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Dynamical fluctuation of the mesoscopic structure in ternary C12E5–water–n-octane amphiphilic
system
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Dynamical fluctuations of the bicontinuous microemulsion and lamellar structures in ternary C12E5–water–
n-octane amphiphilic system are studied by means of neutron spin echo~NSE! spectrometry. The decay rates
of the time correlation of the concentration were analyzed in terms of three theories:~1! A. G. Zilman and R.
Granek, Phys. Rev. Lett.77, 4788~1996!, ~2! M. Nonomura and T. Ohta, J. Chem. Phys.110, 7516~1999!,
and ~3! R. Granek and M. E. Cates, Phys. Rev. A46, 3319~1992!, in the first of which a Langevin equation
for membrane plaquettes and in the latter two of which time-dependent Ginzburg-Landau equations for the
order parameters are considered. The result shows that the intermediate correlation functionsI (q,t) for the
ranges of 0,t,15 ns and 0,q,0.2 Å 21 are well fitted to a stretched exponential function in time,I (q,t)
5exp@2(Gt)2/3#, for the bicontinuous microemulsion and the lamellar phases of the same systems with the
relaxation rateG increasing asq3 in agreement with theory~1! from which the bending modulus of the
membranek was estimated. For more restricted ranges of 0,t,5 ns and 0.05,q,0.15 Å21 the NSE result
can be expressed by an exponential function in time in agreement with theory~2! determined exclusively by
hydrodynamic interactions and for extended range of 0,t,10 ns and 0.03,q,0.15 Å21 by a nonexponen-
tial function in agreement with theory~3!, from both of which the effective viscositiesh0 and he f f of the
system were estimated. The effective viscosity from the nonexponentialhe f f is five times greater than that
from the simple exponentialh0 that is almost the same as the literature value. The implication of this result is
discussed in terms of the effective viscosityhe f f that takes into account the renormalization of the bending
modulus of the membrane.

DOI: 10.1103/PhysRevE.63.041402 PACS number~s!: 82.70.Kj, 68.03.2g, 68.35.Ja
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I. INTRODUCTION

Amphiphiles in solution of water and oil self-assemble
a number of basic structures of either disordered or orde
type@1–3#. For example, they form bicontinuous microemu
sions in which water and oil are separated from each othe
monolayer of amphiphiles, while each domain of water a
oil is connected continuously throughout the specimen.
some cases they form a lamellar structure in which water
oil are regularly stacked in two-dimensional layers with
planar monolayer of amphiphiles sandwiched between th
In particular cases where the affinity of the amphiphile
ward water and oil is unequal or the amount of water and
is unbalanced, droplets of oil in continuous water (O/W) or
droplets of water in continuous oil (W/O) are formed.

One of such nonionic amphiphilic systems whose ph
diagram is well studied is pentaethylene glycol mon
n-dodecyl ether @5HO(C2H4O)5(CH2)12H5C12E5#/
water/n-octane ternary system@4,5#. The phase diagram o
the same system is shown in Fig. 1. At equal volume fract
of oil and water with more than 15% volume fraction
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C12E5 the system exhibits a sequence of structural chan
with temperature starting from low-temperature bicontinuo
microemulsion phase~LTM !, through middle-temperature
lamellar phase~MTL ! to high-temperature bicontinuous m
croemulsion phase~HTM!. It should be noted that there is
unanimous agreement that HTM phase is bicontinuous
this system, but there is a disagreement whether LTM ph
is bicontinuous; Bodetet al. believe that LTM becomes
O/W droplet phase below 28 °C@5#. However, since the
transition from bicontinuous to droplet phase is a very sub
phenomenon, we should be content to interpreting the
namic behavior of the system irrespective of whether LT
phase is bicontinuous or droplet. Mesoscopic internal str
tures of the same system were studied by small angle x
and neutron scattering~SANS! @6–9#.

The structures of such amphiphilic systems are subjec
thermal fluctuations and may deform in thermal equilibriu
as expressed in the two-point time correlation function of
order parametersS(q,t), such as concentration or volum
fraction of the constituents. The decay behavior of the ti
correlation is observed typically by neutron spin echo~NSE!
spectrometry. It probes mesoscopic parameters like the b
ing modulusk of the interfacial membrane or the effectiv
viscosity of the systemh including the dissipation in the

5-
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flexible membrane as well as the solvent medium.
Ternary amphiphilic systems of well-defined drop

structures have been studied by means of NSE@10–12#,
however, very few studies have been reported on tern
amphiphilic systems having bicontinuous microemulsion a
lamellar structures so far@13#. Thus the dynamics of suc
structured systems remain to be clarified. It is the m
objective of the present paper to study the dynamics
structured systems of ternary amphiphilic syste
C12E5–water–n-octane by means of NSE spectrometry.

