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Electrophoretic microrheology of a dilute lamellar phase: Relaxation mechanisms in frequency-
dependent mobility of nanometer-sized particles between soft membranes
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Viscoelastic properties of complex fluids in the microscopic scale can be studied by measuring the transport
properties of small, embedded probe particles. We have measured the complex electrophoretic a@bjlity
of nanometer-sized particles dispersed in a lyotropic lamellar phase, which shows two relaxation processes at
approximately 1 kHzhigh frequency relaxation, HFand 1 Hz(low frequency relaxation, LF It is shown
guantitatively that these processes are caused by the trapping of particles within two local structures of
characteristic size in the lamellar phase: the interbilayer distance and the persistence length. The origin of
observed relaxations is further investigated and augmented in this study with data obtained by two other
complementary methods, dielectric spectroscopy and the direct observation of fluorescently labelled probe
particles under an optical microscope. It is shown that the local distortion field of the lamellar phase is induced
by the extra steric interaction involving the collision of a colloidal particle with the membrane. The resulting
distortion field hinders the Brownian motion of colloidal particles parallel to the membtanesertica), and
causes the observed HF relaxation. On the other hand, the origin of LF relaxation is presumably a result of the
defects in the lamellar structure. Since the results of this study show that the transport property is strongly
influenced by microscopic environments, this method is referred @easrophoretic microrheology
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I. INTRODUCTION isk indicates that the parameter is of complex quantity. In

The complex and hierarchical structure of soft materialsthIS respect, the spatial scale of microrheology reduces to the

such as gels, polymer solutions and micelles is one of th%'ze of the probe patrticles, and the available frequency can

main factors attributing diverse functionality to these mate- e extended to the MHz rang@]. However, since the mini-
9 Y mum size of a probe particle is usually limited by the dif-

rials, especially in biological systems. The mechanical réy,qtion of light or the intense scattering from the bulk me-

sponse of these materials is one of the most important angi, probe particles are normally larger than the characteristic
frequently studied properties, since it shows significant iM8ength of the matrix, such as the mesh size of a gel network.

or frequency dependence that reflects the innumerable kinds The complex electrophoretic mobility’ (w) of colloidal
of interactions and transport phgnomena assqciated with Su%rticles is measured in this study using a method recently
complex structures. However, information given by a con-geveloped in our laborator§g,9]. Complex electrophoretic
ventional rheomete(rmacrorheologyis not sufficient for the m0b|||ty is a frequency dependent response function of ve-
detailed investigation of the physics of soft materials sincéocity to the sinusoidal electric field. The extreme sensitivity
the data is averaged in macroscopic scales and the accessibieour method and the ability to remove attendant noise al-
frequency range cannot exceed 100 Hz due to the inertia dbws the use of nanometer-sized colloids as probe particles,
large samples and the apparatus. which are smaller than the characteristic length of the sur-
The new research field of microrheology has recentlyrounding material. In such a case, the change of mobility
been developed to overcome the inherent deficiencies gfrovides more informatiofil] on local structures and local
macrorheology[1-3]. Microrheology is not based on the interactions between particles and the surrounding materials,
stress-strain relation of matrices, but on the motion of smalithan that obtained by continuum viscoelasticity measured
embedded probe particles detected by several techniqui4th larger probes. o . .
such as particle tracking optical microscop, laser inter- This method of electrophoretic microrheology is applied
ferometry [5,6] or dynamic light scattering2]. Transport to a Iyotroplc Iamgllar phase composed of _surfactr;mt bilay-
properties of probe particles measured by these techniqu&sS: Even in this simple system, there are hierarchical struc-
are transformed into an estimate of the viscoelastigitys) ~ LUréS as shown in Fig. [10]. A lyotropic lamellar phase is

: L . . .made of alternative stacks of solvent and bilayer membranes
of thg surtoungmg matrix via the genera!lzed StOKES'EmSte"f'/Uith an intermembrane distance The stability of the peri-
relation D" (w) =kgT/67 7 (w)a, wherekg is the Boltzmann

. e odical lamellar structure is considered a derivation of the
constantD is a diffusion constant, and represents the ra-

di p icles. H ft h h steric interactions between fluctuating and colliding mem-
lus of particles. Hereafter, a parameter shown with an astef; 5 nes Therefore, the length between colliding poinis

also an important length scale. Lamellar phase loses orienta-
tional order at a length scale longer than and three-
*Electronic address: dsmizuno@nat.vu.nl; Present address: Divdimensional packing of crumpled membranes needs topo-
sion of Physics and Astronomy, Faculty of Sciences, Vrije Univer-logical defects, which may also slowly fluctuate with time
siteit, Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam. according to generation and annihilation.
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/ Il. METHODS

T
o ﬁ N A. Wide-band spectroscopy of complex electrophoretic
( d}M mobility u*(w)
/ % ‘_0/-\/ Colloidal particles in suspension are usually charged due
\ N/l\ to the desorption or adsorption of low molecular ions, and
\

?

therefore move toward the direction of the external electric
«—> membrane  solvent field (electrophoresis DC electrophoretic mobilityey. is de-
L termined as a ratio of the velocity of colloidal particles to the
DC applied electric field. When an AC electric field is ap-
FIG. 1. Schematics of probe particles dispersed in a lyotropiplied, electrophoretic mobility is generally given as a
lamellar phase with layer distande The lengthL is the correlation  frequency-dependent complex response functipl*”(w)
length of the orientational order of membranes &mslthe longest =, exp(i8), which is expected to yield more information
wavelength of the free fluctuation of a membrane. than that supplied by DC electrophoregl$]. We have re-

The observed spectrum gf () reveals two relaxation cently deyelopeq_a new me_thod for measuring complex elec-
processes at approximately 1 kHhigh frequency relax- trophor_euc_ mobility u (_w) with the het_erody_ne techmque _of
ation, HP and 1 Hz(low frequency relaxation, L11]. The ~ dynamic light scattering under a sinusoidal electric field
typical length scale of each relaxation is in quantitativeEo COS wt.
agreement with the size of the two characteristic local struc- The heterodyne technigue of dynamic light scattering uses
tures of the lamellar phase. The potential size of the HFa coherent laser light as a probe, and light scattered from the
relaxation corresponds to the interbilayer distadcand that sample is detected by mixing with a reference light. The
of the LF mode to persistence lendth In order to further phase of the scattered light shifts by the difference relative to
investigate the mechanism of observed relaxations, we pethe optical pathy-or due to the displacemeidt of a colloi-
formed two additional complementary experiments: dielecdal particle, wherey is a scattering wave vector. The scat-
tric response spectroscopy and the direct observation of thered light detected with the heterodyne method results in a
m_otion of ﬂuorespently labelled probe particles. The dielecsignal that is proportional to cs-dr). Since displacement
tric spectrum indicates that the Maxwell-Wagner relaxationys 5 colloidal particle is the sum of the displacement due to
caused by the lamellar structure is located at a frequenci,qwnian motionér, and that due to electrophoresisg

higher than that associated with HF relaxati¢h?] This _ ¢ sin(wt+8)/ . the signal intensity under a small elec-
means that the electric field working on particles is paralleltr{é fioeld i(swwritt)er(:) ’as 9 y

to the membrane in the frequency range used to measure
' (w). We therefore conclude that the HF relaxation mode coda - (Sta+ o)l ~ coda -
originates from the hindrance of diffusion of colloidal par- 19+ (3 2l €q- o)

ticles parallel to membranes, not vertical to membranes. u(q - Eg)sin(eg 1)

