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Dielectric response in dilute lyotropic lamellar and sponge phases of a nonionic surfactant
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We study the dielectric response in lyotropic lamellar and sponge phases made up of a binary mixture of a
nonionic surfactant and water. A single relaxation is observed in both phases within the measured frequency
range of 10-10Hz. This relaxation originates from the obstruction of electric current by insulating mem-
branes. In the sponge phase, it depends on surfactant concentration and conductivity of solvent. The observed
dependence is well-described quantitatively by the equivalent electric circuit of the sponge structure, including
the effect of accumulation of ions at the interface between water and membrane. In the lamellar phase, there is
little dependence of dielectric relaxation on surfactant concentration. This is presumably due to the fact that
submicrometer-sized defects play a more important role in the electrical property in this phase than the lamellar
structure in smaller length scales does. Our results offer some basic information to study more complicated
systems composed of charged membranes in aqueous solution.
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. INTRODUCTION conductivity o’ = o4./(1— ¢) to the conductivity of pure
brine o, which is usually called obstruction factor, dis-
There are various kinds of structures made up of surfactinctly reflects the structure of aggregates in surfactant solu-
tant bilayers in solutiorj1]. One of these is vesicle phase tion. The reported value of the obstruction factot.inphase
where a bilayer forms a sphere enclosing solvent. Anotheis about 0.6—0.76,10,11, which suggests the topological
one is lamellat , phase, which is a lyotropic smectic liquid similarity of the structure of disorderedd; phase to that of
crystalline phase composed of a stack of bilayers and sokegular bicontinuous cubic phase whose obstruction factor is
vents. Observations by electron microscope or conductivitybout 2/3[12]. It has also been reported that the obstruction
measurement§2,3] suggest that, phase can be divided factor in lamellar phase is usually larger than that jrphase
into subregions by their defect structure. The appearance ¢8 6|.
these subregions &f, phase depends on the temperature and The measurement of dc conductivity is expected to give
the concentration of cosurfactants. Since bilayers becomgformation on a characteristic structure of surfactant bilyers,
more and more perforated, in general, as temperature or cowhile dynamic process of charge transfer can be studied by
centration of cosurfactants decreases, well-aligned lamellahe dielectric spectroscopy. For example, lip phase of
appears only at higher temperatures or higher concentratiorsharged lipids, dispersive relaxation probably due to inhomo-
of cosurfactants i, phase. By further increasing tempera- geneity in a sample has been frequently obserfigj14.
ture or adding cosurfactants, the well-aligriegphase turns  Even in the sponge phase of charged membranes, enor-
into the isotropic phase made up of bilayers called spdnge mously large bimodal relaxations have been observed re-
phase. In this phase, the bilayers form multiconnected ogently [10,11. Cateset al. associated the high frequency
spongelike structure, where membranes divide the space intaode with behavior on the scale of a single pore of the
two and the volume occupied by hydrophobic tail is largersponge, and the lower-frequency one with fluctuation in the
than that inL, phase. This bicontinuous structure has beerin (ouf) order parameter that is the difference in the volume
confirmed by the small-angle neutron scatterif®ANS)  fraction of the two subspaces divided by membraiés.
[4—6], and direct observations by the freeze fracture electron Dielectric response in a solution composed of charged
microscope[2,3,7,9. Although the sponge phase is an iso- membranes is important also from the biological point of
tropic phase, a certain characteristic length is observed in théew, since it is expected to give rich information on the
SANS spectra. This length corresponds approximately to thprocesses, such as charge transfer or ion diffusion between
size of a sponge celf that is estimated a§=36/2¢ at the  and across biological membranes. But they have not yet been
level of random mixing approximatiof®], where ¢ is the  adequately addressed because complicated problems, includ-
volume fraction of surfactant andl is the membrane thick- ing electrokinetic phenomena at surfaces of charged mem-
ness. Therefore is a little bit longer than the repeat dis- branes and charge transfer in complex or inhomogeneous
tance of membranes(= /), in L, phase. structures, must be handled simultaneously. In fact, it is sug-
Streyet al. reported that these phases can also be identigested in Ref[15] that the basic study of a simpler system
fied by dc conductivityoy., since the insulating membranes composed of nonionic surfactants may give some important
obstruct electric curreni6]. They divided the origin of the information to understand more complicated systems com-
reduction of dc conductivity into two. One is the trivial de- posed of charged membranes.
crease of the concentration of low molecular ions due to the In this study, we measured dielectric response of a dilute
addition of insulating units, and the other is the obstructionaqueous solution of a nonionic surfactant, pentaethylenegly-
caused by structured aggregates. The ratio of the reduced dol monododecylether (GEs), in order to reduce the diffi-
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FIG. 1. Schematic illustration of the experimental setup. ®
culties mentioned above. A recent resedi&hhas revealed
the phase diagrams and structures in each phase of our sys-
tem, andL5 and L, phases are found to be stable even at g
very low concentration. Even in this rather simple system, its W 130 2
dynamic electrical properties have not been fully studied yet. g}}“\}“ =
For example, there may be two possible explanations for the 20 *E’
hindrance mechanism of electrical current lig and L, *§
phases. One is the so-called Maxwell-Wagner relaxation, 2 108 10"§
which is caused by the inhomogeneity of electrical properties ’590 o
in a sampld13,14]. The other is the polarization induced by %, 10 .
diffusion of low molecular iond16,17] confined between Y 40 50 60
' % Temperature CC)