In analyzing the structure and dynamics of microemuls
and lamellar systems three different theories have emer
~i! microscopic,~ii ! Ginzburg-Landau, and~iii ! membrane
treatments, which are distinguished by different choices
physical quantities of different length scales that characte
the systems@2#. In the present paper we adopt the latter tw
in the Ginzburg-Landau theories~ii ! order parameters of th
system are chosen to describe the behavior of the syst
while in the membrane theories~iii ! attention is paid to the
monolayer membranes that separate the oil and water
gions.

A simple equation was obtained by Zilman and Gran
for the dynamic structure factorS(q,t) of membrane phase
at large wave numbersq, which reflects the behavior o
single membrane disregarding the structure of the sys
@14,15#. Very recently the decay rate of the correlation of t
concentration in ternary systems involving amphiphiles
calculated by Nonomura and Ohta taking into account b
van Hove and hydrodynamic interactions@16#. However,
their treatment is restricted to the region of smallq that en-
ables a simple exponential function in time for the dynam
structure factor.

The dynamical behavior of microemulsion and spon
phase in thermal equilibrium is studied theoretically on

FIG. 1. The phase diagram of the ternary syst
C12E5–water–n-octane in the plane of temperature and volum
fractiongV of C12E5 at equal volume fraction ofn-octane and water
calculated from Kahlweitet al. @4#. Besides lower (2F) and upper

(2̄F) two phase and three phase (3F), also shown are LTM and
HTM isotropic microemulsion phase (1F) and lamellar phase
MTL sandwiched between them. The samples measured in
present paper are represented by marks of full triangle, square
circle.
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time-dependent Ginzburg-Landau model@17–20#. However,
the derived equations for correlation functionsS(q,t) are
rather complicated to be directly compared with experim
tal results. Among them Granek and Cates@17# have devel-
oped a dynamical theory that is applicable to the spo
phase (L3 phase! of binary systems and derived analytic
equations for dynamic structure. Since the present exp
ment is performed on a nearlysymmetricalternary system,
the result may be analyzed in terms of the Granek and C
theory forconservedorder parameterc @17#.

In this paper we therefore analyze the experiment in te
of three theories,~1! Zilman and Granek,~2! Nonomura and
Ohta, and~3! Granek and Cates, in the first of which
Langevin equation for membrane plaquettes and in the la
two of which time-dependent Ginzburg-Landau equatio
for the order parameters are considered. In the theory~2! the
range ofq is more restricted than the theory~3!. The theories
~1! and~3! are two alternative approaches for understand
the dynamical behavior of microemulsion and lamellar str
tures, that are complementary to each other. The theory~2! is
a limited case of dynamical theories for rather small range
q, in which a simple exponential decay of the time corre
tion functions holds.

II. UNDERLYING THEORIES

The dynamical correlation functionsSab(q,t) are space
Fourier transform of the correlation function
^dfa(0,0)dfb(r ,t)& that are calculated for two order pa
rameters represented bya and b, where dfa(r ,t) is the
deviation of the volume fraction ofath component from its
average value. The superscriptsa andb stand for eitherc or
f, wherec5fw2fo represents the difference volume fra
tion of waterfw from that of oil fo andf5fs represents
the volume fraction of amphiphilefs . For each correlation
Sab(q,t) a normalized function likeI (q,t)[S(q,t)/S(q,0)
is defined. Of four correlation functionsSab(q,t) with ab
5cc, cf, fc, or ff, the diagonal correlationScc(q,t)
corresponds toI b(q,t) that can be obtained from bulk con
trast sample andSff(q,t) corresponds toI f(q,t) that can be
obtained from film contrast sample in experiment.

A. Zilman-Granek theory „single plaquette treatment…

Zilman and Granek@14,15# used the Helfrich-bending
free energy to describe membrane undulations in sponge
lamellar phases and derived a Langevin equation. Accord
to their theory, the dynamic structure factor obeys a stretc
exponential law in time

I ~q,t !5exp@2~GZt !b#, ~1!

whereGZ is proportional toq2/b,

GZ5DZq2/b ~2!

and

DZ5gagk~kBT!1/bk12(1/b)hk
21 . ~3!

he
nd
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DYNAMICAL FLUCTUATION OF THE MESOSCOPIC . . . PHYSICAL REVIEW E63 041402
Here,k is the bending modulus of the membrane andhk the
viscosity of the surrounding medium.gk is given by

gk5123 ln~qj!kBT/~4pk!, ~4!

wherej is the typical size of the mesoscopic structure of
system. These equations can be applied to two-dimensi
membrane cases with an exponentb52/3 andga50.025
and to one-dimensional wormlike micelles cases withb
53/4 andga50.0056.