This study has theoretically shown that the local distortion - ® sin(wt + 9)
field [13] of the lamellar phase is induced by the collision of
a colloidal particle with membranes. The resulting distortion = cog(q - o) +Ag(w), (1)

field hinders the Brownian motion of colloidal particles par- . . . o :
allel to membranes. The dynamics of such a particle-WhereEO is the amplitude of the applied electric field. It is

distortion pair is discussed in detail, and it is discovered thavorth noting that the amplitude ofA;, defined by
the theoretical prediction coincides well with the observed«(d-Eo)sin(q-éro)/ w, is a random variable with an average
spectrumu’ (o). value of zero. Therefore, the detection of a second harmonic
On the other hand, the detailed mechanism of LF relaxfrequency componend; obtainable by squaring, allows
ation is not clear, although it is assumed to be caused bthe derivation ofu’(w) from Eq. (1). Further detailed prin-
defect structures of the lamellar phase, such as multibilayetiples pertaining to this method are discussed in Appendix A
vesicles and onions. That is partly becauSéw) completely — and within previous publicationi8,9].
relaxes at frequencies below the LF mode and DC mobility The experimental setup used in this study is shown in Fig.
is not available. The existence of LF relaxation is confirmed2. Incident laser lightHe-Ne A=6328 A) is crossed with
in this study by the direct observation of the motion of col- reference light in a cylindrical sample cell in order to facili-
loidal particles under an optical microscope. Colloidal par-tate the detection of light with the heterodyne mettib6].
ticles are normally trapped in one patrticular location for sev-The scattering wave number determined by the crossing
eral seconds and sometimes hop to another site. Thangle(#=10°) is q=2.3x 10° m™L. In the sample cell, par-
relaxation time obtained from the evolution of mean-squaredllel plate platinum electrodes are separated by a distance of
displacement was consistent with the LF relaxation time ir6 mm. The sinusoidal electric field generated by a synthe-
u (w). Certain trajectories of colloidal particles possess asizer(HP33120A is amplified with a high-voltage amplifier
particular path of connecting trapping sites, and which iS(PA84) and applied to the sample. The scattered light mixed
sometimes renewed instantly. Therefore, the mechanism ofith the transmitted reference light is detected with the op-
the LF relaxation mode is supposedly influenced by dynamitical heterodyne technique and amplified with a preamplifier
disorder transport{14] between defect structures of the (AD624). The harmonic frequency component of the applied
lamellar phase. electric field in the detected signal is extracted by using a
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Biss i Sample Cell[ = independent of frequency. In this study, intrinsic mobility
P . refers to the mobility of a particle in water, which is usually
Reference Light . : . .
independent of frequency in the absence of certain particular
Photodiode . ) situations[8,9]. Therefore,u’(w) offers information on the
Incident Light local viscoelastic property’ (w) of the solvent surrounding
Electfode High Voltage the particle.
Amplifier Since the applied electric field does not induce transla-
Pre-Amplifier ) tional motion of the surrounding bulk media, information on
E=Re[Eexp(int)+Eexp(if21)] ' (w) of the probe particles can be extracted even under
! intense background scattering. This is a distinct advantage of
y I_)G_)(_ our method, and it enables us to use nanometer-sized par-
Band Pass Filter i = ticles that are smaller than the characteristic length of bulk
4 y Synthe 1 Synthe 2| media (intermembrane distanceé of the lyotropic lamellar
(@) 9 B T phase in this study Therefore,u” or »* measured by elec-
. - e n — 1 . trophoretic microrheology reflects the mesoscopic structure
Sig.iny __ YRef.in Sig in¥ Y Ref.in of complex fluids or the microscopic circumstances of probe
Lock-In Amplifier Digitizing particles, where the assumption of continuum viscoelasticity
4(0) OSCillosC?Pe might be broker{1].
A"(Q)
Personal Computer |2 C. Particle tracking fluorescent microscopy

A" Hwp <A4,"H2p Colloidal particles smaller than the wavelength of visible
o _ ~light cannot be directly observed under a regular optical mi-
FIG. 2. Schematic diagram of the experimental setup for Wlde-CrOSCOpe_ But we can trace the motion of small particles by

band spectroscopy of complex electrophoretic mobility. labeling them with fluorescent dye. In this study, the motion
of fluorescent colloidal particlegliameter 2=57 nm, Poly-
band-pass filte(NF3628. In previous studie$8,9] the fil-  sciences, Ing.in a lamellar structure was observed directly

tered signal is squared with an analog multiplier before beingvith a fluorescence microscog€E300, Nikon. A sample is
detected with a lock-in amplifigiSR830 because the corre- filled in a laboratory dish with a cover slip at its bottom, and
lation time of siriq-drg) in Eq. (1) is much faster than the sealed with a cover glass. The observed image of a particle
time constant, of the lock-in amplifier. In this study, how- was detected with a CCD camef@kyo Inst) and image
ever, the Brownian motion of probe particles dispersed in aontrast was digitally enhanced with Argus@@amamatsy
lamellar structure is so slow that the sigrgl can be de- The time resolution of the measurement is limited by the
tected with a lock-in amplifier beforehand, and the output ofvideo frequency30 Hz). We evaluated the center of gravity
the lock-in  amplifier Al=wu(q-Eg)sin(q-drg)expli(d  of a particler. from the captured digital image by weighting
-ml/2)}/ w is then digitally squared as a complex quantity toits digitized intensity. The use of this procedure allows the
obtain(A;?) on a personal computer. As indicated in Appen-resolution of a particle’s position to improve by 1/10 of a
dix A, the first and second order harmonic signal is measuregixel (about 10 nm

at 230 Hz to measure the magnitude of complex electro- This method can provide information on transport proper-
phoretic mobility. " (w) for an arbitrary frequencw is ob-  ties of colloidal particles that complgments the measurement
tained by comparingA{2>(23O H2 and(Af)(w). Inorderto  Of con_1plex electrophoretic mobil?tm (w) because the time
calibrate the temporal change of measurement efficiency, wevolution of the mean-squared displacement calculated from
applied the sum of the electric field with the frequencywof o(t) is directly related tou (w) with the classical linear
and 230 Hz. An extra phase shift or change of amplitude duéesponse theor17] as

to the devices,such as the filter and the multiplier, is cor- QD" (o)

rected by measuring the reference signal instead of the de- u'(w)=~———

tected signal. keT

== &wZJ dt exp(—iwt)([rc(t) — r(0)]),
B. Electrophoretic microrheology 4kgT  Jg

We measuregs’ (w) of colloidal particles dispersed in a (2
complex fluid to study local mechanical properties. Usually,
DC electrophoretic mobility is simply related to the surface
potential of colloidal particles via the Smoluchowski equa-
tion u=¢e{/ 5, where( is the zeta potential of colloidal sur-
face, e and n are the permittivity and DC viscosity of the The dielectric response of the lyotropic lamellar phase
surrounding solvent. The Smoluchowski equation is simplyincluding colloidal particles was measured with changing
extended to the frequency-dependent case 8$w) temperature or concentration of surfactants and colloidal par-
=&/ 7" (w) when the intrinsic mobility of a probe particle is ticles. Samples were left to rest for sufficient time before

whereQ, is an effective charge of a colloidal particle.

D. Dielectric relaxation spectroscopy
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measurement to allow equilibrium and the stabilization of °
temperaturg12]. The complex impedancg, of the sample 81 o

o &
L
=2
o

set in a temperature-controlled cylindrical cell was measured &= —_
by an LF impedance analyz€riP4192A in the frequency % 6ID.C. ...t I . * *1603
range 10 Hz to 13 MHz. The parallel plate electrodes are O [~ 7 e %
made of platinum coated with platinum black. The afa e 4r . ® 14902
and distance between electrodisare, respectively, 4.5 ¢n S LA i ©

and 5 mm. The cell constant of the parallel plate electrodes, [artifactual decrease

determined by measuring the capacitance of several liquids b2 o 0 g 00 00° 4 af
with known permittivity, was estimated at 8.9t This 1 1

value is confirmed prior to the commencement of each ex- 100 1000

periment by obtaining a measurement using pure distilled Frequency (Hz)

water. The measured impedar@ewas analyzed by regard-
ing the sample as a parallel circuit of frequency-dependent FIG. 3. Frequency dependence of complex electrophoretic mo-

capacitanceCy(w) and conductancE&y( w). bility u"=ué? of latex particles dispersed in an aqueous phase of
C,,E5 at CMC and hexanol at a saturated concentraf@8 wt%.