membranes.
To_ dlstln_gwsh between these_ mechanisms, we measured g 2. Temperature dependence of frequency spectrufa)of

the dielectric response by changing the surfactant concentrggiative permittivity andb) conductivity obtained for a sample with

tion and conductivity of a solvent. In both; andL , phases, =509,

only a single relaxation was observed in the frequency spec-

trum from ranging from 10 Hz to T0Hz. The relationship stabilized[19]. The complex impedanc&® of the sample in

between th_e structures in these phases apd th9|r dlelectré{:temperature-controlIed cylindrical cell was measured by a
responses is quantitatively discussed by their equivalent eIe(I:_—

SN ! - . F impedance analyzgiHP4192A in the frequency range
tric cwcwts.l It is also found that the fluctgatlon of ionic CON- ¢ 0m 10 Hz to 13 MHz. The parallel plate electrodes set in
centration in aqueous phase plays an important role in th

. . . the cylindrical cell are made up of platinum coated with
ifgrt\g?ﬁl property of our system, especially at low ionic platinum black. The are&, and the distancel, between

them are respectively, 4.5 énand 5 mm. The cell constant
of the parallel plate electrodes was determined by measuring
Il. EXPERIMENT the capacitance of several liquids with known dielectric con-

C,Es (Wako was diluted with aqueous solution of stant as _8.9 mt, and_ it is confirmed every time by using
0-0.02 wt% NaCl without further purification. The thick- Pure distilled water ]ust_bef_ore starting the measurement.
ness of membrané of this sample determined by the small Slnce_the salt concentration is .Iow compared to the previous
angle x-ray scattering is about 3 rfih8]. The volume frac- €xPeriments6,10], contact resistance does not matter and
tion ¢ of C,,Es was varied from 1% to 5%. The dielectric electrode p_oIanzaﬂon *IS much smaller in this stl_de. The
response was repeatedly measured with temperature decregi¢asured impedancgs was analyzed by regarding the
ing in a step of 0.3°C from the region abotg phase to Sample as a parallel circuit of frequency dependent capaci-
belowL , phase. The schematic of the experimental configufance Cs(») and conductanc&y(w), wherew stands for
ration is shown in Fig. 1. The solution was stirred slowly to frequency.
avoid macroscopic inhomogeneity and to prevent remaining
quasiequilibrium for a long timg. Without stirring, experi- IIl. TEMPERATURE DEPENDENCE OF DIELECTRIC
mental .results are not reproducible and no clear g:'hangelln SPECTRUM IN L3 AND L, PHASES
dielectric response can be observed at the transition point
from L; to L, phase. Samples were left for 2 min before In Fig. 2, we show the temperature dependence of fre-
measurement to attain equilibrium after the temperature iguency spectrum of relative permittivity and conductivity for
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FIG. 3. Frequency dependence of the relative permittivity and
conductivity for¢=5% at 63.7 °C [, phase. The solid line is the 3b Ly _ﬁ
best-fitted curve with Eq(1). A
g 21 ap’ e
the sample ath)=5% in a three-dimensional plot. Both, . W,\’. °
. . pe (4
and L, phases are clearly identified by the appearance of 1} 'N/* LA
relaxation in these spectra. There is only one relaxation in o’ -
the frequency spectrum at all temperaturesLipand L, 0 L L L L
L . 50 55 60 65
phases except the electrode polarization at low frequencies.
These spectra are found to be well-fitted with the Cole-Cole Temperature (°C)
type spectrunj20] given by (c)
do Gy(w)
8*(w)=§[Cs(w)+ »
N Ae N Odc N 1) n
T T ((0nf e (iw)”
wheree., is the permittivity at high frequenciedye is the

