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Dynamic light scattering of an ionic SDS
micellar solution under an AC electric field

Abstract The phase separation
behavior of near-critical ionic
sodium-dodecyl-sulfate (SDS)
micellar solution under a sinusoidal
electric field was investigated by
phase-contrast optical microscopy
and by the small-angle dynamic light
scattering method. The sinusoidal
electric field significantly deformed
the concentration domains and
shifted the phase separation tem-
perature. The autocorrelation func-
tion under a sinusoidal electric field
was measured in the vicinity of a
phase separation temperature range
of 0.10 K < T, -T < 097 K,
where T, — T is the temperature
distance from the phase separation
temperature in quiescent state Tp,.
The correlation function with an
oscillatory part in the longer corre-
lation time region was observed. The
occurrence of the oscillatory mode,
which depended on both the applied
field frequency and the ambient

temperature, indicates deformation
of concentration fluctuation
domains by dynamical coupling
between the phase separation and
the applied sinusoidal electric field.
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Introduction

The phase separation behavior of micellar systems near
the critical point belongs to the universality of a usual
binary mixture system. We have studied phase separa-
tion phenomena of micellar solution systems on the
basis of the general theory of critical phenomena [1]. A
critical phenomenon, which is independent of constitu-
ents of a system, is governed by the universality to
describe a phase separation phenomenon. Many re-
searchers have investigated binary mixture systems, such
as a polymer solution, micellar solution, gel, and liquid

crystal, to which the universality is applicable. Recently,
the concept of critical dynamics has been applied to
phase separation under external force because of the
possibility of a dynamical coupling phenomenon be-
tween critical fluctuation and external force. If external
force is combined with critical fluctuation, it will be very
interesting to know whether the universality can still be
applied to a phase separation phenomenon under an
external field [2-6]. It has been reported that an external
force, such as an electric field, a shear flow, or an
acoustic wave, deforms critical fluctuation [2-8, 12]. The
deformation of critical fluctuation causes changes in
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various phase separation behaviors. In particular, a
nonionic micellar solution in a shear flow has been
known to manifest different phase separation behavior
to that of an ionic micellar solution in a shear flow. In
the case of a nonionic micellar solution, when shear flow
was applied to the mixture near critical point, the critical
fluctuation was broken and shear-induced homogeniza-
tion occurred [3-5, 9, 10]. On the other hand, in an ionic
micellar solution, shear flow generates an increase in the
inhomogeneous concentration distribution [10], and a
shear-induced phase separation occurs [11]. This fact
indicates that the distribution of charges in the system
affects the phase separation behavior through the
dynamic coupling phenomena. The electrostatic inter-
action seems to play an important role. Although phase
separation under an electric field has been studied both
experimentally and theoretically, information is still
limited [6, 14, 15]. In order to obtain information on
electrostatic interaction, phase separation behavior of an
ionic micellar solution was investigated under an AC
electric field. We have employed an ionic sodium-
dodecyl-sulfate (SDS) micellar system that has { poten-
tial on the surface of the micelle [13].

An SDS micellar solutionis a typical solution that has a
pair of demixing temperatures, namely, lower and upper
demixing points. As the SDS micelle has a negative surface
potential, the addition of salt to the solution changes the
two demixing temperatures; the difference between the
upper and lower demixing temperatures becomes small as
the salt concentration decreases. This change is attributed
to the electrostatic screening effect of Na*, which makes
the van der Waals interaction between SDS molecules
more effective. The upper phase-separation temperature
increases as the salt concentration increases. On the other
hand, at the lower demixing point, Na* weakens the
hydrogen bond by shielding polar groups of the SDS
micelles from H,O. As a result, the lower demixing
temperature decreases with increases in the salt concen-
tration. The dynamical behavior of this system has been
characterized in detail and has been explained by the
modified dynamical droplet model under the assumption
that thermally activated local fluctuation behaves as
physical clusters with a fractal dimension of df = 2.49 and
a polydispersity exponent of T=2.21, together with an
effective micellar size of about 7 ~ 8 nm [16].

In this article, we present experimental results of (1)
morphological observations of the concentration do-
main and (2) correlation function determination by the
small-angle dynamic light scattering method, both under
a sinusoidal electric field.