Broken line shows the value of DC electrophoretic mobilify.
=5.7x 108 Nm/Cs measured with ELS-800. See text for an ex-
The sample surfactant solution is a ternary mixture ofplanation of the artifactual decrease in magnitudegbserved at low
n-dodecyl pentaethyleneglycol monododecyleth€y,Es)/  frequencies.
1-hexanol/watef18,19 to which was added polystyrene la-
tex particles with diameter ofé2=42 nm(Dow. Co. Ltd). In  that of the aqueous phase between membranes of a lyotropic
the case of fluorescent microscopy, latex particles with 2 lamellar solution. A decrease in magnitugeobserved at
=57 nm(Polysciences, Ingtwere used instead. The lamellar frequencies lower than 100 Hz is considered an artifact since
phase in this system swells up with very small amounts othere is no phase shift in the same frequency range. The
surfactants. The measured value of membrane thickfje¢ss reason for this apparent decrease was explained in our pre-
3 nm [18]. An interbilayer spacingl is obtained from the vious papers. Frequency dispersion of each harmonic fre-
simple swelling law of lyotropic lamellar phaseé~ 6,/ .  quency component of the detected signal is very broad for
Here, the volume fractiog,, of the bilayer membrane made our sample due to the fast Brownian motion of very small
up of C,E5 and hexanol is determined by taking into ac- latex particles. Since the bandwidth of the electric filter used
count the solubility of hexanol in watér-0.3%). in this study is proportional to the center frequency, the en-
A sample is prepared in the concentration rangetire signal cannot pass through the filter at low frequencies.
0.02< ¢,<0.06(130 nn>d>50 nm) to satisfy the rela- The broken line in Fig. 3 shows the value of DC electro-
tion d>2a so that the colloidal particles are homogeneouslyphoretic mobility measured with ELS-80@tsuka eleg,
dispersed between membranes. The total amount of latexg.=5.7X 108 nm/Cs, which is in good agreement with the
particles (about 0.1 wt.% or legsadded to the lamellar magnitude of mobility in the higher frequency region. It is
sample is small enough to satisfy the conditign<1/d®,  therefore confirmed that there is no relaxation for the elec-
wheren, is the number density of colloidal particles. The trophoretic mobility of probe particles in this measured fre-
interaction between particles is therefore negligible in such guency range, and the local rheological environment is safely
dilute dispersion. It has been confirmed that the colloidalobtained fromu”(w).
particles are homogeneously dispersed between membranes,Figure 4a) shows the frequency dependence of ob-
and the phase diagram is not affected by the inclusion ofained in a lamellar phase &,=4.7%. There are two relax-
latex particles if their concentration is less than a few wt.%ations in the spectrum, and the relaxation frequencies are,
and the intermembrane distance is larger than the particleespectively, nameé| andf,. We divide the frequencyspec-
size[20,21. However, the phase behavior of the sample wadrum into three respective regions Iy and f,, to yield re-
confirmed on each occasion with dielectric spectroscopwion I, Il, and Ill. Hereafter, the values for the mobiligy,
[12]. Since the amplitude of the displacement of a particlediffusion coefficientD and drag coefficieny at the plateau
due to electrophoresis is much less thhiit has little influ-  in respective regions are denoted by the subscript I, Il, and
ence on the lamellar structure. Unless indicated otherwise, alll. The solid lines in Fig. 4 are the best-fit curves of the sum
experiments are conducted within a specific room temperasf two relaxation spectra with the relaxation time
ture range(26°C-28°Q. 7.(=1/2=f) and 7y(=1/27fy),

Ill. MATERIALS

TH | w7

IV. RESULTS w (@) = (o = ) L tu
n I l+iwmy ”1+iw7'|_'

3
A. Complex electrophoretic mobility of probe particles

dispersed in the lamellar phase where  7,=1.7X107%s, 7.=6.6X 1072, wn=1.5
Figure 3 shows the mobility." (w) of latex particles dis- X 10 cm/Ns andu, =9.2X 107° cm/Ns. The mobilityu,,

persed in the aqueous phase bz at CMC and 0.3 wt% and u, are considerably smaller tham, measured in an
hexanol. This chemical composition is almost the same aaqueous phase without a lamellar structure.
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(a TABLE I. Volume fractions of each component in samples used
A Ju in this study, and intermembrane distance estimated using the
20F simple swelling law.
)
% 15F 1 A C1.E5(%) Hexanol (%) Dm(%) d(nm)
o\() 10F 2 0.650 2.35 123
. Hy
= 2 0.730 2.43 128
{ 5r 25 0.750 2.95 102
0 3 0.852 3.55 85
. . , . X 35 0.946 4.15 72
10° 10! 102 10° 10* 4 1.04 4.74 63
Frequency (Hz) 5 1.20 5.90 51
(b) . . :
structure is not influenced strongly by the electrophoretic
3 . motion of the colloidal particles.
:Z Now, the observed frequency dependencg @) is dis-
= cussed by assuming that colloidal particles are under the po-
2 = tential barrier caused by the interaction with lamellar struc-
= tures. In this case, the relaxation times estimated from
~ thetime required for a particle to diffuse the length of thermal
1S fluctuation A, which is the typical size of the potential
E barrier estimated from the thermal energkgT. The relax-
& ation timesry ) are written as
0
2 _ 2
10° 10' 107 10° 10* TH(L) ~ AH(L)IZDIII(II) - 7III(II)AH(L)/2kBT’ (4)

Frequency (Hz) whereAy ) is the amplitude of fluctuation of probe particles

FIG. 4. (a) Frequency dependence of complex electrophoretid the potential barrier for HELF) relaxation. The drag co-
mobility x* of latex particles dispersed in a nonionic lamellar phase€fficients y; and ¥, can be determined from the measured
of Cy,Es/hexanol/water systemp,=4.7%. The solid lines are Mobility by
best-fit curves of Eq(3). Errors of the measured values are about
5-8%. (b) Comparison of electrophoretic motidffilled circles Y = 67108k iy (5)
and Brownian motiorgsolid line), and estimation of force applied to

wher n re the viscosity of water and electro-
membranes by one partic{epen circles ere 7 and o are the viscosity of water and electro

phoretic mobility in the aqueous phase, respectively. We can

Since there is enough free space for an electric doubISSt'm‘Elte the sizé of the potential barrier as

layer arpund probe partlcles_, it is assumed_ that electrokinetic A ~ \2kg Ty, (6)
properties of the latex particles are not influenced by the

presence of membranes. Therefore, the observed frequenashich is 33 nm for HF relaxation and 500 nm for LF relax-
dependence ofi'(w) is a result of microscopic interactions ation at¢,,=4.7%. Measurement conditions and estimations
between probe particles and membrane structures. An explaf Ay, for all samples are listed in Table | and Fig. 5,
nation of the strength of perturbation of the membranerespectively.

particle interaction due to electrophoretic motion follows.  As we mentioned previously, there are three characteristic
The average amplitude of electrophoretic motion, indicatedength scales in a lamellar phase composed of a nonionic
by filled circles in Fig. 4b), is calculated agi|Eq|/ . In this  surfactant, as schematically shown in Fig[6l. The inter-
measurement, a small electric field is carefully applied to thenembrane distancd, mean distancé between the points
sample, and the linear relation between the amplitude anglhere a membrane collides with its neighboring membranes,
applied field is confirmed at several frequencies. Thereforeand the persistent length of the orientational ortefThe
electrophoretic motion is always smaller than thermallength | is roughly estimated a$~ \4#°k./EkgTd [10],
Brownian motion, which is estimated as/D(w)/w  wherek, is the mean curvature elasticity of a single mem-
= u(w)ksT/6momaw and shown as a solid curve in Fig. brane andZ is a constraining parameter estimated as
4(b). The perturbation force applied to membranes by the).1-0.2 from simulationf22] and the measurement of inter-
electrophoretic motion of each particle, shown as opemmembrane interactionf23]. On the other handl. is esti-
circles in Fig. 4b), is estimated as ®npa(uy,—u)|Egl. It is  mated asL~ B exp(2mk./kgT) [10], where B is a short-
revealed that the interaction energy, estimated simply as thdistance cutoff of the order of a molecular length. In the
product of the amplitude and force, is much smaller than thesample we studied, we can estimate4d—7d and L
thermal energkgT. Therefore, it is clear that the membrane ~500 nm when using the reported valuekgf- 0.8kzT [18]
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FIG. 5. Comparison of characteristic length f@ HF relax-
ation (Ay, ) and(b) LF relaxation(A, \,/@).

and assumg to be &, Therefore, two characteristic lengths
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o® .o [
NE 4r (g 1
~ op¥ege
o .
= )
< 2F 9
=
0.0 0.5 1.0
time(sec)

FIG. 7. Time evolution of the mean-squared displacement of a
colloidal particle dispersed in a lamellar phasedpf=5.9%. The
solid line is a best-fit curve derived from E().

