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Electrohydrodynamic Patterns in Charged Colloidal Solutions
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Various solutions of charged colloidal particles self-organize under strong ac fields into continuously
sheared bands tilted with regard to the direction of the field. We report here that the angle of tilt takes
essentially two valuest45° or =60°, depending on the amplitude of the periodic electrophoretic drift
of the charged aggregate as compared to its width. We propose an electrohydrodynamic model that
explains the very striking features of these patterns in colloidal solutions. Numerical solutions show
good agreement with the transient and quasistationary structures observed. [S0031-9007(97)02310-7]

PACS numbers: 82.70.Dd

Recent reports have shown that initially homogeneousolutions containing only monovalent co- and counterions.
colloidal suspensions may develop instabilities undefThey also form field-induced patterns at lower fields than
strong electric fields leading to surprisidgnamic quasi- other colloids, therefore reducing experimental complica-
stationarypatterns. Among the most striking ones are thetions and risks of thermal effects. Above a threshold field
chevron structures observed when the solution is confinedepending on the frequency (about 5@cvh at 10 Hz),
between two parallel plates, an ac field being appliedsegregation into DNA-rich domains and DNA-poor do-
parallel to the plates: long aggregates of colloidal particlesnains occurs. The domains grow by coalescence at a
disposed in a zigzag fashion can be observed, as well aate increasing with the field strength, and adopt the typi-
the fast recirculation of individual particles within each cal patterns displayed in Figs. 1(a) and 1(b), with elon-
aggregate. These patterns were observed in solutions ghted aggregates tilted with respect to the (horizontal)
China clay [1], polystyrene latex [2], and DNA [3,4], sug- field. We report here that two regimes should actually
gesting that the underlying physics is very general. Thide distinguished. At frequencies lower than about 10 Hz,
phenomenon has dramatic effects on the otherwise vehe aggregates are seen to drift on distances larger than
promising capillary electrophoresis technique [3,5], andheir width over a period of the applied electric field and
may also have important consequences (mainly advers#)e tilt angle is6 = *=45° [Fig. 1(a)]. In contrast, we
on other practical applications, such as dielectrophoresis,
electroflocculation, or electrorheological fluids [6]. Un-
fortunately, very limited understanding is available about
the mechanisms responsible for both the initial instability *
and the eventual morphology. T e

In the present Letter we report progress on the seconi ;
front. We have developed an electrokinetic theory that" -
takes into account the fact that at the field amplitudes a1,
which these patterns develop, deviations from electroneu . «
trality should occur far beyond the Debye layer. Analysis «
of the resulting electrical body force on the fluid leads *
us to predict different morphologies at low and high fre- # -
quencies in agreement with experiments. For the sake o
clarity we report first the experimental observations. We
then sketch our theory and show its ability to describe the

two regimes. We conclude by comparing our numericaF!G. 1. Top view of the horizontal slab cell containing

predictions to additional experimental observations of th%)(’%%/EmLSfffeLﬂngdn?&fq?%?bgyfag?dppg%eﬂqem |g|ngch 'z)ori]”_

growth of a zigzag band from a d!sk—shaped aggregate. taining 10 «M ethidium bromide for fluorescence visualization.
Let us start by briefly describing the key featuresTthe experimental setup is identical to that in [3], except that the
of electric-field—induced segregation in bacteriophageapillary is replaced by a slab cell comprised between two cov-
A-DNA solutions [7] confined in quasi-2D geometry erslips. A thickness o10 + 1 um is imposed by dispersing
[Figs. 1(a) and 1(b)]. DNA solutions are particularly well " the solution a few latex spheres of diametérum (Poly-

; . ciences, Eppelheinm, D). (a) and (b) are taken 2 min after
suited to such studies because DNA molecules can be ol onset of a 300 yem ac field, in the horizontal direction,

taingd as very monodisperse samples, they are strqngly I'eét frequencies 2 and 100 Hz, respectively. These are negative
pulsive, and they do not spontaneously aggregate in watémnages coverin@00 um.