Experimental

We employed an aqueous solution of an ionic sodium-dodecyl-
sulfate (SDS), butanol, and NaCl, where weight fractions of SDS

and butanol in the aqueous solution were 0.0460 and 0.0813,
respectively. As described in Introduction, the phase diagram of the
SDS mixture has an immiscibility gap with a loop size of
AT =Ty — Tp that depends on the NaCl concentration, where
Ty and Ty are the upper and lower demixing temperatures [16],
respectively. Since the SDS micelles have a surface charge ((-
potential) that causes coulombic interaction between the micelles in
the mixture, Ty decreases and Ty increases with increases in the salt
concentration. The two branches of the phase boundary appear
much closer at a low NaCl concentration. At NaCl concentrations
of less than 0.0580 in weight fraction, the mixture is completely
miscible. In this study, all experiments were performed in the
vicinity of a lower consolute temperature 7; ~ 12.79¢ °C and at an
NaCl concentration of 0.0660. SDS, butanol, and NaCl were
purchased from Wako Pure Chemical Industries, Ltd. Sample
preparation was carried out in a dry box filled with dry nitrogen to
prevent oxidation.

The cloud point in the quiescent state was determined by
observing the appearance of a characteristic forward light scatter-
ing pattern, i.e., a spinodal ring.

Concentration domain morphology during the phase separation
under a sinusoidal electric field was observed under a phase
contrast optical microscope Nikon-microphoto-FXA. The micros-
copy image was recorded in an optical micrograph. The homemade
sample cell used to apply an electric field to the sample solution has
approximate dimensions of 10 X 4 x 1 mm, and the gap between
the electrodes is about 1.5 mm. The sample cell was set in a heat
jacket made of brass mounted on the microscope stage, and the
temperature of the sample solution was controlled to within
+10 mK by circulating thermostated water through the heat
jacket. The electric field for excitation was generated by a Kenwood
AG-204 oscillator. In this observation, the electric field was applied
to the solution at a frequency of f=1 kHz and a driving voltage of
E=3.3 V/cm.

Dynamical measurements were performed with a homemade
small-angle light scattering apparatus using an He-Ne laser
(9=1632.8 nm, 10 mW). Dynamic light scattering measurements
under an electric field were carried out using a similar method to
that of Ware and Flygare [21, 22]. The sample cell was immersed in
a temperature-regulated water bath, the temperature of which was
monitored by a quartz thermometer with an accuracy of +2 mK.
A photomultiplier tube detector (PMD) was mounted on the rail of
a goniometer, which has a half circle track with a radius of 50 cm,
and the sample cell was placed in the center of the half circle. The
PMD moves on the rail to detect the scattered light at any
scattering angle. The scattered light detected at an arbitrary angle
was analyzed by the photon-counting method. Measurements of
the correlation function were performed with the homodyne mode
[23] using a multi-t photon correlator “BI-9000AT”” manufactured
by BrookHaven Corporation. Calibration of the scattering angle of
the goniometer was made using the suspension of polystyrene latex
with a radius of 44.5 nm. The detector was fixed at the geometric
angle of #=3.0° against the incident beam. Figure 1 shows the
autocorrelation function obtained for the polystyrene latex sus-
pension using the small angle light scattering apparatus. The radius
estimated from the small-angle light scattering experiment was
r=43 nm and, according to the Einstein-Stokes relation, the
corrected angle was 0=3.1° with accuracy. In these experiments,
the detectin% angle 0 was fixed at 6=3.1° and wave vector
q=6.9; x 10° cm !. In Fig. 1, a fast decay of about 10> s could be
observed in the correlation function. As the appearance of the fast
decay depended on the set-up of the optical path, we considered
that the fast decay was caused by imperfections in the collimation
of the small angle optical system. Estimation of the radius of a
polystyrene latex bead was performed disregarding the fast mode.
The estimated radius was 43 nm, which is very similar to the
well-defined radius of a polystyrene latex bead, r=44.5 nm, as
mentioned above. This fact indicates that disregarding the fast
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Fig. 1 The correlation function for a suspension of latex particles
whose radius r is r=44.5 nm. The angular resolution of the small-
angle light scattering apparatus was quantified

decay mode does not have a significant effect on the correlation
function, at least in the slow decay mode. Therefore, in the
following, the fast decay mode is not considered. Even if the fast
decay mode affected the correlation function, it would not influence
the qualitative analysis for the damping oscillation in the correla-
tion function, as shown in Fig. 6.