B. Particle tracking fluorescent microscopy

As mentioned in the preceding section, LF relaxation is
caused by the potential barrier of the size of the persistent
length. However, it is intuitively difficult to understand why
the colloidal particles are so strongly trapped within the per-
sistent length. The influence of persistence length on the mo-
bility of latex particles is perhaps screened by lamellar or-
dering. The main motivation to measure the position of a
colloidal particler(t) directly with fluorescent microscopy
isto confirm whether the colloidal particle is really trapped
within L. Since the upper limit of time resolution of measure-
ment is determined by video frequen@0 H2), it is possible
to observe LF relaxation with the use of this technique. Fur-
thermore, direct observation under a microscope allows us to

of the potential barrier estimated from the experiment areonfirm that the dispersed colloids do not aggregate and that
found to correspond to the characteristic size of the lamellathey are dispersed homogenously in the lamellar matrix.

structureé=d/2 (~32 nm at¢,,=4.7%) andL as shown in

One typical example of the mean square displacement

Fig. 5. This means that the potential barrier formed by erx-S(t):([rC(t0+t)—rc(to)]z)to of a colloidal particle dispersed in
ible membranes traps colloidal particles within these lengthhe sample of$,,=5.9% is shown in Fig. 7. If we observe

scales. It is noted that is a reasonable estimation fd,.

colloidal particles dispersed in a purely viscous matrix, time

Figure 6 qualitatively illustrates the mechanism of the ob-eyolution of square displacemes(t) should be proportional

served relaxations. At the highest frequencies of region llI
colloidal particles can freely diffuse to the extent permitted
by £ The colloidal particles in region Il need to hop from
one trapping site to another of siZeto diffuse longer dis-
tances. At the lowest frequencies of region |, almost all par
ticles are trapped within the size domairand this decreases
mobility to negligible levels.

energy barrier
A €~~~ —~0
1

to elapsed timeé. However, in the case of a lamellar solution,
\,% saturates to a value approximating300 nm. This
roughly coincides withA,; estimated from the LF relaxation

of u'(w). This indicates that particles are really trapped
within the space of\; and that mobility is almost reduced to
zero in region |. The mean square displacement of probe
particles rigidly trapped in the potential barrier is given as

S(t) = 2rp[1 - exd-t/7)]. (7

The characteristic relaxation frequency obtained from the
particle tracking methodl/2w7,) is 0.6 Hz, and is also of
the same order as the relaxation frequency of LF relaxation
fL of u'(w).

In Figs. 8 and &), the dependence of and \/@ on ¢,
is shown together with; and A, obtained fromu”(w). The
relaxation time obtained from fluorescent microscopy is al-
ways approximately two to three times larger than that ob-
tained from u'(w). This is probably not only a result of
differences in particle size, but also of the increase in drag

FIG. 6. Schematic representation of the mechanism of the relaxcoefficient due to the wall effect. On the other hand, the

ations observed in the frequency spectrunmudfe).

01150

length of fluctuation estimated from’ (w) is larger than that
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FIG. 10. Concentratiogp,, dependence of HF relaxation timg
of complex electrophoretic mobilityfilled circles and relaxation

FIG. 8. Comparison of relaxation time of LF relaxatien ob- . - . :
b t time for process 1r; observed in dielectric respongapen circles

served in complex electrophoretic mobilitilled circles and 7.
measured by the tracking of the particle by fluorescent microscopy

(open circles ation time and broadness factor of relaxation time, agds

the DC conductivity. The last term of E(B) represents the

obtained from fluorescent microscopy. For a slower relax£lectrode polarization at low f'requencies, and is very large in
ation, colloidal particles do not freely fluctuate withiy. @0 @queous conductive solution. _
Particles should move parallel to the membrane. In such a Rélaxation 1 is observed only when the probe particles
case,A, represents the total path length within the trapping®'® added to a lamellar solution, and its relaxation time is

potential, which must always be longer thg(_rfr§>. almost the_ same as that_ of H_F relaxat|or_1 observe;_i i)
as shown in Fig. 10. This indicates that induced dipole mo-
C. Dielectric spectroscopy ment arises at this frequency due to the constraints of in-

It is necessary to know the electrical property of a samplepl"’me motion of charged parpcleg withi 'The dielectric
!chrementAsl and the relaxation time; of induced polar-

in order to discuss the detailed mechanism of the observe tion due to ch d colloids t d withi tential of
relaxations. We therefore measured the dielectric response lon due to charged collolds trapped within a potential ot a
the sample solution. The typical frequency spectrum of per-Slzeg are, respectively, written as

mittivity s(w)_ and cont;lucti_vityo(w) obtained for a sample A NQ(uyy — i) &

of $=3.6% is shown in Fig. 9. The spectrum reveals two &1 ke Ty (9a)
relaxation processes at approximately 1 kHz and 100 kHz,
which are, respectively, numbered 1 and 2 for convenienceand
The solid lines in Fig. 9 are best-fit curves of the sum of two

2
Cole-Cole type relaxation spectra given by 1~ &12Du, (9b)
As o s wheren, andQ are the number density and charge of colloi-
g(w) =g+ D L —+— (8)  dal particles, an®y, is the diffusion coefficient in region Ill.
ol +(ion)? e (i) In fact, Ae, @2, is linearly dependent on, as shown in Fig.

11, due to the simple relatiof~1/¢. The slope of the best-
fit line shown as a solid line in Fig. 11 givetu,
— ) Q% 2Kg Ty ~ 2.9 10712 C2/Nm?. Employing the ap-

wheree,, is the permittivity at high frequenciede;, =, and
Bi(i=1,2) are, respectively, the dielectric increment, relax-

E
g 75 X §=2.4% T
k= # o 80r o 4 -3.6%
Z —4.79
g 6 > o ol & 44T%
a, = NS ® ¢ =61%
[ 2 [ty " b o
= 58 < 40f
k= g
© =
= 49 20}F z
100 100 100 100 100 10° 10 : : : : :
Frequency (Hz) 0 2 4 6 8. 10
number density #_ (10 'm")
FIG. 9. Frequency dependence of permittivity and conductivity
of a lamellar phase of,,=3.6% including colloidal particle@pen FIG. 11. Dependence oﬁslcj)zm on the number density of col-
circles. The solid lines are best-fit curves derived from E8). loidal particlesn.. Surfactant concentratio,, of each point is
Dotted line is permittivity of the same sample without colloidal identified by different symbols. Solid line is a best-fit line assuming
particles. a linear relation.
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proximate value of uy — )/ my ~ 0.3, the surface charge
per colloidal particle is represented Wy~ 2.8x 10716 C,

which coincides with the value measured by titration 2.4 Y
X 10718 C. It is shown that the mechanism of relaxation 1 of ’
the dielectric response is the same as that of HF relaxation of

e from .7

o from g,

x from 7

complex electrophoretic mobility. \5
On the other hand, a faster relaxation proagekaxation < 0.5F
2) is always observed even without the presence of colloidal b4
particles in the sample solution. We have recently shown { .
[12] that the dielectric response of a lyotropic lamellar phase ’ x
can be modeled as a series circuit of capacitafmem- 1 L i A
0 10 20 30 40

brane$ and resistancésolven), which causes a so-called
Maxwell-Wagner relaxation in dielectric response. At fre-
qguencies lower than those of a Maxwell-Wagner relaxation, a
component of the electric field vertical to the membrane isthe
applied mainly to the capacitan¢@membrang and the elec-
tric field in the aqueous phase is forced to I_ie p‘?‘[a”e' _to the(crosse}? The length¢ is calculated from the volume fractiog,,
membranes. Th'? implies that HF .relaxatl(.)n An(w) 'S, using the simple swelling law. The solid curve and dotted curve are
caused by the hindrance of Brownian motion of colloidal{hegretically calculated values for a spherical particle between par-

par_ticles* parallel to membran_es, since the frequency range ifje| walls (separation & and in a cylindrical wall(radius &),
which 4" (0) was measured is always below the Maxwell- respectively.

