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Dynamical fluctuations of the bicontinuous microemulsion and lamellar structures in terpiiy-@ater—
n-octane amphiphilic system are studied by means of neutron spin(Bi@t spectrometry. The decay rates
of the time correlation of the concentration were analyzed in terms of three thed@iés:G. Zilman and R.
Granek, Phys. Rev. Let?7, 4788(1996, (2) M. Nonomura and T. Ohta, J. Chem. Phg40 7516(1999,
and(3) R. Granek and M. E. Cates, Phys. Rev48, 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 fuggtign&r the
ranges of Bt<15 ns and 8q<0.2 A1 are well fitted to a stretched exponential function in tirny,t)
=exd —('t)¥®], for the bicontinuous microemulsion and the lamellar phases of the same systems with the
relaxation ratel’ increasing asy® in agreement with theoryl) from which the bending modulus of the
membranec was estimated. For more restricted ranges ot &5 ns and 0.05:q<0.15 A~ the NSE result
can be expressed by an exponential function in time in agreement with tt®adgtermined exclusively by
hydrodynamic interactions and for extended range <t€ 10 ns and 0.08<0.15 A~! by a nonexponen-
tial function in agreement with theor§8), from both of which the effective viscositieg, and 7. of the
system were estimated. The effective viscosity from the nonexponeptjalis five times greater than that
from the simple exponentiaj, that is almost the same as the literature value. The implication of this result is
discussed in terms of the effective viscosiy;; that takes into account the renormalization of the bending
modulus of the membrane.
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. INTRODUCTION C,.E5 the system exhibits a sequence of structural changes

o _ ) ~ with temperature starting from low-temperature bicontinuous
Amphiphiles in solution of water and qll self-assemble in microemulsion phaséLTM), through middle-temperature
a number of basic structures of either disordered or orderegmeliar phaséMTL) to high-temperature bicontinuous mi-
type[1-3]. For example, they form bicontinuous microemul- oroemuyision phaséHTM). It should be noted that there is a

sions in which water and oil are separated from each other by~ 1imous agreement that HTM phase is bicontinuous in

”?Oﬂo'ayef of amph|phlles, while each domain of water andthis system, but there is a disagreement whether LTM phase
oil is connected continuously throughout the specimen. Ir] bicontinuous: Bodett al. believe that LTM becomes
some cases they form a lamellar structure in which water an /W droplet pr;ase below.28°¢5] However. since the

oil are regularly stacked in two-dimensional layers with a ransition from bicontinuous to droplet phase is a very subtle
planar monolayer of amphiphiles sandwiched between then]! pietp y

In particular cases where the affinity of the amphiphile to_pheqomenon_, we should be CF’”te”t to- interpreting the dy-
ward water and oil is unequal or the amount of water and oift@Mic behavior of the system irrespective of whether LTM
is unbalanced, droplets of oil in continuous watéy/(V) or phase is bicontinuous or droplet. Me_soscoplc internal struc-
droplets of water in continuous 0il{/O) are formed. tures of the same system were studied by small angle x-ray
One of such nonionic amphiphilic systems whose phas@nd neutron scatteringGANS) [6-9)].
diagram is well studied is pentaethylene glycol mono- The structures of such amphiphilic systems are subject to
n-dodecyl ether [=HO(C,H,0)s(CH,),H=C,Es]/  thermal fluctuations and may deform in thermal equilibrium
waterh-octane ternary systefi#,5]. The phase diagram of as expressed in the two-point time correlation function of the
the same system is shown in Fig. 1. At equal volume fractiororder parameter§(q,t), such as concentration or volume
of oil and water with more than 15% volume fraction of fraction of the constituents. The decay behavior of the time
correlation is observed typically by neutron spin e¢€N&E)
spectrometry. It probes mesoscopic parameters like the bend-
*Present address: 2-5-7, Wakamiya, Nakano-ku, Tokyo, 165ing modulusx of the interfacial membrane or the effective
0033, Japan. Email address: komura@amy.hi-ho.ne.jp viscosity of the systemy including the dissipation in the
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45 I I 7 I 1 . time-dependent Ginzburg-Landau mo@&f-20. However,
1 the derived equations for correlation functio8éq,t) are
HTM rather complicated to be directly compared with experimen-
¢ tal results. Among them Granek and Caf2g] have devel-
oped a dynamical theory that is applicable to the sponge
phase L3 phase of binary systems and derived analytical
equations for dynamic structure. Since the present experi-
ment is performed on a nearfymmetricalternary system,
the result may be analyzed in terms of the Granek and Cates
] theory forconservedrder parametey [17].
] In this paper we therefore analyze the experiment in terms
] of three theories(1) Zilman and Granek(2) Nonomura and
[ | | | ] ] Ohta, and(3) Granek and Cates, in the first of which a
20 0.1 02 0. Langevin equation for membrane plaquettes and in the latter
VolumeFraction v, two of which time-dependent Ginzburg-Landau equations
for the order parameters are considered. In the th&)rthe
FIG. 1. The phase diagram of the ternary systemrange ofqis more restricted than the thea(). The theories
C,.Es—water-n-octane in the plane of temperature and volume(1) and(3) are two alternative approaches for understanding
fraction yy of Cy,Es at equal volume fraction af-octane and water  the dynamical behavior of microemulsion and lamellar struc-
calculated from Kahlweiet al.[4]. Besides lowerZ®) and upper  tures, that are complementary to each other. The thiig
(2®) two phase and three phased{p, also shown are LTM and a limited case of dynamical theories for rather small range of
HTM isotropic microemulsion phase (1) and lamellar phase g, in which a simple exponential decay of the time correla-
MTL sandwiched between them. The samples measured in thgon functions holds.
present paper are represented by marks of full triangle, square, and
circle.
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II. UNDERLYING THEORIES