dielectric incrementy is the relaxation time, and . is the
dc conductivity. The exponeng denotes the broadness of
relaxation and the last term in EQL) denotes the electrode
polarization, where the theoretically predicted valueya FIG. 4. Temperature dependence of the best-fitted parameters in
1.5 [21]. Figure 3 shows the spectrum of permittivity and Eq. (1) for ¢=5%. (a) dc conductivityoy., (b) relaxation timer,
conductivity atp=5% inL, phase (63.7 °C). The solid line and (c) relative increment of permittivityAe/e,, Where g4 is

is the best-fitted curve of Eql). The best-fitted parameters vacuum permittivity.

are, respectively, Ae/eq=320, &.,./eq=48.3, 7=2.26

X1077's, 04=9.57x10"% S/m, B=0.845y=1.38, ands  diagram of G,Es-water system identified from its dielectric
=6.41x10°. Since these parameters are necessary and sufesponse roughly agrees with the reported [@except the
ficient to characterize the observed spectrum as explicitlyower limit temperature ot , phase, which is 55°C in Ref.
shown in Fig. 3, they are insensitive to simultaneous variaf6]. In the low-temperature region &f, phase, experimental
tion in fitting so that the errors associated with the fits arereproducibility is not sufficient and relaxation spectra tend to

Temperature (°C)

small. broaden. These observations indicate that it takes longer time
Temperature dependence of the obtained parametgrs to reach the equilibrium in the low-temperature region.
7, and Ae are shown in Fig. 4. As mentioned befoke,. As shown in Fig. 4, the obtained relaxation parameters are

sensitively reflects the obstruction of electric current by in-almost constant ih; phase. On the other hand, the dielectric
sulating membranes in a solution. In this study, the conducresponse ir., phase largely depends on temperaturel Jn
tivity of solvent o is roughly determined as the dotted line phase,r andAe are larger andry. is smaller than those in

in Fig. 4, which is drawn by interpolating the data®f. at L5 phase, but these become closer to thoskgrphase as

46 °C and 76 °C where obstruction seems to be very smaltemperature decreases. The observed temperature depen-
The value ofoy determined in such a way includes the con-dence is usually explained by the perforation of membranes
tribution from impurity ions such as carbonate ions whichat lower temperatures. The change of morphologyljn

are not negligible at the low ionic concentrations. The ob-phase is frequently observed by an electron microscope.
struction factor between 67.0 °C and 68.8 °C is about 2/3 s&ome researchers have divideg phase into three regions
that this region is identified ds; phase. The factor is smaller L, 4, L,_, andL,_y, [2,3]. Relatively well-aligned lamel-

at lower temperatures corresponding.tp phase. The phase las are observed only at the upper lamellar phdsg ).
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< 4 do of this model(b) is almost the same as that bj phase due to its
g o topological similarity betweeh ; and cubic phasdc) The equiva-
& 2r lent electric circuit ofL; phase.
low o,
0 2'0 4'0 6'0 3'0 1(')0 laxation frequency, the average structure of a unit cell pf
1/¢ phase is electrically the same as that of cubic phase. The

