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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 values,645± or 660±, 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]
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Recent reports have shown that initially homogeneo
colloidal suspensions may develop instabilities und
strong electric fields leading to surprisingdynamic quasi-
stationarypatterns. Among the most striking ones are th
chevron structures observed when the solution is confin
between two parallel plates, an ac field being appli
parallel to the plates: long aggregates of colloidal partic
disposed in a zigzag fashion can be observed, as wel
the fast recirculation of individual particles within eac
aggregate. These patterns were observed in solution
China clay [1], polystyrene latex [2], and DNA [3,4], sug
gesting that the underlying physics is very general. Th
phenomenon has dramatic effects on the otherwise v
promising capillary electrophoresis technique [3,5], a
may also have important consequences (mainly adve
on other practical applications, such as dielectrophore
electroflocculation, or electrorheological fluids [6]. Un
fortunately, very limited understanding is available abo
the mechanisms responsible for both the initial instabil
and the eventual morphology.

In the present Letter we report progress on the seco
front. We have developed an electrokinetic theory th
takes into account the fact that at the field amplitudes
which these patterns develop, deviations from electron
trality should occur far beyond the Debye layer. Analys
of the resulting electrical body force on the fluid lead
us to predict different morphologies at low and high fre
quencies in agreement with experiments. For the sake
clarity we report first the experimental observations. W
then sketch our theory and show its ability to describe t
two regimes. We conclude by comparing our numeric
predictions to additional experimental observations of t
growth of a zigzag band from a disk-shaped aggregate

Let us start by briefly describing the key feature
of electric-field–induced segregation in bacteriopha
l-DNA solutions [7] confined in quasi-2D geometr
[Figs. 1(a) and 1(b)]. DNA solutions are particularly we
suited to such studies because DNA molecules can be
tained as very monodisperse samples, they are strongly
pulsive, and they do not spontaneously aggregate in wa
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solutions containing only monovalent co- and counterion
They also form field-induced patterns at lower fields tha
other colloids, therefore reducing experimental complica
tions and risks of thermal effects. Above a threshold fiel
depending on the frequency (about 50 Vycm at 10 Hz),
segregation into DNA-rich domains and DNA-poor do-
mains occurs. The domains grow by coalescence at
rate increasing with the field strength, and adopt the typ
cal patterns displayed in Figs. 1(a) and 1(b), with elon
gated aggregates tilted with respect to the (horizonta
field. We report here that two regimes should actuall
be distinguished. At frequencies lower than about 10 Hz
the aggregates are seen to drift on distances larger th
their width over a period of the applied electric field and
the tilt angle isu . 645± [Fig. 1(a)]. In contrast, we

FIG. 1. Top view of the horizontal slab cell containing
30 mgyml of Lambda-phage DNA (Appligene, Illkirch, F) in
1X TBE buffer (89 mM Tris-boric acid, 2.5 mM EDTA), con-
taining10 mM ethidium bromide for fluorescence visualization.
The experimental setup is identical to that in [3], except that th
capillary is replaced by a slab cell comprised between two cov
erslips. A thickness of10 6 1 mm is imposed by dispersing
in the solution a few latex spheres of diameter10 mm (Poly-
sciences, Eppelheinm, D). (a) and (b) are taken 2 min afte
the onset of a 300 Vycm ac field, in the horizontal direction,
at frequencies 2 and 100 Hz, respectively. These are negat
images covering200 mm.
© 1997 The American Physical Society 971
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measureu . 660± at higher frequencies [Fig. 1(b), when
the periodic drift of the aggregates is a few times small
than their width. As first recognized by Huet al. for latex
suspensions [2], these tilted aggregates are in fact qua
stationary (highly) dynamical structures within which in
dividual macroions recirculate continuously as indicate
schematically in Fig. 2.

We now outline the general ideas founding our theo
retical model. Take a solution of large charged objec
(macroions) and monovalent small anions and cation
Applying an electric field $E0 induces the coupled mo-
tion of all species as well as that of the fluid due t
the electrical body force term,re

$E, in the Stokes equa-
tion: hD $y 2 $=p 1 re

$E  0, with h the viscosity and
$y, p, re, $E, respectively, the local fluid velocity, pressure
charge density, and electric field. This situation has be
classically analyzed in linearized theories taking the a
plied field as a small parameter as compared to the eq
librium electric field within the Debye layers [9]. This in
fact amounts to assuming that the charge density is ess
tially that of the equilibrium Debye layers which allows
one to evaluate the electrophoretic mobilitymM for simple
shape macroions:$yM  zMmM

$E0, wherezM  61 is the
sign of the macroions’ charges (i.e.,mM $ 0). The ex-
cess counterions migrating within the macroions Deby
layers also tend to polarize the colloidal particles. How
ever, deviations from electroneutrality at the macroio
surfaces do not grow unbounded under electric fiel
leading instead, after electric relaxation (Debye tim
ø1029 to 1027 s), to nonstationary perturbations of the
total salt concentration,S , extending far beyond the
Debye layers [9] (S  c1 1 c2, wherec1 and c2 are
the supposedly monovalent small cation and anion co
centrations). We here argue that these large scale g
dients of the salt concentration (and thus of the loc
conductivity) lead, under electric field, to a charge densi
which in turn induces large scale shearing of the liqui
As we are interested in electrohydrodynamic phenome
beyond the Debye layers (where the equilibrium electr