flexible membrane as well as the solvent medium. . , i

Ternary amphiphilic systems of well-defined droplet  The dynamical correlation functior8**(q,t) are space
structures have been studied by means of N$E-13, Fourier transform  of the correlation  functions
however, very few studies have been reported on ternaryd®“(0.00d44(r,t)) that are calculated for two order pa-
amphiphilic systems having bicontinuous microemulsion and@meters represented hy and 3, where 5¢(r,t) is the
lamellar structures so fdii3]. Thus the dynamics of such deviation of the volume fract.|0n akth componen.t from its
structured systems remain to be clarified. It is the mairBverage value. The superscriptendg stand for eithey) or
objective of the present paper to study the dynamics off, Wherey= ¢, — ¢, represents the difference volume frac-
structured systems of ternary amphiphilic systemtion of water¢,, from that of oil ¢, and ¢= ¢ represents
C12E5_Water_n_octane by means Of NSE Spectrometry_ the Volume fraCtion Of amphlphllés FOI’ eaCh Correlation

In analyzing the structure and dynamics of microemulsionS*”(a,t) @ normalized function like (q,t)=S(q,t)/S(q,0)
and lamellar systems three different theories have emerget$ defined. Of four correlation functior8*%(q,t) with a8
(i) microscopic, (i) Ginzburg-Landau, andii) membrane =¥, b, ¢, or ¢¢, the diagonal correlatios’’(q,t)
treatments, which are distinguished by different choices oforresponds td°(q,t) that can be obtained from bulk con-
physical quantities of different length scales that characteriz&ast sample ang”?(q,t) corresponds tb'(q,t) that can be
the system$2]. In the present paper we adopt the latter two;0btained from film contrast sample in experiment.
in the Ginzburg-Landau theorids) order parameters of the
system are chosen to describe the behavior of the systems, A. Ziiman-Granek theory (single plaguette treatmen)

while in the membrane theoridsi) attention is paid to the Zilman and GraneK 14,15 used the Helfrich-bending

monolayer membranes that separate the oil and water re- _ . .
y P ?ree energy to describe membrane undulations in sponge and

gions. . : . .
A simple equation was obtained by Zilman and GranekIameIIar phases and derived a Langevin equation. According

for the dynamic structure fact®(q,t) of membrane phase to their th_eory, th'e d.ynamic structure factor obeys a stretched
at large wave numberg, which reflects the behavior of exponential law in time
single membrane disregarding the structure of the system 1(q,t)=exd — (' ,)*], 1)
[14,15. Very recently the decay rate of the correlation of the
concentration in ternary systems involving amphiphiles isW
calculated by Nonomura and Ohta taking into account both
van Hove and hydrodynamic interactiof$6]. However,
their treatment is restricted to the region of sntathat en-
ables a simple exponential function in time for the dynamic
structure factor.