Wagner relaxation frequency.

1/£(10°m™)

FIG. 12. Half of the interlamellar spadé=d/2) dependence of
ratio of drag coefficientyy/y,, calculated frompu,, (open
circles, from relaxation timery (closed circles and from 7

V. DISCUSSION approximate agreement with values obtained from mobility
without any assumptions.
A. Effective friction coefficient in the lamellar phase The estimated value 0%“ is a|WayS |arger thapyo and

If colloidal particles can freely diffuse to an extent per- increas_es withp,,. That i_s not_due to the existence of_certai_n
mitted by £ and at a frequency within region llI, the drag relaxations at frequencies higher than those found in region

coefficienty,, is estimated from the observed mobility, I, but is due to the excess stress caused by the confinement
by Eq.(5). Open circles in Fig. 12 show the 4 flependence of particles between membrane walls. The drag coefficient
of the ratio of yo(=6m7n.a)to 7y, calculated fromu,. for a spherical particle near a hard boundary wall under no-

At the lowest frequency in region Ill, HF relaxation arises slip conditions has been calculated[ad]
due to the trapping potential of sizg,. Since its relaxation 3 4 5
time TH is written a.STHNAa/ZDm = ')/|||A|%|/2kBT, Y can E =1- 100{%) + 041<9> + 02](§> — 016{9)
also be estimated from, as Y £ & € &
Yin = kg Tyl & (10) (11)
by assuming\, ~ £ The values ofy,/ v, calculated by this for infinite parallel plates separated by a distange(sblid
method are plotted as closed circles in Fig. 12 and are igurve in Fig. 13, and as

Yo _ 1-2.105Qa/¢) + 2.086%a/£)° - 1.7068a/£)° + 0.726 03a/¢)°
y 1-0.758 57a/¢)°

(12

for an infinite cylinder with radiust (dotted curve in Fig. The potential contribution of other factors should be taken
12). The excess stress experienced by a moving particle canto consideration.

be roughly explained by the geometry of the wall surround- (1) Equations(11) and(12) are calculated only for par-
ing the particle. There is two-dimensional free space for aicle movement that is restricted to the centerline of each
probe particle in a slit between parallel flat plates, but there isvall, while it is experimentally known that the position de-
only one dimension of free space in a cylinder. If the bilayerpendence ofyy/ y,, is not that large, except for particles
membrane is not regarded as a flat wall, and it is believeattachedto the wall25].

that a colliding point of membranes also disturbs the flow (2) The strength and direction of the electric field that is
field, it is reasonable to expect that experimental data li@pplied to colloidal particles is somewhat heterogeneous.
between these theoretical curves. (3) Itis generally accepted that the no-slip boundary con-
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dition is not satisfied when considering the interface of bi-
layer membranes.

However, these weaker effects may counteract each other 0.3F ° °
and would only require a negligible correction to data.
Therefore, the result shown in Fig. 12 suggests that the drag
coefficient in a nanometer-sized structure can be roughly es- 04
timated by continuum hydrodynamics, and that there is no
relaxation process at frequencies higher than the measured
frequency range. ok L L L L

#,, (%)

o8
[ I-)

Ml Hm
[ X

©

[+ ]

B. Mechanism of HF relaxation
FIG. 13. Concentration dependence of the ratio of the complex

electrophoretic mobilityw, / wy,, (filled circley and best-fit values
Dielectric spectroscopy indicates that the HF mode is no@s derived from Eq(37) (open circles

caused by the hindrance induced by the Brownian motion of

colloidal particles vertical to membranes, but by the motionof a membrane from the reference plane, which is the aver-

of colloidal particles parallel to membranes. It is thereforeage membrane position in the absence of a partidie,z),

tentatively assumed that colloidal particles are weakly conwhere thez axis is taken vertical to the membrane and the

fined within the length between the colliding points of mem-plane is parallel to the membrane. A colloidal particle is lo-

branes, neglecting the discrepancy of length sdalg  cated at the origin. The elastic energy of a smectic liquid

~d/2 andI=4d~7d). At middle frequencieqregion lI), crystal is expressed by the Landau—de Gennes Hamiltonian

colloidal particles need to hop between trapping sites to dif{27]

fuse longer distances, while colloidal particles may diffuse

without hopping if membrane collision disappears with time. 1 [(ou)\? 1

Such a process is called dynamic disorder transpbf}. Ho:fdffd2{55<—) +—K(V$U)2}, (15

: : . dz 2
When this transport process is taken into account, the theo-
retical spectrum of mobility.”" (w) can be rewritten as

1. Dynamic disorder transport

whereB is the layer compression modulus akds the bend-

(1 +iwry) ing modulus of the smectic liquid crystal. By minimizing this

(13 Landau-de Gennes Hamiltonian under the constraint for local
spacing,d,=d+Ad, Senset al. calculated the distortion

where r,~ &3k, is the reorganization time of a trapping field u(r,z) [13] as

site, which is the relaxation time of fluctuation for a free

membrane of sizé& [26], 7~ na&?/kgT is the time required dAd, —r2

for probe particles to diffuse oveét andAu is the increment ur,2) = 47 exp( a7 )

of mobility under the condition involving the absence of a

dynamic disorder process. From E3), w, / uy is roughly

(0)=po+t Ap———————,
w (@)= po MTf+Tm+|waTm

(16)

where A= \K/B is represented byl since B and K are

written as roughly estimated a8~ (ksT)2/k.d® and K ~k./d, respec-
my o+ Au(rd (76 + 7)) tively, in the case of lyotropic smectics. The distortion of a
m - po+ A ' (14) neighboring membrane is therefore given as

which is a monotonously increasing function of membrane z

concentrationg,,, However, experimental values of / u, A

represent a decreasing function ¢f, as shown in Fig. 13.
This discrepancy indicates that generation and annihilation
of colliding points of membranes have little influence on the
diffusion of colloidal particles, which is plausible because
colloidal particles can easily bypass the colliding points.

2. Distortion field induced by dispersed particles

In the above discussions, it is not assumed that the local
morphology of membranes is influenced by colloidal par-
ticles. However, the membranes in this study are so soft that —\
they are easily deformed by the osmotic pressure produced
by the collision of colloidal particles with the membranes.