The sample cell used for light scattering measurement was made
of Pyrex glass and had inside dimensions of 10 x 10 x 45 mm. We
equipped the sample cell with rectangular electrodes in order to
apply an electric field to the sample solution. The electrodes were
similar to those used by Uzgiris [17]. The electrodes, purchased
from the ZetaPlus Brookhaven electrodes of Brookhaven Corpo-
ration, were made of gold. The electrodes had a rectangular shape
of 5.0 (width) x 8.5 (length) x 0.4 (thickness) mm, and they were
set parallel at a distance of 3.5 mm. Since the electrodes had no
contact with the Pyrex glass cell and were entirely surrounded by
the sample solution, there was no possibility of the occurrence an
electroosmosis phenomenon on the surface of the glass. Hence,
it was possible to measure the dynamically coupling phenomenon
between electrophoretic and concentration fluctuations of the
micellar solution without an electroosmosis flow of solution on
the surface of the glass. In the measurement of dynamic light
scattering, an electric field was applied perpendicular to an incident
beam. The electric properties of the solution would be governed
by the geometrical shape of the electrodes and the species of the
electrodes. In order to determine an appropriate frequency range
for measuring dynamic light scattering, we calibrated the electrodes
using 0.1 mol/l and 1 mol/l KCI aqueous solutions and an ionic
SDS micellar solution that was identical to the sample solution
used in this work. Calibration was performed in the range of
frequency f from 10 Hz-300 kHz at T =25 °C. In the calibration,
for simplification, we assumed that the power supply and the
sample cell with electrodes were connected in series in our electric
circuit.

The results of calibration are shown in Fig. 2. The solid line
represents the theoretical curve for the electric circuit used in this
experiment:
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where Ey, Iy and f are amplitude voltage, amplitude current, and
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Fig. 2 Determination of the apparatus constant of the ZetaPlus
Brookhaven gold electrodes in each solution. Circles, squares, and
triangles show 0.1 mol KCl,q, 1 mol KCl,y, and SDS mixtures. The
solid lines represent the theoretical curve (Eq. 1) for the circuit used in
this experiment

(F) and resistance (Q) for these solutions, respectively. Experimen-
tal data were well described by the theoretical relation in the range
of frequency from 100 Hz-10 kHz. By fitting the data with
the theoretical relation using the method of least-squares in the
frequency range determined above, we were able to obtain
the capacitance C and resistance R, as the electric properties of
the sample solutions. In an SDS micellar solution, the electric
properties were C=205.8 (uF) and R=7.839 (). Similarly, in
0.1 mol/l KCl,q the properties were C=179.6 (uF) and R =44.35
(), and in 1 mol/l KCl,, they were C=195.8 (uF) and R =11.97
(). The lower frequencies for the appropriate fitting of an SDS
micellar solution, 0.1 mol/l of KCl,q and 1 mol/l of KCl,q, were
f=80 Hz, 20 Hz, and 70 Hz, respectively. On the basis of these
results, the measurement of small-angle dynamic light scattering
was performed in the range of frequency from 100 Hz-10 kHz. To
avoid excessive heating, the applied driving voltage was fixed at
E=1.71 V/em in all measurements of small-angle light scattering.
All of the measurements were performed 10 min after application
of the electric field to ensure that the system was in a steady state.

Results and discussion

A series of micrographs in Fig. 3 shows the electric field-
induced phase separation and the evolution of the
domain morphology in an ionic SDS micellar solution
under a sinusoidal electric field. Driving voltage of
E ~3.3V/cm at the frequency of f=1 kHz was applied
in this observations. These photographs were taken
in a one-phase region at the temperature distance
T, — T ~ 500 mK, and the scale in the pictures is
500 um. The photograph at Fig. 3A shows a homoge-
neous state before the sinusoidal electric field was
applied. The photograph at Fig. 3B shows the liquid-
liquid phase separation induced by application of the
electric field. After the phase separation, the concentra-
tion domains form very complex structures as seen in the
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Fig. 3A-H Evolution of the
concentration domains mor-
phology under a sinusoidal
electric field. The electric field
was applied at time t=0 and
stopped at time t=150. Photo-
graphs of the sinusoidal electric
field-induced phase separation:
A in a quiescent state;

B tAC:?)O S, C tAC:45 S,

D tAC:60 S, E tAC:150 S
after application of the electric
field; F to=15s; G to=30s;

H to =180 s after cessation of
the electric field application

D)

tac =60 s

photographs at Figs. 3C-E taken at tac=45s,
tac=00 s, and toc=150 s after the field application,
respectively.