_ cubic phase is simply modeled as shown in Fi@) 6and its
FIG. 5. Concentration dependence ofa) £(0)/eo and (b)  ynijt cell and its equivalent circuit are, respectively, shown in
T04.- Rough relationships betweer(0)x1/¢ and 7« 1/¢poy. are Figs. @b) and 6c). The complex impedanc&* or capaci-
observed approximately. Solid lines are drawn by @&g.using the tanceC* of this equivalent circuit is calculated as
measured permittivity of pure .gEs. The difference of the data

po(;n;s at trr:e sa:]ne vqu_me fractlion is itsdQC (;opducr:]tiﬁgg.hDotl- - iw(3C,+4C,)+3G, 1
ted lines show the maximum values predicted for the high salt con- = : = .
contration. P g (iwC,+G){iw(C,+2C,)+ Gyl iwC*

2

) By substitutingC,=¢,,S/¢, G;=0,5&, C,=¢,S5/25 (Sis
The lower lamellar phaseL(,-) is composed of perforated cros5 sectional area of the unit ¢etind é=35/24 into Eq.
vesicles and broken fragments of membranes, [3ndy S (2) the complex permittivity* in L, phase is written as
the mesophase of these two. In this study, we also diijde
phase into three regions for convenience as shown in Fig. 4 &,(3eq+2ey,¢)

according to the value af4.. However, it should be noted € =
. . . 3(emteywd)
that these subscripts are assigned only for convenience and
we cannot assert that there should be actual phase transitions el 1 2ioy,
+ - - ,
by our measurements. emtegd)d Ltiw(entegd)do, 3o

()

whereg,, ande,, are the permittivities of bilayer membrane
and solvent respectively. By comparing E#) with Eq. (3),
we have

IV. DIELECTRIC RESPONSE IN L3 PHASE

The dependence of static permittivigf0)=¢.,+Ae and
of product of oy, and 7 in Ly phase on surfactant volume
fraction ¢ are, respectively, shown in Figs.(8) and gb).
The relations: (0)1/¢p andoy.roc1/¢p, seem to be satisfied, 2¢ € 2¢  2g

> _ _ w m _ w m
and they are quite different from the relations = o y./ ¢ e(0)=e.+Ae=—=+ 34 9T TJFQ-
and 7= 1/¢?, expected for the polarization induced by the
diffusion of low molecular ions between membranes withThe solid lines in Figs. &) and §b) are drawn by using the
separationde=1/¢p. The observed dependence suggests thaneasured value ofe,,/eq=6.5 and reported value of
the dielectric relaxation i3 phase is the Maxwell-Wagner ¢,,/¢,=65 (at 65°C), and they agree approximately with
type. The Maxwell-Wagner effect is sometimes described byhe experimental data. However, this model is too simplified
an equivalent electrical circuit composed of a regi®@nd  to explain the conductivity dependenceeq)/e, and 7o 4.

a capacitorC. In this study, the origin of respective parts of shown by the arrows in Fig. 5.

the equivalent circuit are distinctly identified. The insulating  An applied electric field causes gradient in ionic concen-
membrane can be regarded as a capacitor with capacitantration within a thin water layer adjacent to a membrane.
C,, and aqueous solvent can be regarded as a parallel circutince back current induced by accumulation and exclusion
of a register 16, and a capacitoC,. Since the large fluc- of ions in this region cancels the total ionic flow, this thin
tuation inL; phase is completely frozen at the observed redayer acts as an insulator. The thickness of this layer is esti-

(4)
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mated at the De_bye Igngtkfl and Fhe .total capacjtanpe of 28D ktanh( £ /K2+iw/Di/2)
the membrane, including the contribution from this thin wa- ox= : (5)
ter layer, is given by the series connection of two capacitors iwSo,(1l+iwe,/oy,)V1+iw/Dik?