FIG. 2. Sketch of a field-induced quasistationary dynamic
aggregate containing typically hundreds of macroions. Th
direction of circulation (arrows) changes with the sign of th
tilt angle, u. The circulation velocity increases rapidly with
increasing field, and can reach100 mmys close to the aggregate
boundary.
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field vanishes) we cannot resort to the classical “low ele
tric field” approximation to overcome the complexity of
the coupled nonlinear electrokinetic equations [9]. Instea
we take the concentration of charges on the macroions
be small everywhere compared to the average salt conc
tration cs, and assume that it can be described, at leng
scales much larger than the Debye length, by a smoo
continuous concentration profile varying on a scaleL, i.e.,
cMs$r , td ø cs with j $=cM j , cMyL. We then find that
the salt concentration,S s$r , td  2cs 1 dS, locally veri-
fies the following linearized conservation equation:

≠tS 2 DsDS 2 zMms
$E0 ? $=cM  0 , (1)

if eE0LykBT $ 1, which ensures that the perturbations in
electric field are small and scale asdEyE0 , cMycs ø 1
[10]. For L in the micron range, this typically holds for
j $E0j $ 100 Vycm. Ds andms are the diffusion constant
and the electrophoretic mobility of the salt ions (taken fo
simplicity identical for the small counter- and coions)
Electroneutrality is also assumed in Eq. (1), which ishere
a good approximation as long asseE0k21ykBT d2 ø 1
(i.e., E0 ø 105 Vycm for a typical Debye length,
k21 . 2 nm) [10]. The nonuniform salt profileS is
then itself “polarized” under the electric field to ensur
a quasiuniform current on time scales longer than th
(“Debye”) electric relaxation time$= ? sS $Ed . 2cs

$= ?
$E 1 $E0 ? $=S . 0. This gives rise to a local net charge
density, re  ´´0

$= ? $E, that extends typically over
microns into the electrolyte solution surrounding th
macroions. Namely,

re  2
´´0

2cs

$E0 ? $=S , (2)

where ´´0 is the dielectric constant of the electrolyte
solution. The resulting electrical body forcere

$E
generates, within the polyelectrolyte solution, electro
hydrodynamic flows that effectively convect the very
slowly diffusing macroions, whereas they generall
bring a negligible correction to the approximate conse
vation equation (1) for the much faster diffusing salt ions

Let us now estimatere
$E in the vicinity of some

arbitrary macroion-rich region,cMs$r , td, of electrophoretic
mobility mM in an ac electric field$E0std  $E0 cossvtd.

It is instructive to start with the case of afixed charged
domain, i.e.,mM  0, which we assume for concrete-
ness to have a bandlike shape similar to the charg
membranes used in electrodialysis [11]. The salt conce
tration increases at the domain interface towards whi
the excess counterions migrate, whereas a salt deplet
simultaneously forms at the opposite interface. At
given point in the fluid, the gradient of salt is according t
Eq. (1) perpendicular to the domain interface and propo
tionnal to the normal component of the applied electr
field E0 cossfd (same notation as in Fig. 2). Taking into
account a (space dependent) phase shiftt, its amplitude is
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thus formallyj $=S stdj ~ E0st 2 td cossfd. From Eq. (2)
we then obtain restd ~ E0stdE0st 2 td cos2sfd. The
instantaneous local electric force,re

$E0, has therefore a
component perpendicular to the membrane interface p
portional toE2

0 stdE0st 2 td cos3sfd, and a parallel com-
ponent proportional toE2

0stdE0st 2 td cos2sfd sinsfd.
Hence, at first order, both components average to ze
over the period,2pyv, since they are proportional to
the product of three sinusoidal functions of the same
frequency.

This is no longer true if we take into account the
primary electrophoretic drift of an arbitrary macroion
rich region (i.e.,≠tcM 1 zMmM

$E0 ? $=cM  0) of typical
width L along the direction of the field: under electric
field, it movesin the opposite direction to the (excess
counterions, that is,towards regions under simultaneous
salt depletion process. To analyze the effect of this
periodic oscillation, one must take into account the tim
dependence ofcM in Eq. (1), and two regimes must be
distinguished.