Electric field-induced phase separation was consid-
ered to be characteristic of the system under a sinusoidal
electric field and was attributed to the electric field-
induced instability. A charged interface between the
ionic micelle-rich and -poor phases is formed by the
phase separation. Electrostatic repulsion between charg-
es would decrease interfacial tension. The shape of the
interface will be deformed by the electric field due to
charges at the interface coupled with the application

T
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.= 150's

G) t,=30s

500 ¢ m

H) t,=330s

of an external AC field through the electrodes. The
structure formation shown in the photographs at
Fig. 3C, D was observed throughout the frequency
range f=100 Hz ~ 10 kHz [18]. The concentration
domain morphology under a sinusoidal electric field
observed here was different from those observed for
polymer blends under a DC electric field observed by
Venugopal and Krause [19]. The characteristic concen-
tration domains disappeared after cessation of the
applied electric field as shown in the photographs at
Fig. 3F-H, which were taken at ty=15s, ty=30 s, and
to =180 s after cessation of the applied field, respectively.
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Thus, the photographs at Fig. 3 provide clear evi-
dence that the electric field induces phase separation in a
solution that is originally a homogeneous one-phase in
a quiescent state. We preliminary investigated the phase
separation temperature shift T, — T, g by observing the
spinodal ring with the Zetaplus Brookhaven electrodes
cell. Here, T, g corresponds to phase separation tem-
perature under a sinusoidal electric field. The tempera-
ture shifts T, — T, g are approximately 0.05 K at the
driving voltage E=1.71 V/cm at each frequency. Thus,
the temperature shift is a reflection of an unusual
fluctuation occurring under a sinusoidal electric field.
These results imply that there is dynamical coupling
between the concentration fluctuation and applied
sinusoidal electric field. Phase separation temperature
shifts in the presence of a DC electric field have been
demonstrated in experimental studies by Wirtz and
Fuller [8] and Debye and Kleboth [14] and also in a
theoretical study by Onuki [6]. According to Debye and
Kleboth, the amount of free energy change is propor-
tional to the square of the applied driving voltage, and,
consequently, the phase separation temperature shifts
by |T. — T.g| ~ 0.015 K at the electric field intensity of
45,000 V/cm in a nitrobenzen-2,2,4-trimethylpentane
system [14]. On the other hand, Wirtz and Fuller [§]
reported electric-induced mixing in critical solutions of
polystyrene in cyclohexane and in poly(p-chlorostyrene)
in ethylcarbitol, the binary mixtures of which form
UCST and LCST solutions, respectively. They also
found that the phase-separation temperature shift is
proportional to the square of the applied driving
voltage. In a DC electric field, however, the phase-
separation temperature shift is small even if the applied
field is large. Therefore, our experimental results indicate
that the application of an AC field is much more
effective for an electric field-induced phase separation
than is the application of a DC field. To the best of our
knowledge, this is the first report of a temperature shift
under a sinusoidal electric field, attributed to coupling
phenomena between concentration fluctuation and the
sinusoidal electric field.

Figure 4 shows a typical autocorrelation function
g?(1) — 1 for an SDS micellar solution under a sinusoi-
dal electric at the temperature distance from phase
separation point 7p — T' ~ 0.1 K [20]. Here, the applied
field frequencies are f=100 Hz, 1 kHz, 10 kHz, and
E=0 V/em. At zero-electric field, the autocorrelation
function had an exponential-like decay. The autocorre-
lation function in a sinusoidal electric field seems to be
described by an exponentially damped cosine oscillation.
Maximum values of the first peak of the oscillatory part
in g?(t) — 1 coincide with those without the sinusoidal
electric field, except for g?(z) — 1 at f=10 kHz. When
the applied frequency f was changed, the amplitude and
period of the oscillatory part of g?(1) — 1 were also
changed. The amplitude of the oscillatory part was

smallest at f=1 kHz. This suggests the existence of a
component that can possible to couple to an applied
frequency. Figure 5 shows the temperature dependence
of the correlation function at the applied frequency
of 100 Hz. At Tp — T ~0.97K, the oscillatory part
existed only in the long time foot of the correlation
function, which is in contrast with that observed at
Tp — T ~ 0.10 K. Damped oscillation has been observed
by electrophoretic dynamic light scattering or quasielas-
tic dynamic light scattering in the presence of a
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Fig. 4 The correlation function in the presence of a sinusoidal electric
field at the frequency of f=100 Hz (circles), 1 kHz (squares), and
10 kHz (triangles) with driving voltage E=1.71 V/cm, and without an
electric field E=0 V/cm (filled circles), at the temperature distance of
T, - T=0.10 K and scattered angle 0=3.1°
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Fig. 5 Temperature dependence of the correlation function in the
presence of a sinusoidal electric field at the frequency of f=100 Hz
with driving voltage E=1.71 V/ecm. The temperature distances from
phase separation temperature T, — T are 0.10 K (circles) and 0.97 K
(filled circles), respectively