asC,=(26/e,S+ 2/e,,«S) L. More strictly, such an inter-

facial effect of ionic flow near the blocking surface is taken

into account as an excess impedance connected with the ddere, the paramete8 is a constant of the order of unity,
pacitance of membrane in series. If the composition of vawhich will be determined afterwards, aiy is the diffusion
lence of electrolytes is symmetric, the excess impedaige constant of low molecular ions. By replaciii@p in Eq. (2)

is written as[21-23 with (1/C,+iwZey) ~1, we obtain

. A8k S(AI ) V53l £+ 2$A) + 2 Bemd A tant (35k/4¢) A o, ]} ©
s Sw{SWK5(—iA¢+8mw)(A/UW)1'5—iﬁ8m¢Atanf{(35K/4¢)\/A/O’W]}’

where we used the relatioDx’~o, /e, and A=o,, tally acts as an insulator. In this case, we can deterigias
+iwe,, . From this equation, we obtain 4/3 by Eq. (8). In the opposite case ok&é>1, where
tanh(3d/4¢)~1, we have

e(0)= ﬂ + Ewmd 7) 2y, EwEmMO
3 ' 3¢[ey(6+ Bemlk)tanh(3kSl4d)] e(0)=—>3~ +3¢(8W5+Bsm/f<) ;
and relaxation timer is estimated as Ae ey(entenwd)(ké—BP) ©
T —_— = .

Ao owd(eykd+ Bey)
Ae _sw(8m+8W¢)[K5—,B¢tanf(3/(5/4¢)]
Ao owPl ek 6+ Beptani 3« d/4p) ]

, (8)  The dependence af(0) androy. on dc conductivityo g at
$=2% and p=5% are, respectively shown in Figs(ay
and 7b). The solid lines in Fig. @) are the best-fitted curves

whereAo is the increment of conductivity. It is to be noted with Eq. (7). For a fitting procedure, we used the reported

that Ae becomes zero in the case o~ (« 6/ p)<1 (there  value ofe, /eo=65 and the linear relation betweenand

is no Maxwell-Wagner relaxationsince the water phase to- \Jo,, as «=ayo,, and obtained «=6.6(x0.2)

T~
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FIG. 8. Dielectric parameters(0)/e, and 7 in the higher tem- FIG. 9. (a) Schematic of lamellar phase composed of the perfo-

perature region of lamellar phate,_, plotted against the dc con- rated lamellar and vesiclelike region afig) the unit cell supported
ductivity of sponge phaseq. (L3). There are little dependences on py dielectric response.
surfactant concentratiogp distinguished by the different markers.

Solid lines in(a) and (b) are the best-fitted curves with E({.8). .
between membranes considerably decreases at the frequen-

X108(Sm) Y2 &, /so=14(+0.3) for $=2% and « cies bglow the Maxv.vell—.Wagner relaxatio.n and there might
=4.3(x0.4)x103(Sm) Y2 ¢ le,=13(x1) for ¢p="5%. be no induced po!arl_zatlon: In t.he opposite cagse > ¢),
Dotted lines in Figs. &) and 5b) are maximum values in j[here are no frge ionic carriers in the solvent Fhat. acts as an
the case ofc&>1 drawn with Eq.(9) insulator. In this situation, no induced polarization arises

Since typical value oD; is about :3x10° m? /s for ~ again. _ _
the most kinds of low molecular ions, the obtained value of Recently, Vinche®t al. reported two relaxation modes in
« is consistent with the theoretically estimated valueaof ~dielectric response df; phase composed of charged mem-
= 1/mzo_7~1_3>< 10°(Sm) Y2 On the other hand, branes under very high salt concentrati@]. The observed
emleg=13-14 is larger thar,/sq=6.5 for pure G,Es. high frequency mode was associated with the Maxwell-
This increase of,/eo=6.5 is probably due to the orienta- Wagner effect in Ref{15], where the electrical double layer
tion of surfactant molecules in bilayers. surrounding the charged membrane was regarded as a main

Solid lines in Fig. Tb) are drawn by using Eq8) with component of the capacitance in series with the conductance
the best-fitted parameters obtained for Figa) 7and agree of solvent. On the other hand, Vinchesal. reported that.,
approximately with data. There are two reasons for the defpermittivity at 15 MH2 is much larger than that of solvent
viation at low ionic strength and high surfactant concentraande., is scaled as..~ 1/¢. The relaxation frequency of the
tions where the influence of ionic perturbation is crucial. Onecorresponding Maxwell-Wagner effect becomes probably
possible reason is that the distribution of ions assumed ifych higher than 15 MHz in their sample due to the ex-
slightly different from that in real system. The other reason isremely high concentration of added salt. Therefore, local
that we estimate the relaxation time in &8) from the ratio  gjectric field is almost parallel to the membranes below the
of the increment of permittivity to conductivity. Thus, the frequency of the Maxwell-Wagner relaxation, and the trans-
discrepancy becomes obvious when the neighboring insulagort of jons parallel to membrane may contribute to the re-