(a)
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measured = +60° at higher frequencies [Fig. 1(b), when field vanishes) we cannot resort to the classical “low elec-
the periodic drift of the aggregates is a few times smalletric field” approximation to overcome the complexity of
than their width. As first recognized by Hat al. for latex  the coupled nonlinear electrokinetic equations [9]. Instead
suspensions [2], these tilted aggregates are in fact quasite take the concentration of charges on the macroions to
stationary (highly) dynamical structures within which in- be small everywhere compared to the average salt concen-
dividual macroions recirculate continuously as indicatedration ¢;, and assume that it can be described, at length
schematically in Fig. 2. scales much larger than the Debye length, by a smooth
We now outline the general ideas founding our theo-continuous concentration profile varying on a sdajée.,
retical model. Take a solution of large charged objects, (7, 1) < ¢, with WcMI ~ cy/L. We then find that
(macroions) and monovaLent small anions and cationghe salt concentrationS (7,7) = 2¢, + 88, locally veri-
Applying an electric fieldE, induces the coupled mo- fies the following linearized conservation equation:
tion of all species as well as that of the fluid due to - 2
the electrical body force ternp, E, in the Stokes equa- 05 = D;AS = zmpsEo - Vey =0, (1)
tion: nAv — ﬁp + peE‘ = 0, with n the viscosity and if eEoL/kgT = 1, which ensures that the perturbations in
v, p, pe, E, respectively, the local fluid velocity, pressure, electric field are small and scale 8&8/Ey ~ cy/cs < 1
charge density, and electric field. This situation has beehL0]. For L in the micron range, this typically holds for
classically analyzed in linearized theories taking the aptEol = 100 V/cm. D, and u; are the diffusion constant
plied field as a small parameter as compared to the equ&nd the electrophoretic mobility of the salt ions (taken for
librium electric field within the Debye layers [9]. This in simplicity identical for the small counter- and coions).
fact amounts to assuming that the charge density is essehlectroneutrality is also assumed in Eq. (1), whichése
tially that of the equilibrium Debye layers which allows @ good approximation as long d8Eox~'/ksT)* < 1
one to evaluate the electrophoretic mobility; for simple ~ (i.e., Eo < 10> V/cm for a typical Debye length,
shape macroionsly, = ZM,U«MEO1WhereZM — +listhe « '=2nm) [10]. The nonuniform salt profiles is
sign of the macroions’ charges (i.auy = 0). The ex- then itself “polarized” under the electric field to ensure
cess counterions migrating within the macroions Debyeé® quasiuniform current on time scales longer than the
layers also tend to polarize the colloidal particles. How-("Debye”) electric relaxation timeV - (SE) = 2¢,V -
ever, deviations from electroneutrality at the macroiont + E, - VS = 0. This gives rise to a local net charge
surfaces do not grow unbounded under electric fielddensity, p, = 880% .- E, that extends typically over
leading instead, after electric relaxation (Debye timemicrons into the electrolyte solution surrounding the
~107? to 1077 s), to nonstationary perturbations of the macroions. Namely,
total salt concentrationS, extending far beyond the
Debye layers [9] § = ¢+ + ¢—, wherec; andc- are pe = —
the supposedly monovalent small cation and anion con- Cs
S?enr;[tr:tlgfnst%.e \Qﬁt hc?)rﬁcg;%;?i(:zazat:sstiJgr%? tshcglfoggﬁ/here ego is the dielectric constant of the electrolyte
conductivity) lead, under electric field, to a charge densitysomtlon' Th.e 'resultlng electrical ‘body .forcgaeE
o S P -~ “generates, within the polyelectrolyte solution, electro-
which in turn induces large scale shearing of the liquid.,

As we are interested in electrohydrodynamic phenomen%ydr()dynamiC flows that effectively convect the very
beyond the Debye layers (where the equilibrium electri owly diffusing macroions, whereas they generally

*%0E - VS, ©)

c:oring a negligible correction to the approximate conser-
vation equation (1) for the much faster diffusing salt ions.