The theory has been confirmed by light scattering exp
ments for C12E5–water–hexanol ternary system at smallq
with b52/3 @21,22#, but no NSE experiments have bee
performed at largerq.

B. Nonomura-Ohta theory „microemulsion treatment…

Applying a general theory of Brownian motion, Nono
mura and Ohta@16# have shown that the equations of th
dynamic structure factor become particularly simple wh
the amphiphilic systems are nearlysymmetrical: ~i! the vol-
ume fractions of water and oil are equal,~ii ! the system stays
at the hydrophile-lipophile-balance temperature, and~iii ! the
friction constants for the relative motion of the amphiph
r

n

-
su

tio
ar
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against water and oil are equal. All these symmetri
conditions are satisfied in our present samp
C12E5–n-octane–water.

For particular conditions where the system is nearlysym-
metrical and the correlations between the two order para
etersc andf are almost neglected, the diagonal correlatio
are given by a single exponential function

I b~q,t !5exp~2G11t !, ~5!

I f~q,t !5exp~2G22t !. ~6!

Like the decay rate for bulk contrast sampleG11 in their
paper, that for film contrast sampleG22 is extended in the
present paper heuristically to be given byhydrodynamic term
mediated by the viscosityh0 for vanishingvan Hove term
involving Onsager coefficientsL11 or L22.

G115kBTq2
q0

6ph0
N~ q̂,k̂0!, ~7!

G225kBTq2
kf

6ph0
V~ q̂f!. ~8!

The functionsN(q̂,k̂0) andV(q̂f) are defined as
N~x,y!5
3A2

8

~x221!21y4

y2 E
0

p

du sin3 uF $~x2 sin2 u21!21y4%1/2112x2 sin2 u

~x2 sin2 u21!21y4 G 1/2

, ~9!

V~j!5
3

4j2 $11j21~j32j21!arctanj%, ~10!
re

u

y-
wherex, y, andj are arbitrary variables.V(j) as given by
Eq. ~10! is known as Kawasaki function forff correlation,
while N(x,y) by Eq.~9! is the corresponding counterpart fo
cc correlations. The susceptibility forcc correlation,xq

cc

[Scc(q,0), and that forff correlation,xq
ff[Sff(q,0),

are approximated, respectively, in Teubner-Strey a
Ornstein-Zernike form,

~xq
cc!215

1

q1
@~q22q0

2!21k0
4#, ~11!

~xq
ff!215k1@q21kf

2 #, ~12!

whereq0 is the peak position,k0
21 andkf

21 the correlation
lengths andq1 and k1 numerical factors having the dimen
sion of wave number. The scaled parameters are defined
that q̂5q/q0 and k̂05k0 /q0 in Eq. ~7! and q̂f5q/kf

5q̂/k̂f wherek̂f5kf /q0 in Eq. ~8!.
This theory has an advantage of allowing an explana

for different behaviors of bulk and film contrast samples p
d

ch

n
-

ticularly at smallerq thanq0, that characterizes the structu
of the system.

C. Granek-Cates theory„sponge phase treatment…

Granek and Cates@17# have derived the Ginzburg-Landa
equation ofconservativeorder parameterf for the sponge
phase (L3 phase! of binary systems. For the highq limit
(2pq/k0@1) they obtained a scaling function for the d
namical structure factor forff correlation in the form

I ~q,t !5F~GGt !, ~13!

where the decay rate is given by

GG5
kBT

6phe f f
q3 ~14!

and the scaling function by
2-3
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F~z!5
2

p2E
0

`

dyE
21

1

du
exp$2~3p/8!z@y31~11y222yu!3/2#%

11y222yu
. ~15!
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The effective viscosityhe f f in Eq. ~14! is used because it i
a composite viscosity determined not only by the viscosity
the solvent consisting of oil or water but also by the effect
the dissipation in the membrane composed of the amphip
in binary system in the original paper of Granek and Ca
The amphiphilic membrane has a bending modulus tha
subject to the renormalization corresponding to the size s
of the deformation. The Eqs.~13!, ~14!, and~15! are applied
to the dynamical structure factor not only forff correlation
but alsocc correlation in the present paper, since there is
other suitable candidate available to explain thecc correla-
tion.

We found that the functionF(z) is best approximated by
a stretched exponential function

F~z!.exp@2~az!b8#, ~16!

with constantsa52.6213 andb850.517 06 for the range o
0,z,1.