The dynamical behavior of microemulsion and sponge Y. 1-(UB) . —1
phase in thermal equilibrium is studied theoretically on a Dz= 7YY« (keT)"Pk P )

herel'; is proportional tog?#,
I';=D,q%" 2

and
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Here, k is the bending modulus of the membrane andhe  against water and oil are equal. All these symmetrical

viscosity of the surrounding mediuny,, is given by conditions are satisfied in our present samples
C,Es—n-octane—water.
Y«=1-3In(q&)keT/(4mk), 4 For particular conditions where the system is neagiy-

metrical and the correlations between the two order param-

where{ is the typical size of the mesoscopic structure of theetersys and ¢ are almost neglected, the diagonal correlations
system. These equations can be applied to two-dimensiong}e given by a single exponential function

membrane cases with an exponed2/3 andy,=0.025 b
and to one-dimensional wormlike micelles cases wih 1°(q,t) =exp(—'11t), ®)
—3/4 andy,=0.0056. N

The theory has been confirmed by light scattering experi- 1'(g,t) =exp(—T't). (6)
ments for G,Es—water—hexanol ternary system at sm@ll Like the decay rate for bulk contrast samglg; in their
with f=2/3 [21,22, but no NSE experiments have been paper, that for film contrast sampl&,, is extended in the

performed at largeq. present paper heuristically to be givenlydrodynamic term
mediated by the viscosityy, for vanishingvan Hove term
B. Nonomura-Ohta theory (microemulsion treatment) involving Onsager coefficients;; or L.

Applying a general theory of Brownian motion, Nono- > o ~ A
mura and Ohtd16] have shown that the equations of the I';;=ksTq MN(Q'KO)’ @)
dynamic structure factor become particularly simple when
the amphiphilic systems are neadymmetrical (i) the vol- , K¢ -
ume fractions of water and oil are equail) the system stays I'2o=kgTq MQ(%)' ®)
at the hydrophile-lipophile-balance temperature, &mdthe
friction constants for the relative motion of the amphiphile The functionsN(q, ko) andQ(E]d,) are defined as

(X2 si? 6—1)2+y" Y2+ 1— %2 sir? 0] 2
(X?sir? 6—1)2+y*

3\2 <x2—1>2+y4r

N(xy)=—3 72 désin’® 6

, (€)

0

3
0(5)24_62{1+ £+ (&8— ¢ Harctang}, (10

wherex, y, and ¢ are arbitrary variabled)(£) as given by ticularly at smallerg thanqg, that characterizes the structure
Eqg. (10) is known as Kawasaki function fap¢ correlation,  of the system.

while N(x,y) by Eqg.(9) is the corresponding counterpart for

Yy correlations. The susceptibility fapy correlation, "

=5%Y%(q,0), and that for¢¢ Correlation,Xg"[’ES‘z"f’(q,O), C. Granek-Cates theory(sponge phase treatment
are approximated, respectively, in Teubner-Strey and ) )
Ornstein-Zernike form, Granek and Catd47] have derived the Ginzburg-Landau

equation ofconservativeorder parametetp for the sponge
phase [; phase of binary systems. For the high limit

1 (2mg/kp>1) they obtained a scaling function for the dy-
_ 2 4
(X% 1_a[(q2_q0)2+ Kol 1D namical structure factor fo#p¢ correlation in the form
, [(g,t)=F(I'gt), (13
(X§9) " t=ra[q®+ k5], 12

where the decay rate is given by
whereqq is the peak position;xa1 and K;l the correlation
lengths andy, and x; numerical factors having the dimen-
sion of wave number. The scaled parameters are defined such kgT
that q=a/qy and ko= ko/do in EQ. (7) and q,=a/x FG:eqﬂ,eff
=q/k, Wherex 4=k, /g in Eq. (8).