ing layers withx~* overlap one another. . ported giant relaxation modes.
Now we can explain the reasons why the induced polar-

ization of ions dissolved in the solvent is not observed in our
system. As shown in Ed4), the characteristic frequency of
the Maxwell-Wagner relaxation is estimated as,/e,,
~D;«?. On the other hand, the characteristic frequency of To begin with, we discuss dielectric response inlthe |,

the induced polarization is estimated Bs/£%. Therefore, region where we can obtain reproducible data. Although a
when the Debye length«™! is smaller than the inter- relaxation process i, phase is also expected to be the
membrane distancé, the electric field applied to solvent Maxwell-Wagner type, the observed behavior of relaxation

V. DIELECTRIC RESPONSE IN L, PHASE
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parameters in thé ,_,, region is quite different from that in epllemt(1=p)dept  (1—p)oy

L5 phase. There is little dependence ¢prand all parameters e*(w)= P + o

mainly depend only on the conductivity of solvent,, " P

which is related to the dc conductivity bf phase as 243,,, |2p8§10p

as shown in Fig. 8. Such an independent naturebaannot * (lemt dep){boptin(lent dep)}’ (10

be explained by an equivalent electric circuit to a periodic o o
stacking of bilayers and solvents. where g, and o, are the permittivity and conductivity of

Since lamellar in our sample cell is not macroscopicalIyperforated lamellar, respectively, apds the effective ratio

. ) of the vesiclelike region.
oriented, there must be defects in a scale larger than the Electric displacemend in the smectic phase is locally

intermembrane distance. In fact, the vesiclelike structure or

folded lamellar surrounded by perforated lamellar is fre-"/rtten asD=g,E=¢/E +e_LE,, whereE, andE de-
note the components of the electric fidfdnormal and par-

qguently observed in freeze fracture electron micrographs . )
: . llel to the membrane, respectively, aad, | are simply
[2,3]. These structures are electrically so inhomogeneous th&ritten as

there should be some regions where electric current hardly

enter and other regions where the current can florgsum- de(oytimey) Ow

ably composed of perforated lame)laAlthough the theoret- EL T G o +iw(de+ 0ey) | g|=ewt 7 - (12)

ical spectrum of dielectric response is already proposed for _

the concentrated vesicle dispersif#4], we use a simpler The angle-averaged permittivity of perforated lamellar,
model to discuss the experimental results semiquantitativelyvhere membranes are fragmented and not macroscopically
Since the outermost membranes of vesiclelike insulating reeriented, is simply given by&:%(sL-*—ZsH) . It should be
gion mainly hinders the electric current, we can assume thaioted thats will give the same expression as E®) ob-

its inside is composed of perforated lamellar and is partiallytained forL; phase. Therefore, Eq3) is available to the
conductive. In this case, a unit cell for dielectric response igomplex permittivity of perforated lamellars;=e¢
given as shown in Fig. (®). The size of a unit cell is not + ¢ /iw. However, the real part of} is not so important in
governed by the intermembrane distadceut is determined  Eq. (10), except in the case gf<1, because of the relation
by the effective size of the vesiclelike or folded structlre |> 5. Therefore, we approximate, of insulating region to
The dielectric response of an equivalent circuit to this unitg,,. Finally, the dielectric response of the equivalent circuit
cell is given as to this unit cell, including the effect of ionic flow, is given as

ewkVAlo,[ple Bo—i(1-p)CD]-2i(1-p)eno,C

e (w , (12
w(2e 0t ke, ,DVAIoy)
|

where A=o,tieyw, B=o,+ig,w, C=0op+ie,0, and Udc=(1—p)0p(0)=§(l—p)aw, (16)
D=6B+iwley,. In Eg. (12), the same excess impedance
as that in Eq.(5) is used except for exchangirg with I,
since the thin perturbation layer is almost always com- Ae 1
posed of aqueous phase, and it is assumed that Ao (17)

tanh(xV1+iwe,/o,/2)~1.
Equation (12) is also approximated by the Cole-Cole  |n the case of>« 1,5, Egs.(13) and(17) are rewritten
function if the plausible value is substituted into each paramzyg
eter. When it is approximated as,(«)~e, and op()
~a,, We have