This distortion field surrounds a colloidal particle and is es-
sential for the understanding of HF relaxation. As shown in  FIG. 14. Schematic drawing of membranes distorted by the col-
Fig. 14, the distortion field is described by the displacementision with colloidal particles.
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(a) highg,,,
d+Ad,
FIG. 15. Diffusion process of
(1) initial state Y // colloidal particles between soft
= membranes. A colloidal particle
ﬂ ﬂ fluctuates in a distortion fieldl,
//"\\ initial state hops out(2, excited
7 N statg, then creates a distortion
& / \ e == field around itself(3, final state.
T~ ) o At (a) hlgh. b a strqngly |nter-
ZDH acted particle-distortion pair al-
TR i ways grows fully while aib) low
(2) excited state Y // ¢m, the colloidal particle moves
= too fast to form a substantial dis-
ﬂ ﬂ tortion field.
P

W e O\)»

(3) final state N ’

—r2 N 2
u(r,d/2):%e p<2_;2> 17) F ~ kgT[(Ady/d)" - In(1 +Ady/d)]. (20)

By minimizing F with Ad,, the amplitude of distortior\d,

It is important that the in-plane size of distortion of a neigh-is given as

boring membrane is roughly estimated &sThis indicates —
that the in-plane motion of a colloidal particle is free within _\V3-1
d while a colloidal particle has to drag the distortion field to Ado =
move a distance longer thah This is the probable origin of

HF relaxation. _ . ' _ Since the measured value gfi/w,, averaged over all con-
A sequence representing the Brownian motion of colloidalentrations is about 2/3, a membrane can theoretically dis-

particles influenced by the distortion field is illustrated in tort to a sufficient degree to yield the observed HF relax-
Fig. 15. A colloidal particle fluctuating in the distortion field atjon.

hops out, and then creates a distortion field around itself. In
the excited stat§(2) in Fig. 15|, the space available for the
colloidal particle(~d) is smaller than that in the initial state
(~d+Ady). This entropy loss gives rise to the energy barrier We have so far neglected the dynamic process concerning

do ~ 0.4d. (21)

3. Step response of the distortion field

AU for this hopping process, which is written as the formation of the distortion field. This is very important
because a distortion field cannot grow sufficiently if a colloi-
kgT In(1 +Ady/d). (18) dal particle escapes from the field too quickly. In order to

evaluate such a dynamic effect, we discuss the step response
Therefore, the ratio of, to w, is expressed by the ampli- function of the distortion fieldu(r,z,t) by calculating the

tude of the distortion field as hydrodynamic equation of a lyotropic lamellar phase. A basic
set of hydrodynamic equations for a lyotropic lamellar phase
M d (19) is presented in Appendix B. When osmotic presdlirdue to
wn d+Ady a colloidal particle dispersed between membranes is intro-
duced as

The total free-energy of this particle-distortion pair is the

sum of the elastic energy of the distortion field and the en- IM=11,48(r,2), (22
tropy of a colloidal particle. Since the elastic energy of the

distortion field is estimated by incorporating Ed.6) into  Eq. (B4) is modified because of the stress applied to mem-
(15) askgT(Ady/d)? [13], it is written as branes
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&_UZ__@_'_i[(g_fl] —K(@+2ﬂ+@) A _ 1 ffd d . +
ot 9z gzl vy \axd “akayt oyt (r,Z)—(ZW)3 qr do; Aq exdi(q, -1 +a.2)],

+ &_2 + (9_2 + i — E (23) (25)
M 9y ay? 97 PP andq, andq, are the Fourier conjugates pfandz, respec-
tively. A stationary solution fouy is given as

_ iD 330,11 o iq 1y
— o . . Ugo = Dy 2 2 2 4 :
The derivation of deformation is performed in the Fourier D330rK — D405 + BD3sdl; Kqy +Bc}

Space. In order_ to consider th?f purely (_j|ffu5|ve slow mOdeSince the energy cost for changing the area per surfactant
inertial terms in hydrodynamic equations are neglectedyglecule is usually much larger than the other deformation
From Egs.(23), (B2), (B3), (B5), and(B6), we obtain modes, the plausible relatidys> B, D,3 is assumed. In this
case, the same solution as represented byHyis obtained
by the inverse transform of Eq26). At equilibrium, the
, . . 5 0 amplitude of distortion as degmined by the osmotic pres-
St [us7d D3z + K + (B = 2Dy3+ D33)Qz]ﬂuq sure is given add,=1I,/2md\BK.
The higher derivative term dfin Eq. (24) usually corre-
+ O [(Daslf K — D340% + BDgg02)Ug + D30, l1] =0,  sponds to the membrane peristaltic and second sound modes.
(24) _Schgmatlc drawings of these hydrodynamic .modes are given
in Figs. 6.8b) and 6.8d) in Ref. [10], respectively, and are
probably not comparable to the slower modes of current in-
terest. When we neglect terms including the second deriva-
tive of t, an equation representing the so-called undulation-
where Aq(ug,I1,) is the Fourier component of quanti#®  baroclinic modesee Figs. 6.@) and 6.8c) in Ref. [10)) is
defined as obtained

(26)

a'n

Jd .
[1sm0* D33+ Ko + (B~ 2D g5+ DSS)qg]auq =~ 07 (D30 K — Do + BDssqg)Uq +iD 33011, ]. (27)

The solution of this equation is given as

Ug(t) = Ugol 1 — expi~T0)], (28)
where
KCIf + D3’ + D33CI§

Therefore, the inverse Fourier transformationugfwritten as a superposition of undulation-baroclinic modes gives the step
response of distortion of membranes,

1 -iq,ll

u(r,z,t) = W j f dqg, dqzﬁ[l —-exg—-TI't)lexdi(qg, -r +q9,2)]. (30
Instead of calculating an analytical form of this solution by finding all residues, here we make plausible approximations.

First, qu in the denominator of Eq29) is much smaller than the other two terms, except for the cagg-00. Sinceuy, has

a negligible value in the case qf~ 0, it is always possible to ignore the te(mqf) in Eq.(29). Second] is a monotonically

decreasing function ofy, which asymptotically approachel§~kBTqr2/1277d at q,=q, from the maximum value of"

~ kBTqrz/ nd atq,<q,. The prefactor iqZHq/(qu+ Bqﬁ) in Eqg. (30) has a maximum value in the intermediate region of these

two extremes at},=VK/Bcf. We can therefore fiX" to the valuel'(q,= VK/BeP)=ksTc?/65d= aq? with little error in the

estimation ofu(r,z,t). Now, Eq.(30) can be integrated ovey, and rewritten as

uir 2 = =2 j da[1 - exti- ac?t) lexp~ \Z)extli(q, - 1)]. (3D

The time-dependent component of Eg§1) is obtained simply by replacing the varialden Eq. (15) with z+at/\, and an
approximated form ofi(r,z,t) is given by
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Adyd p( r2 ) NAdyd r2 ]
_ _ _ _ _ 32
u(r.z) 4z ex 4nz) 4(\z+ at) ex 4(\z+ at) (32)

The step response for the increment of lamellar spacings.?. On the other hand, the time required for the formation

Ad(t)=2u(0,d/2,t) is obtained from this equation as of a distortion fieldrg is proportional todfms. Therefore, as
shown in Fig. 15, at a high concentration whetds larger
Ad(t) :AdO<L). (33) than 7, the distortion field can grow completely around a
33+ kgTt colloidal particle. On the other hand, at low concentrations
The characteristic timey for the formation of a distortion ;ﬂﬁgggt:i smaller thanr, the distortion field cannot grow
field is therefore estimated as In the same manner as discussed in Sec. V B 2w, is
3yd® 34 given by the ratio of the amplitude of the distortion field as
TR kT . (34) q
Ao = (35)
m - d+Ad(73)

4. Effect of dynamics of distortion field formation ) )
From the relations of;=£?/2D,, and 7y=&/2Dy,, 73 is es-

Now we can consider the influence of the dynamic pro-jmated by the measured parametess u;, and u, as
cess of the formation of a distortion field on the transport
property of colloidal particles. Since a distortion field grows D o
only when the colloidal particle stays inside, the amplitude 3= THD_,, = THE- (36)

of the distortion field is estimated asl(73), wherer; is the
average time for one hopping event estimated s From Eqgs(33), (35), and(36), the dependence @),/ on
=£2/2D,,. Therefore, this hopping time; is proportional to  ¢n, is given as

M _ 3yd* = (d+ Ado)kgT 7y + V127kg Tryd® + [(d + Adg)kg Try — 37d*]?