The functionF(z) as given by Eqs.~13! and ~16! are
shown in Fig. 2. In the same figure also shown are an
proximate stretched exponential function in a form similar
Eq. ~1! with b52/3,

F~z!.exp@2~a8z!2/3#, ~17!

with a constanta853.4487 for the range 0,z,0.2 and a
simple exponential function in a form similar to Eqs.~5! and
~6!,

F~z!.exp@2~a9z!#, ~18!

FIG. 2. The nonexponential functionF(z) in Eq. ~15! by
Granek-Cates theory~open circles! that may be approximated by
stretched exponential function Eq.~16! for the range 0,z,1. The
same function may be approximated by a simple exponential fu
tion Eq.~18! in the range 0,z,0.1 and by a stretched exponenti
function Eq.~17! with a powerb52/3 in the range 0,z,0.2.
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with a956.1978 for the range 0,z,0.1. These approximate
functions Eqs.~16!, ~17!, and ~18! to the nonexponentia
function F(z) in Eq. ~13! are used in the later discussion.

III. EXPERIMENT

A. Phase behavior

In order to study the dynamics in membrane undulatio
NSE experiments were carried out on bulk and film contr
samples in the ternary system C12E5–n-octane–water at
equal volume fraction of octane and water for volume fra
tion 0.2 of C12E5, which represents a sequence of low
temperature microemulsion/middle-temperature lamel
high-temperature microemulsion phase with increas
temperature@4,5# as shown in Fig. 1. The LTM and HTM
phases have a bicontinuous structure that divides the vol
into two multiply-connected, interpenetrating subvolum
made of oil and water, each of them physically continuo
but separated by surfactant membranes from each other

B. Sample preparation

For sample preparation, 99.7% pure C12E5 was purchased
from Tokyo Chemical Co., 99%n-octane from Aldrich
Chemical Co., 99 at. % deutrated n-octane from Isotec I
and 99.9 at. % D2O from Isotec Inc. These materials we
used without further purification. In the ternary syste
C12E5–n-octane–D2O at equal volume fractions of octan
and D2O with volume fraction 0.2 of C12E5, we used proto-
natedn-octane for the bulk contrast sample and deutera
n-octane for the film contrast sample.

C. NSE experiment

The experimental condition is almost same as the
already reported@23,24#. The NSE experiments were carrie
out using the NSE spectrometer at C2-2 port of JRR-3
JAERI @25–27# over the range 0.03,q,0.15 Å21 and also
MESS at LLB in C. E. Saclay in order to extendq higher
than 0.18 Å21 up to 0.25 Å21 on the same film contras
sample. Silica gel and Grafoil were used to measure the r
lution function of the spectrometers. Neutrons with wav
lengthl55.9 Å ~full width at half maximum of its resolu-
tion Dl/l515%) andl57.14 Å (Dl/l518%) were used
at JRR-3M and neutrons withl56.0 Å (Dl/l518%) at
MESS. We have chosen three temperatures; 22 °C co
sponding to LTM phase, 31 °C to MTL and 39 °C to HTM
for the C12E5–water–n-octane system.

D. SANS experiment

The parametersq1 , q0 , k0 , k1, and kf of the partial
structure functions in Eqs.~11! and ~12! were determined
from a SANS experiment at the SANS-U spectrometer

c-
2-4
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C1-2 port of JRR-3M, JAERI@28# using bulk and film con-
trast samples at room temperature. We used the partial s
ture functions of water-water correlationSww(q) in place of
Scc(q,0) and surfactant-surfactant correlation functions
Sss(q) in place of Sff(q,0). The approximations by Eqs
~11! and~12! to them are shown in Fig. 3. The approxima
values of the parametersq1 , q0 , k0 , k1, andkf are deter-
mined from the approximations and are given in Table I.

IV. EXPERIMENTAL RESULTS

A. Analysis with Zilman-Granek theory

The results of our present NSE experiments analyze
terms of Zilman-Granek theory have been published pre
ously@23,24#. The dynamic structure factor obeys a stretch
exponential law of Eq.~1! with b52/3 as shown in Fig. 4 for
the C12E5–water–n-octane system over the range 0,t
,15 ns and 0.03,q,0.17 Å21. The results are indepen
dent not only whether the system is in microemulsion, lam
lar, or droplet phase, but also whether the samples are in
or film contrast, because the behavior reflects only
single-membrane dynamics. The relaxation rateGZ obtained
from the fitting to Eq.~1! with an indexb52/3 are shown in
Fig. 5 over the range 0.03,q,0.17 Å21. The value ofGZ
increased asq3 particularly well atq higher than 0.08 Å21.
These results support the theory presented by Zilman
Granek @14,15#. Equation ~1! with an index b53/4 was

FIG. 3. The partial structure functionsSww(q) in place ofxq
cc in

Eqs.~11! andSss(q) in place ofxq
ff in Eqs.~12! at different tem-

peratures determined from the SANS experiment. The approxim
values of the parametersq1 , q0 , k0 , k1, and kf are determined
from the fitting to Eqs.~11! and ~12!.
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tested by Setoet al. for a network of wormlike micelles
C16E7–heavy water binary system and a good agreement
obtained@29,30#.

