidethan the other, leading to | CEP motion perpendicular to thefield.
Similarly, breaking only fore/aft symmetry producs | CEP motion alongthefield axis, and
combinaionsof these asymmetries can cause motion in an arbitrary direction.

| CEP can also contriibute to therotation of polarizable particles with elongaed shgpes
(2,4,5,15), asilludrated in Figure 2a It iswell known tha DEP causes such paticlesto align
with the axis of auniform field, dueto electrodatic torqueontheinducd dipde. At low AC
frequency (orintheDC limit), if thefield persistsin onedirectionlongenoughfor ICEO flow
to occur, then ICEP causes arotationd velodty with abasic scale that isindgpendent of the
paticle size but sengtive to its shgpe,

2
QICEP = UICEP = ef [15]
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This scale hgppensto bethe same astha of the DEP rotationd velodty, so ICEP rotationis
easly overlooked and mistakenly interpreted as DEP. It is possible, however, to clearly
distinguish the two effects, as recently demondrated by experiments (14) and smulations(15)
involving rod-like, metal paticlesin uniform AC fields (See Figure 3.)

More complicated asymmetric particles can undego essentially arbitrary ICEP motion, evenin
auniform field. Even in the context of thesimple modd above these effects have notyet been
fully andyzed, but some genera prindples have been identified (4). A strikingexampleis
shown in Figure 2b, which illugrates how arrow-like particles of dightly different shapes can
movein pependicular directionsin a uniform field, depending onther broken symmetries: On
theleft, aGhor, fat arrowOrotates to align its longaxis with thefield and then moves



perpendicular to thefield, toward its pointed end; on theright, a Qong, thin arrowOal so rotates
to aignitslongaxis, butthen moves paalel to thefield, toward its bluntend. Such
predictionsare quite recent, however, and remain to betested experimentally.

A telltale sign of ICEP is the presence of nonuniform ICEO flow aroundthe particle, which
leadsto complex hydrodynanmic interactionswith other particles and walls. For example, the
basic quadrupolar flow in Figure lacauses two symmetric particles to movetoward each other
alongthefield axis and then pudh apart in thenormal direction (13,15). A finite cloudof such
particles would thusbecome squashed into a disk-like Gpreading pancakeOperpendicular to
thefield axis (3). Thesame flow field can also cause paticlesto berepelled frominaulating
walls (perpendicular to thefield) (16) or attracted toward electrodes (normal to thefield), but
these are only guiding prindples. Broken symmetriesin particle shgpe or wall geometry,
however, can cause different motion dueto combined effects of DEP and | CEP, even opposte
to these prindples, and theinteractionsof multiple particles can aso beinfluenced strongly by
walls. Such effects have notyet been fully explored in experiments or simulations

Low-frequency dielectrophoresis

In the 1970s Shilov and Estrella-L opis first recognized that electrohydiodynamics (wha we
now call QCEOQ can contribute to themotion of particlesin low-frequency, norruniform
electric fields(17), in additionto the classical effect of DEP, athoughtheeffect has not been
studied much in theory or experiment. Shilov and Simonovaanayzed the problem of an
idedlly polarizable sphere in auniform field gradient and made theremarkable prediction that
the particle does not move Dueto equd and opposite motionsby DEP and I CEP, the sphae
levitates in thefield while driving a steady | CEO flow, butthisis auniquecase.

Squires and Bazant recently showed that broken symmetriesin thefield gradient and/or the
paticle shgpe generally cause a paticle to move, dueto subtie imbdances beween ICEP and
DEP (4). Both effects have the same basic scaling,
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Moreover, asillugdrated in Figure 3, the DEP force and | CEP velodty tend to act in opposte
directions at least for the case of an ideally polarizable particle with thin doubk layersin a
nonuniform electric field (of arbitrary complexity). Similar to the case of rotationd motion
discussed above |CEP can beeasily overlooked and the observed trandationd motion
attributed solely to DEP, if it isalongthefield gradient. Experiments clearly separating | CEP
and DEP effects are still lacking, and an oppotunity exists to exploit these combined effects
for manipulating polarizable colloids once theeffects are better unde'stood.