0) pemewkl 3pemewkl
B PEmewk| T 3t ewkd’ | (14+2p)ay(3emt egkd)
£(0)=(1=p)ey(0)+ 5=, (13) 19
1 1262 por As shown in Eq.(16), p is directly obtained from the mea-
Aoc=z(1- p)crw+|m—W2, (14 sured dc conductivity i, phase and fronar,,, which can
3 (leqm+ Sey,) be estimated from the dc conductivity lip phase oy (L3),
aso,=304(L3)/2. In Fig. 10,p in theL ,_, region is plot-
Ae=(1—p)[en(0)—e,]— lemewP lemewkp ted againstry. (L3). The ratiop in theL,_}, does not show
PILep W lggt+ dey 3emteykd’ clear dependence op. It is also expected that the effective

(15 size of insulating regioh is mainly determined by the prop-

061505-7



MIZUNO et al. PHYSICAL REVIEW E 67, 061505 (2003

1.0 (@
® ¢ =2% . ® 0 2%
o 5% 1000f o 5%
. 00 (o] go
R 05 -o " * )
o 500}
m
0.0 L 0 L .
0.01 0.01 0.1
o, (L;) (S/m) 0, (L;) (S/m)
FIG. 10. Effective ratio of the insulating regigrplotted against ()
o4 (L3). There seems to be little dependence on surfactant concen- 1.oF ® ¢ =2%
tration ¢» and the solid line shows an experimentally obtained rela- o o 5%
tionship. 5]
erty of a single membrane. Probably, the independent nature go.s-
of these values oy makes dielectric response in the g
region insensitive to¢. The approximate relationp
=0.12 In(oy4o) + 1.0 is experimentally found as shown by a . .
Cr oA ) . . . 0.0
solid line in Fig. 10. By using this relation, the relaxation 0.01 0.1
time 7 and static relative permittivitg(0) in theL ,_,, re- o, (Ly) (S/m)

gion are, respectively, fitted with Eg18) as shown by the
solid line in Figs. 8a) and 8b). In the fitting procedure, we FIG. 11. o4 (L3) dependence of the values given as the left-
used the previously obtained value gf /s,~13.5 and the hand side of Eqs19) and(20) in the higher temperature region of

reported value ok, /e,~65. The best-fitted values of pa- lamellar phasd_ta_h. Sol_id lines are drawn with the right-hand side
rameters arex= /o, =1.2(+0.3)x10° (Sm) Y2 and|  ©Of the respective equations.

=3.6(+0.5)x 10"’ m for the data shown in Fig.(8 and
a=5.8(+2.4)x10° (Sm) 2 and I=8.6(+2.4)x10 ' m

for Fig. 8b). Although Eq.(18) succeeds to explain the ™ ;
qualitative dependence of relaxation parametersogy it :%b%(Br;rmm] of a single membrane a8 exp(4mk:/3kgT)

may be too simplistic for quantitative discussion especially Equation(12) explains the temperature dependence of di-

in the case of low ionic concentrations. electric response in the lamellar phase by assuming the plau-
Therefore, we directly fitted the measured relaxation time P P y 9 P

7 and the static relative permittivity in the,_}, region with sible behavior op andl. The parametep becomes smaller

Eqgs.(17) and (13) respectively. In the fitting procedure, the as temperature decreases due to the perforation of lamellar. If

measured values of the static permittivity and the dc conducf-UIIy perforated lamellar ¢=0) appears in thé, region,

tivity in L, phase are used fer,(0) and 27,/3. The discrete which is the lowest temperature partlof phase, the dielec-

values shown as circles in Fig. 10 are usedgofThe best- tric response in th_|s region is indistinguishable from that in
' - L; phase as explained before. In fact, the observed spectra in
fitted values of parameters area=5.2(x2.2)

. _ro R
X10° (Sm) 7 and|=4.8(+ 1.2)x 10 7 m for o(0), and  1eke) region ands phase forp=59% are quite similar to
a=8.3(+3.7)x10% (Sm) 2 and 1=6.6(+2.1)x10 " m 9- 12 .