The “low frequency” (LF) regime corresponds tov ø
DsyL2 # mME0yL. At such frequencies, the salt profile
adapts to the quasi-dc drift of the macroin-rich region s
that its oscillations are also described by an equation
the form ≠tS 1 zMmM

$E0 ? $=S  0. Replacing≠tS in
Eq. (1) now generates a leading contribution todS scal-
ing as s2msymMdcM and thusindependentof E0. This
out-of-equilibrium salt depletion develops in the (mov
ing) macroion-rich region to compensate for the macroio
contribution to the quasiuniform total electric current
Through Eq. (2) one thus obtains a contribution to th
mean local electric force,kre

$E0l, with nonvanishing com-
ponents perpendicular and parallel to the interface of t
macroion-rich region, scaling, respectively, asE2

0 cos2sfd
andE2

0 cossfd sinsfd. These components simultaneousl
act to flatten the macroion-rich region perpendicularly t
the electric fieldand “facet” it, e.g., into a diamondlike
shape, since we predict maximum shearing deformatio
along the directionsf  645±, i.e., u  645± [12].

The “high frequency” (HF) regime corresponds tov ¿

mME0yL. In this limit, the perturbation ofcM is small:
cM s$r, tdmMfi0 . cMs$rdmM 0 1 $=cMmM 0 ? d $rstd 1 ... as
the electrophoretic drift,d $rstd . szMmM

$E0yvd sinsvtd,
is smaller thanL. Using this expansion in Eq. (1)
leads to a correction toS proportional tomME2

0 cos2sfd
and thus to a nonvanishing mean electric body forc
with a normal component scaling asmME4

0 cos4sfd, and
a component tangent to the aggregate proportional
mME4

0 cos3sfd sinsfd. Hence, maximum shearing occurs
in this case forf  630±, i.e.,u  660±.

When experimental parameters are used, evaluati
of the flow generated bykre

$E0l leads to the correct
prediction not only for the sign of the recirculation in
the aggregates (similar in both regimes and independe
of zM , the sign of the macroions’ charges) but also fo
ro-
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the order of magnitude of the recirculation velocitie
Furthermore, we findDsyL2 . mME0yL . 10 Hz which
predicts that the crossover frequency between the HF
LF regimes is indeed close to 10 Hz, corresponding
the observed transition between tilt angles of 60± and 45±,
respectively. This concordance between the tilt angle
the elongated aggregates and the direction of maxim
shear stress, predicted by our simple model, sugg
that these patterns are actually the result of an (elec
hydro)dynamical process selecting first the (far-from
equilibrium) quasistationary structures with the maximu
shearing amplitude (before they evolve further on long
time scales—typically t . 10 min—as reported by
Jenningset al. [1]).

We confirmed this idea by testing our model against
observation of the transient regime by which a disk-sha
l-DNA aggregate acquires its eventual zigzag struct
after the sudden application of a strong ac electric fi
(E0  500 Vycm andvy2p  100 Hz) corresponding to
the HF regime [see Figs. 3(a)–3(d)]. We numerica
solved an approximated nonlinear dynamic equation
scribing the evolution of the density of macroions.
addition to the electrophoretic migration already intr
duced, this takes into account the macroions’ diffusio
the electric field local perturbations, and the macroio
convection due to the flow triggered byre

$E, assuming a
quasistatic response of the small ions [10]. The num
cal solution is depicted on Figs. 3(e)–3(h) for the H
regime. The deformation process starts with a nons
tionary symmetric elongation of the aggregate perpendi
larly to the direction of the ac electric field, and evolve
within a few seconds, to form (by spontaneous symm
try breaking) long adjacent quasistationary tilted ban
in good agreement with the corresponding experimen
Figs. 3(a)–3(d). The quasistationary numerical solut
in the LF limit regime also agrees with the correspon
ing experimental observation exhibiting a 45± angle of tilt
(data not shown).

Although the theoretical elements presented here
barely the first steps in analyzing the complex equatio
describing the system, the general agreement betw
the model and the experiments strongly suggests
the dynamic patterns recently observed in several ty
of colloidal or polyelectrolyte solutions are indeed du
to a nonlinear coupling between the macroion dens
fluctuations and the associated electrohydrodynamic flo
[14]. This understanding should allow the development
methods to control this instability, in order, e.g., to del
its appearance during electrophoresis, dielectrophore
or in electrorheological fluids.

We acknowledge discussions with S. Fraden, L. Pe
and M. Seul, and thank Y. Hu, J.-F. Léger, and L. Mitn
for discussions and making unpublished data available
us. This work received partial support from the EC Gra
“Biomed II Programme” and the CNRS “Ultimatec
Programme.”
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FIG. 3. (a)–(d) An aggregate, formed under a strong electr
field, has been left to diffuse for about 1 min after the electri
field was turned off (samel-DNA solution as in Fig. 1). A
strong electric field is then suddenly reapplied in the horizont
direction on the disklike macroion-rich region of about10 mm
in diameter (vy2p  100 Hz andE0  500 Vycm). (a) t 
0 s; (b) t  0.5 s ; (c) t  1.5 s; (d) t $ 3 s (stationary
regime). (e)–(h) Numerical evolution of an initially Gaussian
macroion distribution in the analytic electrohydrodynamic HF
regime. Spatial periodic boundary conditions are used. Tim
scales (when the known values of the experimental paramet
are used): (e)t  0 s ; (f ) t  0.1 s; (g) t  1.5 s; (h) t 
3 s. “x” indicates that the local probability density is at leas
one tenth of the maximum of the initial distribution.
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