M 677d4 (37

In Fig. 13, experimental values @f, / w,, are plotted and C;5Es, and reported12] that the observed Maxwell-Wagner
shown as filled circles. Empty circles are best-fit values withrelaxation can be quantitatively understood by modeling the
respect to Eq(37). Sincery is obtained experimentally for lamellar phase as aggregates of multilamellar vesicles, the
each concentration, a continuous line could not be obtainetisides and outsides of which are filled with perforated
in this case. It is noted that only one fitting paramese,  lamellar. The size of such vesiclelike regions estimated from
=0.9d determines the level qf, / s, at a high concentration dielectric - spectroscopy is approximately 200—400 nm,
limit. The crossover concentration to a lower concentrationVhich coincides with\ obtained in this study. Itis plausible
limit is automatically given by Eq(37), regardless of the that the trapping sites for LF relaxation are composed of
fitting parameteAd,. It is therefore confirmed that the dis- multilamellar vesicles which colloidal particles cannot move

tortion field created by colloidal particles constrains the in-2€r0ss: On the other hand, colloidal particles can move inside

plane motion of a colloidal particle, and this phenomenonand outside of the vesiclelike region, which is composed of

. ; perforated lamellar.
corresponds to the mechanism of HF relaxation. Therefore, the Brownian motion of colloidal particles in

region | should be closely related to the property or dynam-
ics of a site-connecting path, which probably consists of mi-
croscopic defects joining one bilayer to another. We do not
Since the lamellar in our sample cell is not macroscopi-assume that colloidal particles can hop between different
cally oriented, there must be defects in a scale larger than thgites by breaking through the membranes of vesiclelike
intermembrane distance. In fact, a vesicle-like structure or atructures, since an extremely large amount of energy would
folded lamellar surrounded by a perforated lamellar is fre-be required for such a mov@0]. There are therefore two
quently observed in freeze fracture electron micrographpossible mechanisms to effect the movement of colloidal
[28,29. We have recently measured the dielectric responsearticles through the patll) colloidal particles may search
in the lyotropic lamellar phase of an aqueous solution offor a very small fraction of the stable path, a(®j the dy-

C. Mechanism of LF relaxation
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namic reorganization of lamellar structure may lead to the (a)
very slow diffusion of colloidal particles. The latter case

would involve a mechanism of LF relaxation equivalent to

dynamic disorder transpofi4]. 1

Figure 16a) shows a typical trajectory of a colloidal par-
ticle dispersed in the lamellar phase ©f,=2.4% as ob-
served by fluorescent microscopy. The colloidal particle hops
many times between particular sites through a path fixed for
some time[site A and B in Fig. 16a)]. Figure 16c) shows
the average number of sites connecting the observed path.
The number seems to be a decreasing functiof,pfin fact,
almost all colloidal particles dispersed in concentrated solu-
tions are always trapped in one particular site, as shown in
the typical trajectory ofp,,=4.7% [Fig. 16b)]. The occur-
rence of sites associated with a path is rare in concentrated
solutions since more microscopic defects are required fora L . L
single path. This is consistent with the fact that the effective
size of the potential barriek, becomes large wheu,, de- (b) x (um)
creases, as shown in Fig(. It is noted, however, that the
intrinsic size of the trapping site has little dependence on
concentration of the surfactant, as shown in Figgajlénd 1
16(b) since the size of the vesiclelike region is mainly deter-
mined by the nature of a single membrgiée].

On the other hand, a colloidal particle trapped within par-
ticular sites[A and B in Fig. 16a)] hops to another sitéC),
which was probably induced by the reorganization of the
lamellar structure. It is rare to observe such an event that
implies a renewal of the site-connecting path during the pe-
riod of each experimentdR0 9. Therefore, it is difficult to
obtain the renewal ratp from this measurement. However,
this observation suggests that the diffusion process in region -1
I mainly follows a mechanism reflective of dynamic disorder
transport. 1 1 1

It is expected thaj,/ w, gives important information on -1 0 1
the renewal ratg of the site-connecting path. Howevex;, is X (um)
not obtained from the frequency spectrum @f(w) since
mobility relaxes to a negligible value in region A, can
probably be determined from the self-diffusion coefficient of 3k
probe particles in this regiom,. In order to obtairD,, the
diffusion of probe particles has to be tracked for a distance
that is much longer thah, and would involve a tracking
period exceeding hundreds of seconds. This is experimen-
tally difficult because colloidal particles move out of the fo-
cal plane and adjusting thestage position results in large
drifting motions of colloidal particles. In this stud, in a
sample of¢,=4.7% was measured by slight modification of
our experimental systerf8,9] for the mobility as explained
in Appendix A. Since we set the scattering angle to satisfy 0
the condition 2r/q~3 um>L, the probe particles need to
diffuse about 3um by hopping between trapping sites of
size L before the intensity of the scattered lightAy(t)] FIG. 16. Typical trajectories of a colloidal particle dispersed in

Ioses_ its memory, and we can regard the vz_alue of the appafamellar phase over 20 s f68) ¢y=2.4% and(b) ¢,=4.7%, and
ent diffusion constant aB,. The autocorrelation function of (c) concentration dependence of the average number of trapping

the amplitude of the fundamental signglt)=(A7(t)A7(0))  sites observed during 20 s.

«exp(-D,g%) obtained for the sample @f,,=4.7% is shown

in Fig. 17. A very slow fluctuation with correlation time particles are almost completely trapped withimf region I.
1/D,0?~230 s is observed. The estimated valueypfis ~ From an approximate length between trapping sites afri,
much larger(about 1.4x 10* time9 than that ofy,. Such the renewal rate is estimated ap~ D,/L2~3x103s™L,
extremely large values of, again indicate that the probe We consider this a maximum estimation pskince it is dif-

By =2.4%

trapping site

G =47%

y (um)
[}

~
(¢}
~

number of trapping sites

¢, %
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electrophoretic microrheology developed in this study repre-

\ sents a useful method for the study of transport phenomena
= in much more complex systems, such as biological cells and
= other complex systems.
=t
=
N’
o
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As written in the text, the wide-band spectroscopy of
' (w) is carried out with a recently developed method using
the heterodyne technique of dynamic light scattering. If the
suspension is composed of identical spherical particles with-

In conclusion, we studied the spectra of complex electro®ut any internal degree of freedom, Fhe scat_tereq electric field
phoretic mobility 11" (w) of nanometer-sized colloidal par- Es) from the spheres at positiom, is given by
ticles dispersed in a nonionic dilute lamellar phase in orded!/NZaexpi(q-rn—wt)}. Here,I=EsEg N is the number of
to probe the rheological properties in microscopic scalesparticles in the scattering volume, is the angular frequency
The spectra show two relaxations corresponding to the twéf the incident light, andj is the scattering wave vector. We
characteristic lengths of the lamellar structure. CombiningemMploy an optical heterodyne technique to obtain the elec-
the complementary information given by dielectric spectrosirophoretic mobility by mixing the scattered light with local
copy and the tracking of a particle’s motion with fluorescentlight, as shown schematically in Fig. 2. The temporal change
microscopy, the detailed mechanism of the observed relaxf the intensity of the detected light, is given asEsE
ations were investigated. It was found that these relaxations EsEL =2Vlol /NZcodq 1), whereE, is the electric field
offer more information on the local structure and interactionof the local light and,=E E, . In equilibrium,r,, varies with
between particles and membranes than information yieldetime due to the Brownian motion of colloidal particles. When
by conventional macrorheology. This is because the probhe particles are subjected to the external electric figld
particles are smaller than the characteristic lerigttermem-  another contributionsrg gives rise to displacement due to
brane distancd) of the lamellar phase, and wide-band spec-electrophoresis. The total displacement of a colloidal particle
troscopy is possible in our experimental system. The trangs given asr,=rq,+ o' gn, Wherer, is the position of a par-
port properties of colloidal particles between membranes article without an electric field. When the sinusoidal fieid
analogous to those of proteins and other secretions in bic=Eq codwt) is applied to suspensionirg, is given by
logical systems in which bilayer membranes are one of the’f g,= u,Eq sin(wt+ d)/ w. If every particle has the same mo-
most common components. As a consequence, the method boifity w, 14, IS given as