Let us now estimatep.E in the vicinity of some
arbitrary macroion-rich regiora:,M(Z, t), of electrophoretic
mobility w,, in an ac electric fieldZy(r) = Ey coqwt).

It is instructive to start with the case offiaed charged
domain, i.e.,uy = 0, which we assume for concrete-
ness to have a bandlike shape similar to the charged
membranes used in electrodialysis [11]. The salt concen-
tration increases at the domain interface towards which
the excess counterions migrate, whereas a salt depletion
simultaneously forms at the opposite interface. At a
FIG. 2. Sketch of a field-induced quasistationary dynamicalgiven point in the fluid, the gradient of salt is according to
aggregate containing typically hundreds of macroions. TheEq. (1) perpendicular to the domain interface and propor-

direction of circulation (arrows) changes with the sign of thet. | to th | t of th lied electri
tilt angle, §. The circulation velocity increases rapidly with Honnal to the normai component of the applied electric

increasing field, and can rea¢h0 wm/s close to the aggregate field Eqcog¢) (same notation as in Fig. 2). Taking into
boundary. account a (space dependent) phase shifs amplitude is

972



VOLUME 78, NUMBER 5 PHYSICAL REVIEW LETTERS 3 EBRUARY 1997

thus forma||y|65(;)| « Eo(t — 7)cod¢). From Eq. (2) the order of magnitude of the recirculation velocities.
we then obtain p.(r) « Ey(t)Eo(t — 7)co$(¢). The  Furthermore, we find;/L? = uyEy/L = 10 Hz which
instantaneous local electric forcg,Ey, has therefore a predicts that the crossover frequency between the HF and
component perpendicular to the membrane interface prd-F regimes is indeed close to 10 Hz, corresponding to
portional toE(z)(t)Eo(t — 1) cos(¢), and a parallel com- the observed transition between tilt angles of &ad 45,
ponent proportional toE3(t)Ey(t — 7)cos(¢)sin(eh). respectively. This concordance between the tilt angle of
Hence, at first order, both components average to zerdie elongated aggregates and the direction of maximum
over the period27/w, since they are proportional to shear stress, predicted by our simple model, suggests
the product ofthree sinusoidal functions of the same that these patterns are actually the result of an (electro-
frequency. hydro)dynamical process selecting first the (far-from-
This is no longer true if we take into account the equilibrium) quasistationary structures with the maximum
primary electrophoretic drift of an arbitrary macroion- shearing amplitude (before they evolve further on longer
rich region (i.e.d,cy + ZMMMEO . %CM — 0) of typical time ' scales—typically + > 10 min—as reported by
width L along the direction of the field: under electric Jenningset al. [1]). , _
field, it movesin the opposite direction to the (excess) Ve confirmed this idea by testing our model against the
counterions, that isowards regions under simultaneous OPServation of the transient regime by which a disk-shape
salt depletion process To analyze the effect of this A-DNA aggregate acquires its eventual zigzag structure

periodic oscillation, one must take into account the timeftér the sudden application of a strong ac electric field
dependence of, in Eq. (1), and two regimes must be (Eo = 500 V/cm andw /27 = 100 Hz) corresponding to

distinguished. the HF regime [see Figs. 3(a)—3(d)]. We numerically
The “low frequency” (LF) regime corresponds éo < solygd an approxm_1ated nonlinear _dynamlc equation de-
D,/L? = uynEy/L. Atsuch frequencies, the salt profile scribing the evolution of the density of macroions. In
adapts to the quasi-dc drift of the macroin-rich region s?ddition to the electrophoretic migration already intro-
that its oscillations are also described by an equation dfuced, this takes into account the macroions’ diffusion,
the forma.S + ZM,uME"o VS =0 Replacinga, S in the electric field local perturbations, and the macroions’
t - . t . . > .
Eq. (1) now generates a leading contributionsts scal- convection due to the flow tnggergd by E, assuming a .
ing as(— w,/my)cy and thusindependenof Eo. This guasistatic response of the small ions [10]. The numeri-