; i . Temperature dependence op determined by 1
for 7, which roughly agree with each other and verify our lo4(Ls) for ¢=5% is drawn as a solid line in
analysis. In Figs. 1&) and 11b), the comparison between Fiadclgdc 3 0
experimental data and theory are shown by thg (Lj3) 9. 1o
dependence of the values given on the left-hand side of the

The obtained value of is found to be comparable to the
persistence length estimated from the bending modijus

following equations, which are rewrites of Eq$14) 7
and(17), £10° @
£ =
§10“ z
£(0)—(1-p)ey(0) B Emewkl 19 g %
p 3e,teykd’ § 10 'g
107 °
(1-p) g2l? (1-p)(ep(0)—ey,) 10" 10 193 10* aig)s 10° 107
+ — requenc;
730 " (enlteud)? P -
FIG. 12. Comparison of dielectric spectrumlin phase(solid
_ Emeul K _ 1 (20) line) with that in L, phase at the lower limit temperatufeotted
ow |3emtewkd enlteyd|’ line).
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0.8

VI. CONCLUSION

In conclusion, we measured the dielectric response in lyo-
tropic lamellar and sponge phases made up of a nonionic

(L)

d

L 04 surfactant and water, and observed a Maxwell-Wagner relax-
?“ ation influenced by the charge accumulation at the interface
W between membrane and water. In the sponge phase, the de-
B 0.0 pendence of relaxation on both surfactant and ionic concen-

trations reflects the characteristic structure of sponge phase.
50 55 60 65 On the other hand, in the lamellar phase, its smectic structure
Temperaturs:(C) has little influence on its electrical property, but we found
micrometer-sized vesiclelike defects and perforation of
FIG. 13. Temperature dependencé @ight axis obtained from  membranes play more important role in its electrical prop-
Aeleq with Eq. (13) (squarepand fromr with Eq. (17) (circles in - erty. This makes the dependence of electrical property on
#=5%. The ratiop determined by ¥ o4c/0q{L ) is also shown  gyrfactant concentration obscure. Our results may give some
(left axis). basic information for understanding the dynamic electrical
properties of other complex systems composed of lipid mem-
Temperature dependencelafbtained from Eqs(13) and ~ branes. For example, inhomogeneity of structure or ionic ac-
(17) combined with the best-fitted values efand As/gq tivity in condensed gel-like lamellar and biological tissues
shown in Figs. %) and 4c) are, respectively, drawn as the composed of membranes causes another type of relaxation
empty squares and empty circles in Fig. 13. In the evaluatiofso-calleda dispersion. Charge transfer and ion diffusion
process, the previously obtained values @f=5.3 processes between and across such membranes are also piv-
x10° (Sm) Y2 and «=8.3x10° (Sm) Y2 are, respec- otal in a variety of biophysical processes. In these rather
tively, used for Eqs(13) and (17). The calculated values slower processes, local electric field strongly influenced by
of | both show the similar dependence on temperaturethe Maxwell-Wagner effect, which is modified by charge
It seems that effective size of a vesiclelike insulating regiorfluctuation, may play an important ro[@6].
decreases as the membrane becomes perforated. This change
of structure is usually explained by the packing of surfactants
in a membrane. As the temperature decreases, volume occu-
pied by the hydrophobic tails of surfactants in a membrane This work was supported by a Grant-in-Aid for Scientific
becomes smaller, which causes the negative Gaussian cuniesearch from the Japan Society for the Promotion of Sci-
ture modulus[25]. Smaller vesiclelike folded structure ence and the Ministry of Education, Culture, Sports, Science
may be thus favored at lower temperature regionLip and Technology of Japan. D.M. was also supported by a
phase. grant from the Japan Society for the Promotion of Science.
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