257

sinusoidal electric field, referred to as QELS-SEF [21-
26]. In the QELS-SEF method, formulation for data
analysis has been attempted by several authors, though
the substantial concepts are almost the same [21-25].
Robertson derived the correlation function in a homo-
dyne mode by introducing the coupling of oscillating
electrophoresis of particles in sinusoidal electric field and
diffusion by random force [23]. We have tried to fit our
data to the formula of QELS-SEF derived by Robert-
son. However, it was impossible to fit our data to
Robertson’s formulation. If the oscillatory part is due to
the electrophoresis of micellar molecules itself, as was
assumed by Robertson, oscillation should also appear in
a shorter time region in the correlation function, due
to the Doppler shift, which is attributed to a movement
of the particle itself. Oyama et al. studied a suspended
solution system of an imogolite, which is a rod-like
molecule, under a sinusoidal strain. They presented
decay curves with exponentially damped cosine oscilla-
tions, and they attributed the oscillation to the rota-
tional motion of the rod-like molecule [27]. It is
concluded that the damped oscillation in the correlation
function observed here could not be categorized into one
of those presented in the literature. Figure 6 shows the
temperature and applied frequency dependencies of both
the characteristic time, 7,, and the reciprocal of an
apparent period of the oscillatory part, f,. t, was
determined as the time at which the first minimum
appears. f, was determined from the difference in the
time at a peak and that at the next peak. In Fig. 6a, the
period f, was almost independent of applied frequency
at Tp — T ~ 0.97K. When the temperature approaches
the phase separation point, the applied frequency
dependence of f, became remarkable. Near the phase
separation point, the applied frequency dependence of £,
remained almost constant, but it did not depend on
temperature in the range of 0.10 < T, - T < 0.24 K.
The characteristic correlation time 7, was shifted to the
shorter time side with the approach to the phase
separation point, as shown in Fig. 5. The correlation
length of concentration fluctuation generally increases
with temperature approaching the phase separation
point. It seems reasonable to assume that the temper-
ature dependence of 7, was related to the change in the
correlation length of the concentration fluctuation.
These results therefore suggest the existence of a
dynamic coupling phenomenon shown in Fig. 3. Since
the photographs in Fig. 3 show the development of
concentration fluctuation due to sudden application of
an AC electric field, the time scale in the morphology
development does not correspond to the time scale of
damping oscillation in the correlation function, which
represented the concentration fluctuation itself and was
measured in a steady state.

Electric field-induced phase separation is thought to
be related to the dynamic coupling effects, as seen in the

f, (Hz)

10°

0 I 1 L L L ' b TR
101 100
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—o— 1kHz |

—4— 10 kHz

Fig. 6 a The average period of the oscillatory parts f, in the corre-
lation function as a function of temperature at the indicated frequency
of an applied sinusoidal electric field. b The characteristic time 7, at
which the oscillatory part appears as a function of the applied
frequency and temperature. t, was determined as the time of the first
minimum in each correlation function. Circles, squares, and triangles

correspond to the values at the frequencies of 100 Hz, 1 kHz, and
10 kHz, respectively. The solid line is a guide for the eye

morphology observations. The deformation of the
concentration domain shown in Fig. 3 suggests an
electric field-induced enhancement and deformation of
the concentration fluctuation, i.e., an ionic SDS micelles-
rich phase. The damping oscillation in the correlation
function in the long time region is thought to be due to
migration and deformation of the concentration fluctu-
ations by the electric field, across the irradiated volume
by the incident laser beam. Since the size of the critical
fluctuation increases with decreases in the temperature
difference, T;, — T, the fluctuationsizeat T, - T=0.97 K
is the smallest among those measured at different values of
T, — T, and the decay rate at T, - T=0.97 K is also the
fastest. Then, the critical fluctuation at T, - T=0.97 K
would not be affected by the applied frequency. On the
other hand, near the phase-separation temperature,
T, -~ T=0.10 K, the critical fluctuation has a long-
range slow structure. The slow structure of the critical
fluctuation would dynamically migrate with the applied
frequency. As a result of the migration of the critical
fluctuation, the critical fluctuation may be enhanced.
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The enhanced fluctuation contributes as a driving force
to phase separation. Detailed investigation of the
spinodal decomposition process under an AC electric
field is needed.

As mentioned above, the sinusoidal electric field-
induced phenomena seem to be affected significantly
near the phase separation point, just as the shear-
induced critical phenomenon [2-5]. Hence, both f, and
7, as a function of the applied frequency would be
attributed to the deformation of the concentration
fluctuation, which increases as a function of temperature
rather than electrophoresis of micelles itself. Although

the detailed mechanisms of correlation function with a
damped cosine mode cannot be explained, the results in
this study suggest the existence of a dynamic coupling
phenomenon between sinusoidal electric field and con-
centration fluctuation. Then, the universal scaling law
may be applicable to an electric field-induced critical
phenomenon.
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