Figure 6 shows that the bending modulusk estimated in
the bicontinuous microemulsion and the lamellar phases
the C12E5–water–n-octane system using Eq.~3!, where we
put gk51 and used three times the value of average solv
viscosities forhk(53hsolv) taking the local dissipation a
the interface between the membrane and the solvent
consideration in the same way as Faragoet al. did in their
study of dynamics in droplet microemulsions@13#. Here
hsolv is the simple average of the solvent viscosity, the a
erage viscosity of heavy water and protonatedn-octane for
bulk contrast sample, and the average viscosity of heavy
ter and deuteratedn-octane for film contrast at different tem
peratures.

The value ofk estimated is nearly the same as that e
mated from dynamical light scattering in th
C12E5–hexanol–water system at room temperature@21,22#.
The value ofk in Fig. 6 decreases monotonically with in
creasing temperature independently of the mesoscopic s
ture and the scattering contrast. Atq lower than 0.08 Å21,
the decay rateGZ deviates from theq3 dependence and de
pends on the mesoscopic structure and the scattering
trast. Since the Zilman and Granek theory is considered to

te

FIG. 4. Normalized intermediate correlation functionsI (q,t)
obtained from the NSE experiments at JRR-3M in the lo
temperature bicontinuous microemulsion phase of the bulk con
sample of the C12E5–n-octane–water system at 21 °C~open circles,
q50.06 Å21; open squares,q50.08 Å21; and open diamonds
q50.10 Å21). The lines are fitting curves to Eq.~1! with b52/3
in Zilman-Granek theory.
TABLE I. The parameters in the partial structure functions Eqs.~11! and ~12! for C12E5–water–n-octane from SANS experiment.

Temperature Bulk contrast Film contrast
(°C) q1 (Å 21) q0 (Å 21) k0 (Å 21) k̂05k0 /q0

k1 (Å 21) kf (Å 21) k̂f5kf /q0

39 @HTM# 0.029 0.030 0.021 0.70 0.045 0.088 2.9
31 @MTL # 0.049 0.030 0.027 0.90 0.051 0.085 2.8
22 @LTM # 0.017 0.030 0.018 0.60 0.043 0.079 2.6
2-5
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applicable to the dynamics of a single membrane atq higher
than 1/j wherej is a typical size of the mesoscopic structu
the collective motions of the membranes that are not con
ered in the Zilman and Granek theory may play an import
role in the dynamics at lowerq.

B. Analysis with Nonomura-Ohta theory

The result of the NSE measurement analyzed w
Nonomura-Ohta theory has been published elsewhere@32#.
The normalized correlation functionsI b(q,t) andI f(q,t) us-
ing bulk and film contrast samples, respectively, were ca
lated. An example is shown in Fig. 7 at the temperat
39 °C for bulk sample. Since the theory of Nonomura a
Ohta applies well to small correlation timet and small wave
numberq, we have restricted to the data in the ranges o

FIG. 5. The dependence of the relaxation rateGZ on q obtained
from the fitting to Eq.~1! with b52/3 in Zilman-Granek theory in
the LTM ~open triangles! and HTM phase~full circles! of the film
contrast sample of the C12E5–n-octane–water system. The lines a
fitting curves to Eq.~2! with b52/3.

FIG. 6. The dependence of bending modulusk of the membrane
on the temperatureT obtained from NSE experiments of the bu
~open circles! and film sample ~full circles! in the
C12E5–n-octane–water system using Eqs.~2! and ~3! with b52/3
in Zilman-Granek theory.k in the droplet phase at 287 K is th
result obtained by Faragoet al. @13#. The lines are a guide for the
eye.
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,t,5 ns and 0.05,q,0.15 Å21 to obtain the decay rate
G11 andG22 in Eqs.~5! and~6! of simple exponential depen
dence. Deviations from the simple exponential decay
larger t and largerq is evident as shown in Fig. 7. The de
viations is not surprising because of the inherent characte
the Nonomura-Ohta theory that should be applicable
smallestq limit.

The decay rates for bulk contrast sampleG11 and that for
film contrast sampleG22, respectively, are calculated from
the correlation functionsI b(q,t) and I f(q,t). The result at
39 °C is shown in Fig. 8. Similar results were obtained
31 °C and 22 °C.