Electrophoresis of the second kind

Asdescribed in the article on nonlinear electrokingic phenomena, electro-ogmoss of the
second arises when the bulk salt concentration goesto zero at a surface passing a diffuson-
limited current. Unde conditionsof supe-limiting current, the densty of counterionsin the
electrical doubk layer losesits classical quasi-equilibrium profile and aregion of dilute space
charge extendsinto the solution to the point where the bulk salt concentration becomes
appreciable. In spite of the small counier-ion concentration, theexpulsion of co-ionsfrom the
gpace charge layer leadsto significant chargedendty and, in the presence of atangential
electric field, electro-oamoss of thesecondkind (7).




If apaticleisableto sugain asupa-limiting current, then such flows can cause it to move by
electrophoeesis of the secondkind, asfirst noted by S. S. Dukhinin the 1980s As shown in
Figure 5, second-kind electrophaesis has been observed experimentally for large (>10 pm)
particles composed of cation-selective porousmaterials, and theflow structure has been
studied in detail (8). Dueto the complexity of the phenomenon, however, thetheory has
mainly been limited to scaling arguments and heuristic bounday-layer approximations(18),
butthere is hopethat therigorousmathematical study of second-kind flows (7) could soonbe
extendal to second-kind electropholesis. Effects of walls, multiple particles, and broken
symmetries should also eventudly be studied.

Future Directions for Research

Compared to thevast literature on linear electroploress, the study of nonlinear electrokinetic
motionis still its early stages. Asindicated above much remainsto bedone bath in making
theoretical predictionsand systematically testing them (or discovering new effects) in
expeiments. Modean mathematical methodsand computationd power now alow more
sophisticated andysi's, going beyondlinear and weakly nonlinear approximations as well as
large scale smulationsof interacting colloidd particles. Similarly, the advent of microfluidics
provides new oppotunities to observe and exploit nonlinear el ectrokinetic phenomena, since
polarizable particles can now befabricated with complicated shapes and material propaties
and electric fields controlled with submicron precision.

Applicationsof nonlinear electrokinetic motion are still largdy unexplored. Aperiodic
electrophoesis and other ICEP phenomenacould be used to separate polarizable particles
based on shgpe, size, and/or surface properties, in ways that cannotbe accomplished usng
linear electrophoesis. Sorting, trapping, and assembling paticles interacting vial CEP and
DEP in microfluidic devices could be used to engineer new materials with anisotropic
electrical, mechanical, or optical propeties. Polarizable particles can aso be attached to
biological molecules or cells and manipulated by ICEP and DEP for separation,
characterization, or labding.
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Figure L egends

Figure 1

(a) Induced-chargeelectro-osmotic (ICEO) flow arounda symmetric, uncharged, ideally
polarizable particle (from Ref. 3); (b) An example of ICEO flow and theresulting induced-
charge electrophoetic (ICEP) velodty for an asymmetric shape (from Ref. 4).

Figure 2

() Mechanism for ICEP torqueon arod-like, polarizable particle in auniform electric field,
which enhances dielectrophoetic (DEP) torque (b) Possible I CEP velodties for asymmetric
shgpes, onae ther long axes have aligned with thefield.

Figure 3

Experiments on cylindrical silver paticles (.318um diameter, 6um length) sedimentingin de-
ionized water by gravity alone(a) andin a100Hz, 100V/cm AC field aligned with gravity
(b). Theexpeimental distributon of anglesin different fields(c) agrees well with theoretical
curves (solid) which take into accountboth | CEP rotation and el ectrogatic torque (from Ref.
14)

Figure 4

An idedlly polarizable cylinde subjected to anonuniform DC electric field in an
electrolyte with thin doubk layers: (@) Field lines and the DEP force, typically directed
down thefield gradient. (b) Streamlines of ICEO flow and the | CEP velodty, which
always directed opposte to the DEP force. (from Ref. 4).

Figure 5

Expeiments on electrophaesis of the secondkind for cationite KU-2-8 particlesin 10* M
NaCl. (a) Velodty versustime for paticles diameters 0.42mm (1), 0.33mm (2), and 0.21nmm
(3) with sketches of the observed flow fields (b) Scaling of velodty with applied field for
diameters 0.31nm (1), 0.28nm (2), and 0.26mm (3). (from Ref. 8)
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