out-of-equilibrium salt depletion develops in the (mov-C@l solution is depicted on Figs. 3(e)-3(h) for the HF
ing) macroion-rich region to compensate for the macroiof€9ime. The deformation process starts with a nonsta-
contribution to the quasiuniform total electric current. ioNary symmetric elongation of the aggregate perpendicu-

Through Eq. (2) one thus obtains a contribution to thelarly to the direction of the ac electric field, and evolves,
mean local electric force{peﬁ“()}, with nonvanishing com- W'tht')n akf.ew slecondz,. to fotrm (by ;s,ptpntane(:.LIJts dsyt:nmde—
ponents perpendicular and parallel to the interface of thdy brea ing) long a jacent quasistationary tited bands
macroion-rich region, scaling, respectively, scos (¢) n good agreement with the_ cor_respondlng experiment of
and E2 cod¢) sin(¢). These components simultaneoustF'gS' 3(a)—3(d). The quasistationary numerical solution

act to flatten the macroion-rich region perpendicularly o the LF limit regime also agrees with the correspond-

- P n . ; . ing experimental observation exhibiting a°4hgle of tilt
the electric fieldand “facet” it, e.g., into a diamondlike (:_Ejata not shown).

Z?Oa:]peihseln(;:i(ree\é\georﬁ);ﬂd:t:ggﬁ(lrineumesjeizgg[gg]‘ormatlon Although the theoretical elements presented here are
Thge “high frequency” (_HF) r,eiqiﬁ}e cor?esponds&io» barely the first steps in analyzing the complex equations
1 X : . describing the system, the general agreement between
'“M{EO/L' In this '”}“t’ the perturbation OfM is small: the model and the experiments strongly suggests that
M (7, Duy#0 = M (Fluy=0 + Veumu,—o * 87(1) + .. @8 he dynamic patterns recently observed in several types
the electrophoretic drifts7 (1) = (zuumEo/@)sin(wt),  of colloidal or polyelectrolyte solutions are indeed due
is smaller thanL. Using this expansion in Eg. (1) to a nonlinear coupling between the macroion density
leads to a correction t§ proportional tou, Eg C0S*(¢)  fluctuations and the associated electrohydrodynamic flows
and thus to a nonvanishing mean electric body forcg14]. This understanding should allow the development of
with a normal component scaling as, E; cos'(¢), and  methods to control this instability, in order, e.g., to delay
a component tangent to the aggregate proportional t@s appearance during electrophoresis, dielectrophoresis,
umEg cos(¢)sin(¢). Hence, maximum shearing occurs or in electrorheological fluids.
in this case fop = =30°, i.e.,6 = *60°. We acknowledge discussions with S. Fraden, L. Peliti,
When experimental parameters are used, evaluatioaind M. Seul, and thank Y. Hu, J.-F. Léger, and L. Mitnik
of the flow generated byp.E)) leads to the correct for discussions and making unpublished data available to
prediction not only for the sign of the recirculation in us. This work received partial support from the EC Grant
the aggregates (similar in both regimes and independeriBiomed 1l Programme” and the CNRS “Ultimatech
of zy, the sign of the macroions’ charges) but also forProgramme.”
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FIG. 3.

direction on the disklike macroion-rich region of abd xm
in diameter o /277 = 100 Hz and Ey, = 500 V/cm). (a)t =

0s; (b)) t=05s ; (c)t=15s; (d) r =3 s (stationary
regime). (e)—(h) Numerical evolution of an initially Gaussian
macroion distribution in the analytic electrohydrodynamic HF
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