We have fitted the decay rate dataG11 andG22 to Eqs.~7!
and ~8!. For this analysis we have calculated the functio
N(x,y) and zV(x/z) as a function ofx, where parameters
x[q̂5q/q0 , y[k̂5k/q0, with particular values of y

50.5, 0.7, 0.9 andz[k̂f5kf /q0 with particular values of

FIG. 7. Correlation functionI (q,t) of bulk contrast sample
C12E5–water–n-octane at 39 °C for a range of 0,t,9 ns. The
insert shows the wavenumberq in unit of Å 21. The full or dashed
lines are fitting to a simple exponential Eq.~5! using data for a
smaller range 0,t,5 ns in Nonomura-Ohta theory. Deviation
from the simple exponential decay at largert and largerq are evi-
dent.

FIG. 8. The decay ratesG11 andG22 from bulk and film contrast
samples of C12E5–water–n-octane at 39 °C in double logarithmi
scale. The full and dotted curves are fitting to Eqs.~7! and ~8! in
Nonomura-Ohta theory.
2-6
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z52.5, 3.0 as shown in Fig. 9. We approximated these fu
tions by ninth order polynomials ofx and used them for
fitting to the experimental values.

It is to be stressed that there are no adjustable param
except viscositiesh0. The viscositiesh0 are thus obtained
from the fitting to the decay rate of the NSE data for bu
sampleG11 and that for film contrast sampleG22, respec-
tively, at different temperatures. The obtained values of v
cositiesh0 are given in Table II and displayed in Fig. 1
These values are about ten times those for light and he
water andn-octane and are in agreement with a literatu
value for the amphiphilic system with one-third amphiph
concentration@4#, in which a value of kinematical viscosit
n54.8 mm2/s at 31.7 °C is given from the static measur
ment for a similar bicontinuous system with 7% weight fra
tion ~6.2% volume fraction! of C12E5, which can be con-
verted to a viscosity value of 4.1 mPa s.

C. Analysis with Granek-Cates theory

The normalized correlation functionsI b(q,t) and I f(q,t)
for extended ranges of 0,t,10 ns and 0.03,q
,0.15 Å21 were compared with Eq.~13!. For this analysis
we have usedF(z) as a function ofz by the approximation
Eq. ~16! in a form of stretched exponential function with
power ofb850.517 06 over the range 0,z,0.3. The decay
rateGG’s were then calculated for the bulk and film contra
samples. The result of the fitting to Eq.~13! for the film

FIG. 9. The functionsN(x,y) and zV(x/z) as a function ofx

[q̂5q/q0 proportional to the decay rate for bulk and film contra

wherey[k̂05k0 /q0 andz[k̂f5kf /q0 in Eqs.~7! and ~8!.
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contrast sample at 39 °C is shown in Fig. 11. The values
the decay rateGG are shown in Fig. 12 for film contras
samples at different temperatures, where the expected li
dependence onq3 is rather unsatisfactory. Similar data we
obtained for the bulk contrast sample. The calculated val
of the effective viscositieshe f f from the largest value ofq
that were used are given in Table II and displayed in Fig.
As in the analysis with Nonomura-Ohta theory, there are
adjustable parameters except viscositieshe f f . These values
are about 12 timeshk obtained from the analysis with
Zilman-Granek theory and about five timesh0 obtained from
the analysis with Nonomura-Ohta theory.

It should be noted that viscositiesh0 were determined
from G11 andG22 for the whole range ofq that were used in
analysis, while viscositieshe f f were determined fromGG at
mostly the largestq that were used. At this value ofq the
condition of largeq limit, 2pq/k0@1, required for the ap-
plicability of Eq. ~13! is well satisfied, becauseq
;0.1 Å 21 and k0;0.021 Å21. In this sense we can sa
that viscositieshe f f from Granek-Cates theory are dete
mined at largerq than viscositiesh0 from Nonomura-Ohta
theory.

In our present analysis in terms of Granek-Cates theo
we have picked out only Eq.~13!, i.e., the ‘‘critical’’ term,
which is strongly nonexponential and describes the respo
of the membrane to the correlations in the oil and wa
regions. For noncritical systems~as the one used here! there

,

FIG. 10. The viscositieshk in Zilman-Granek theory,h0 in
Nonomura-Ohta theory, andhe f f in Granek-Cates theory o
C12E5–water–n-octane involved in the present NSE analysis. Th
are compared with the viscosityh of other simple liquids; light and
heavy water andn-octane.
rast
TABLE II. Various viscositieshk(53hsolv), h0, andhe f f of C12E5–water–n-octane involved in the present NSE analysis.