VI. CONCLUDING REMARKS

lout= 2\/% [E coSCy)| Jo(2) + 22 Jp(2)cod2k(wt + ) [+ 22 sincy) X Ja1(D)sin(2k = (wt+8) [, (A1)

k=1 n k=1
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wherec,=q gy, Z=u0-Eqo/ 0 andJy is the Bessel f.unction A= 4\“‘J|o|/NJz(Z)E cog(c,)exp(2i ), (A7)
of kth order. We hereafter call thegh order harmonic com- N
ponent thekth order term. ) o

The signal detected by QELS-SEF in EA1) consists of which are digitally sq_uared on a personal computer. The av-
two components. One is a randomly fluctuating componengraged signals are given by
due to the Brownian' moj[ion of cqllpidal particl@mcoicn) <A’1’2) —_g O(I)Jf(z)exp(Zi 8§ ~ -2l 0<I>zz exp(2i 9)
and X,sin(c,). The diffusion coefficienD is obtained from
the autocorrelation function of these paf®. The other
component is the response to the external fieldfor the fundamental harmonic component, and
S doa(2)cog 2k(wt+8t)]  and =, do-1(2)sin[(2k— 1) (wt i ) _ . _
+6)]. The complex electrophoretic mobility." (w) is ob- (A5%) = 8lo{1)J5(2)exp(4i d) ~ 5lo(NZ* exp(4is) (A9)
tained from these parts. We therefore extract the first-ord
component in Eq(Al),

(A8)

Sor the second order harmonic component. These signals
give ' (w) in the same manner as previously written.

In the above procedure, the information on Brownian mo-
tion is excluded by squaring the detected signal to yield a
sensitive measurement @f (w). In contrast, the diffusion
and then the second order harmonic component constant of colloidal particles can be obtained separately by

o eliminating the electrophoretic information. In such a case,
A, = 41lINJ(2)coq 2wt + 28) >, codc,)  (A3)  the signalA; is detected with a lock-in amplifier without
n employing a squaring operation. If the time constamtf the

) lock-in amplifier is set shorter than the characteristic time of
from the output signal. However, these components are nQiifssion 1/D, it is possible to observe the temporal

directly measured by a lock-in amplifier because the tempoéhange of the coefficiert, sin(c,). By calculating the auto-

ral average of Cdf;“) a_nd S'"ic“_) becomes zero. correlation function of the signal, the diffusion coefficient is
In order to avoid this undesirable effect, we squared thesgyiained from its decay rate.

signals before lock-in detection when the correlation time of 115 method has several advantages when compared to
2ncodc,) andsin(c,) was smaller than the time constdt ey techniques used in the field of microrheology. First,
of the lock-in amplifier. Using this procedure, the compo-gjnce |ock-in detection removes noise that is asynchronous to
nents detected with the lock-in amplifier are given by the signal, a signal whose amplitude is much smaller than the
r_ 2 _ noise level(by 60 dB) is easily detected. Therefore, both

A=~ A o{1)Jy(Z)cos2nt + 29) ~ lo(1)2* cos 2t +26) complex electrophoretic mobility and the diffusion constant

(A4)  of colloidal particles in soft materials that scatter light
strongly can be measured using this method. Second, the
entire signal originally distributed around a harmonic fre-

' _ 2 -1 quency due to Brownian motion is collected with our
A = Alo{)J(2)cot 4wt + 48) = 15lo(1)Z* cosdnt + 45). method. Therefore, the effective intensity of the detected sig-
(A5)  nal is extremely larger than the signal containing the influ-

. ._ence of Brownian motion. Third, even if a drifting motion
In the above _calculatlon, we used _the relation s (t)=y,t exists with velocityv, in the system studied, the
En¢mco§(cn)cos(cn)—0 and E.m&msm(cn)sm(.cm)—o, which correct complex mobility.” can be obtained in our system.
are derived from the plausible assumption that there argn.iis pecause EqeA2) and(A3) are not altered if we add
many particles having no positional correlation in a scattery,q termq- or 4 to ¢, in Eq. (AL), as long agj-vy is smaller

ing volume. The phase delay 6fis obtained from EqSA4)  {han the half-width of a band-pass filter. Therefore, we can
and (A5). But the magnitudex cannot be obtained directly apply a higher field to the suspension, which is of great ad-

from the amplitude of the output signadg or Ay, since they  \antage when measuring small displacements at high fre-
depend on uncontrollable parameters such as the ﬂ“Ct“at'thencies.

of the intensity of laser light and the efficiency of the optical
system. As a result, the ratio of the amplitudlg/ A; is cal-
culated to obtairu. APPENDIX B: HYDRODYNAMICS OF LYOTROPIC
On the other hand, the correlation time ®fcogc,) and LAMELLAR PHASE

>.sin(c,) is much larger than the time constatptof the
lock-in amplifier used in this study. In such casagsandA,
are detected directly with a lock-in amplifier. The output of
the lock-in amplifier may then be represented as

A, = 41 INL(Dsin(wt + 8D sinc,),  (A2)

and

In order to discuss the hydrodynamics of the binary lipid
system for largel, we use the phenomenological approach of
Brochard and de Genng31] for lyotropic smectics. At con-
stant temperature, we need three variables to describe the
dynamics of the lamellar phase. These are the total density
dilation ®, the dilation of the layer spacing=(d,—d)/d
=duldz, and the dilation of the surfactant concentrafi®n
and =(cg—c)/co=dcl cy, whered, is the local layer spacingy is

AL = 2\141INJ (20, sin(cexpli(5- 7/2)}  (AB)
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the prepared surfactant concentration, arid the local sur- dv, dIp @ {afl} (a“u ) Ju 2u

factant concentration. Sinc® involves the first sound p =T ot TRl Tt 2.2 A4
. : ' at  dz dz| g axt Taxkay? 9

which is much faster than the membrane fluctuations we are vis y y*

considering and which yields little effect, we may assume the P PP

material is incompressible. One may use the relative change et 7y2 TR | (B4)

of the area per polar heat (A~ Aqg)/ Agq Instead of using, wherep andv represent the local pressure and velocity of the

WhereAeq is the area per polar head at eqwl?rym ahd fluid. It is assumed that water does not cross the bilayers and
denotes its local value. These are relatedsbyy+d. The  syrfactant molecules do not leave the bilayers; that is, there
free energy density can therefore be expanded as is no permeation. Without permeation,=au/dt, and thex

component of the lipid velocity is given lyj ,=dd/t. Un-
1 (du U PP der the conditions of a dilute lamellar phase, it is appropriate
f= 55 2 T D2355+ §D335 + EK(Vr u) to use an isotropic shear viscosiyequal to the viscosity of
water in Eqs(B2)—<B4). However, water may flow between

_ 1 5. the bilayers in thex direction. This is described by the phe-
=f;+ EK(Vr ue, (B1)  nomenological equatiof81,32
of dfy
- v = T e 1 1
where the last term is the membrane curvature elastic energy, P 95~ TWe ’usﬂy
andK=k./d. Following Ref.[32], the equations representing 7 i
the motion of the fluid are (BS)
wherev , andv , are thex andy components of the lipid
™ ap o [af P2 PR velocity, andu, is the slip coefficient, which is estimated as
p— =t = |ty Tt ot 2 % d?/127 [31]. We may then combind& -v, =J&/dt with the
It X IX]| 96 |5 Ix= dy* 9 incompressibility conditiorV -v=0 to obtain
(B2) ( F# P ) &fl
— d) . B6
(7 8= g Py &y ) (B6)
Y
_Uy P, afy + ﬁ+5_2+t9_2 Equations(B2)«B4) and (B6) combined with the incom-
at ay 3y K axe  ay? 97 Y pressibility and impermeability conditions form a complete

set of equations representing the hydrodynamics of binary
(B3) lipid systems with largel.
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