Zilman-Granek theory Nonomura-Ohta theory Granek-Cates theory
Temperature Bulk contrast Film contrast Bulk contrast Film contrast Bulk contrast Film cont
(°C) hk (mPa s) hk (mPa s) h0 (mPa s) h0 (mPa s) he f f (mPa s) he f f (mPa s)

39 @HTM# 2.0460.03 2.2260.03 3.9560.08 4.6460.09 16.561.0 18.261.1
31 @MTL # 2.2260.03 2.4060.03 4.1260.20 5.5760.33 21.661.8 28.363.1
22 @LTM # 2.4360.03 2.6460.03 8.1460.66 7.7460.39 38.562.7 41.063.1
2-7
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is another term, describing the self-correlations in the sur
tant. Its decay is exponential in time, and it can be n
negligible. Fitting the experimental data to the full expre
sion can be indeed quite a difficult job, but possib
sometimes@31#. Moreover, the Granek-Cates theory d
scribes primarily the dynamics at long wavelengths,q,q0,
so its use here for data in the regionq.q0 is a bit away from
its region of applicability. In view of these, it is not to
surprising that the fit to the Granek-Cates theory is not q
good.

V. DISCUSSIONS

A. Comparison of the three analyses

In our study on single-membrane dynamics in terms
Zilman-Granek theory~1! we used a value of viscosity thre
times the simple average of those for the solvent (hk

FIG. 12. The decay ratesGG from the film contrast samples o
C12E5–water–n-octane at three temperatures 22, 31, and 39 °C
function of q3. The full or dotted curves are fittings to Eq.~14! in
Granek-Cates theory determined mostly at highestq because of the
deviation from theq3 dependence.

FIG. 11. Correlation functionI (q,t) of film contrast sample
C12E5–water–n-octane at 39 °C for a range of 0,t,9 ns. The
inset shows the wave numberq in unit of Å 21. The various lines
are fitting to a nonexponential functionF(z) in Eq. ~13! of Granek-
Cates theory.
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53hsolv). The result of our study on microemulsion dynam
ics in terms of Nonomura-Ohta theory~2! shows that the
value of the effective viscosity is almost the same as lite
ture value. It is eight times the simple average of those
the solvent and is 2.6 times those for Zilman-Granek the
(h0.2.6hk58hsolv). The viscosity obtained from our stud
in terms of Granek-Cates theory~3! that gives the nonexpo
nential decay shows that the effective viscosity is five tim
greater than that from Nonomura-Ohta theory (he f f.5h0
.12hk536hsolv).

To summarize, the three viscosities involved in t
present analyses are~1! hk(53hsolv) from Zilman-Granek,
~2! h0(.2.6hk) from Nonomura-Ohta, and~3! he f f
(.5h0) from Granek-Cates, wherehsolv is the simple aver-
age of the solvent viscosity. These values are listed in Ta
II and plotted in Fig. 10.

It is to be noted that all the three theories have a comm
character that the decay ratesG ’s are proportional toq3 over
the range ofq in our present measurement. However, t
prefactor toq3 includes two physical constants of the syste
i.e., bending modulusk, and viscosityhk in Eq. ~3! of
Zilman-Granek theory. This is in contrast to the other tw
theories where the prefactors include only one physical c
stant: viscositiesh0 in Eqs. ~7! and ~8! of Nonomura-Ohta
theory andhe f f in Eqs. ~14! of Granek-Cates theory. Thi
fact means that the viscosities in the latter two theories h
something to do to compensate the effect of bending mo
lus, i.e., dissipations in the membranes. This is the m
reason that the viscosities in the latter two theories are m
larger than that in Zilman-Granek theory.

B. Relations between the three viscosities

In view of the three alternative analyses, all of whic
could reproduce the experimental normalized correlat
function I (q,t), the stretched exponential in Eq.~1! by
Zilman-Granek with an exponentb52/3 may be equated
with the approximated stretched exponential function
Granek-Cates Eq.~17! with a constanta853.4487 such that

GZ.a8GG ~19!

that leads to

he f f.
a8hk

6pgagk
F k

kBTG1/2

~20!

relating he f f to hk and k. For ga50.025,gk51, and
k/kBT53, we gethe f f512.7hk . This rough estimate dem
onstrates the reason for 12 times larger viscosity obtai
from the Granek-Cates theory than that obtained fr
Zilman-Granek theory.

Similarly, I (q,t) in terms of simple exponential by
Nonomura-Ohta, Eqs.~5! and ~6! may be equated with the
approximated simple exponential function by Granek-Ca
Eq. ~18! with a constanta956.1978 such that

G11;G22.a9GG ~21!

that leads to

a

2-8
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he f f.a9h0

q̂

N~ q̂,k̂0!
.a9h0

q̂

k̂fV~ q̂/k̂f!
~22!

relatinghe f f to h0, wherek̂f5kf /q0. Since our numerica
calculations show approximately that q̂/N(q̂,k̂0)
;q̂/@ k̂fV(q̂/k̂f)#.1/1.350.77 @32# with the values k̂

50.7 andk̂f52.5 for the range 2,q̂,4 as shown in Fig. 9,
we get he f f54.8h0. This rough estimate demonstrates t
reason for five times larger viscosity obtained from t
Granek-Cates theory than that obtained from Nonomu
Ohta theory.

C. Possible origins of the different viscosities

A possible interpretation for the three different viscosit
involved in the present analyses can be based on the re
malization theory of viscosities@33,34# not quantitatively but
qualitatively as follows. The key concept is that the bend
modulus for larger wave vectorq ~i.e., smaller length scale!
is larger and vice versa. This point must be reflected in
viscosity of the theory in which the bending modulus is n
explicitly incorporated.

In Zilman-Granek theory the single membrane charac
ized by the bending modulusk is thought to be embedded i
the solvent of infinite extent. So it deals with the dilute lim
of a membrane plaquette as in the same way as Milner
Safran’s theory@10# deals with a single droplet. It is not
coincidence that both our analysis in terms of Zilma
Granek theory and Farago’s analysis@13# in terms of Milner
and Safran’s theory took the viscosity of the dense system
be three times the average viscosity of the solvent and
tained reasonably good results. Therefore the local diss
tion at the interface between the membrane and solven
the dense system may be taken into account by the fact
in hk53hsolv .

In Nonomura-Ohta theory, where the simple exponen
holds, the larger length scale corresponding to the smallq
than the other theories is involved. Therefore the bend
modulusk at this large length scale does not come into p
so much, because of the smaller value ofk at larger length
scale due to the renormalization, the bending modulus
smaller wave vectorq is smaller. However, the whole syste
is affected only by the hydrodynamic fluctuation penetrat
many interfaces between the membrane and the solv
Thus the local dissipation at many interfaces between
membrane and solvent may be taken into account by
factor 2.6 inh0.2.6hk . It is to be stressed that this value
h0 is very close to the literature value of viscosity in a sim
lar system@4# as described before; it does not represent
viscosity of the solvent surrounding the membrane but r
resents the macroscopic viscosity of the system as a wh

In Granek-Cates theory the smaller length scale co
sponding to the largerq than Nonomura-Ohta theory is in
volved. Therefore the bending modulusk at this length scale
comes into play more; because of the larger value ofk at
smaller length scale due to the renormalization, the bend
modulus for larger wave vectorq is larger. The whole system
is affected not only by the hydrodynamic fluctuation at sm
04140
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length scale but also by the dissipation in the many me
branes that have a large bending modulusk. Therefore the
larger effective viscosity from Granek-Cates theory as co
pared with the Nonomura-Ohta theory may be taken i
account by the factor 5 inhe f f.5h0.

VI. CONCLUSIONS

We have analyzed the intermediate correlation functio
I (q,t) obtained from NSE experiment in terms of the thr
dynamic theories:~1! Zilman and Granek,~2! Nonomura and
Ohta, and~3! Granek and Cates theories. The result sho
that the intermediate functionsI (q,t) for the range of 0,t
,15 ns and 0.03,q,0.2 Å 21 are well fitted to a stretched
exponential function in timeI (q,t)5exp@2(Gt)2/3# for the
bicontinuous microemulsion and the lamellar phases of
same system with the relaxation rateG increasing asq3 in
agreement with the theory~1! from which the bending modu
lus of the membranek was estimated. For more restricte
range of 0,t,5 ns and 0.05,q,0.15 Å21 the NSE result
can be expressed by a simple exponential function in tim
agreement with the theory~2! determined exclusively by hy
drodynamic interactions and for intermediate range of 0,t
,10 ns and 0.03,q,0.15 Å21 by a nonexponential func
tion in agreement with the theory~3!, from both of which the
effective viscosities of the systemh were estimated.

The effective viscosity from the nonexponentialhe f f is
five times greater than that from the simple exponentialh0
that is almost the same as the literature value. The s
viscosity he f f is twelve times greater than that from th
Zilman-Granek theoryhk . The larger effective viscosity
he f f from Granek-Cates theory may be understood as
natural consequence of the renormalization of the bend
modulus at largerq as compared with the result from
Nonomura-Ohta theory, since the effective viscosity is
physical quantity determined not only by the viscosity of t
solvent but also by the bending modulus of the membr
that is subject to the renormalization. These three analy
make up a coherent picture of the dynamical fluctuation
the mesoscopic structure in the ternary amphiphilic syste
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