This theory has an advantage of allowing an explanation

for different behaviors of bulk and film contrast samples par-and the scaling function by

q° (14
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2 (= 1 —(37/8)Z[ y3+ (1+y2—2yu)¥
F(Z):?fo dyflduexp{ (37/8)z[y*+ (1+y*—2yu) 2]}_ 15

1+y2—2yu

The effective viscosityyes in EQ. (14) is used because it is with a”=6.1978 for the range€z<0.1. These approximate
a composite viscosity determined not only by the viscosity offunctions Egs.(16), (17), and (18) to the nonexponential
the solvent consisting of oil or water but also by the effect offunction F(z) in Eq. (13) are used in the later discussion.
the dissipation in the membrane composed of the amphiphile

in binary system in the original paper of Granek and Cates. . EXPERIMENT

The amphiphilic membrane has a bending modulus that is ]

subject to the renormalization corresponding to the size scale A. Phase behavior

of the deformation. The Eq$l3), (14), and(15) are applied In order to study the dynamics in membrane undulations,

to the dynamical structure factor not only fgep correlation  NSE experiments were carried out on bulk and film contrast
but aIson correlatllon in the .present paper, since there is nGcamples in the ternary system;jEs—n-octane—water at
other suitable candidate available to explain ¢hg correla-  equal volume fraction of octane and water for volume frac-

tion. tion 0.2 of G,Es, which represents a sequence of low-
We found that the functiof (z) is best approximated by temperature microemulsion/middle-temperature lamellar/
a stretched exponential function high-temperature microemulsion phase with increasing
) temperaturg4,5] as shown in Fig. 1. The LTM and HTM
F(z)=exd —(a2)* ], (16)  phases have a bicontinuous structure that divides the volume

. , into two multiply-connected, interpenetrating subvolumes
with constantsa=2.6213 and3’=0.517 06 for the range of ade of oil and water, each of them physically continuous,

0<z<1. i ) but separated by surfactant membranes from each other.
The functionF(z) as given by Eqs(13) and (16) are

shown in Fig. 2. In the same figure also shown are an ap-

. . S o B. Sample preparation
proximate stretched exponential function in a form similar to

Eq. (1) with B=2/3, For sample preparation, 99.7% purglE; was purchased
from Tokyo Chemical Co., 99%n-octane from Aldrich
F(z)=exd —(a'2)??], (17 Chemical Co., 99 at. % deutrated n-octane from Isotec Inc.,

and 99.9 at. % RO from Isotec Inc. These materials were
with a constan@a’ = 3.4487 for the range ©z<0.2 and a ysed without further purification. In the ternary system
simple exponential function in a form similar to E¢S) and ¢ ,E.—n-octane—RO at equal volume fractions of octane
(6), and D,O with volume fraction 0.2 of GEs, we used proto-
natedn-octane for the bulk contrast sample and deuterated

F(z)=exd —(a"2)], (18 1octane for the film contrast sample.
1 L C. NSE experiment
—o—f(2) ] The experimental condition is almost same as the one
0.8 3 7] already reportefl23,24. The NSE experiments were carried
exp(-6.19782) 1 out using the NSE spectrometer at C2-2 port of JRR-3M,

JAERI[25-27 over the range 0.63q<0.15 A~ and also
MESS at LLB in C. E. Saclay in order to extemgdhigher
than 0.18 A~ up to 0.25 A~! on the same film contrast
sample. Silica gel and Grafoil were used to measure the reso-
| lution function of the spectrometers. Neutrons with wave-
. lengthA=5.9 A (full width at half maximum of its resolu-
051706 h tion AN/A=15%) and\=7.14 A (AN/\=18%) were used
expl-(262132) ] 1 at JRR-3M and neutrons witk=6.0 A (AN/A=18%) at
o 0'2 . 011 : Oé . 0l8 — MESS. We have chosen three temperatures; 22 °C corre-

’ oz ) sponding to LTM phase, 31°C to MTL and 39°C to HTM
for the C,Es—water-n-octane system.

exp[-(3.44872) %]

o
N
T

0

FIG. 2. The nonexponential functiof(z) in Eq. (15 by
Granek-Cates theorfopen circley that may be approximated by a D. SANS experiment
stretched exponential function E@.6) for the range 8<z<1. The ]
same function may be approximated by a simple exponential func- The parametersy;, do, xo, 1, and x4 of the partial
tion Eq.(18) in the range 8z<0.1 and by a stretched exponential Structure functions in Eqsi11) and (12) were determined
function Eq.(17) with a powerB=2/3 in the range &z<0.2. from a SANS experiment at the SANS-U spectrometer at
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FIG. 3. The partial structure functioi®,,(q) in place ofy§” in . ) . . .
Egs.(11) andS.(q) in place Ofofd’ in Egs.(12) at different tem- FIG. 4. Normalized intermediate correlation functioh(g,t)

peratures determined from the SANS experiment. The approximatgbta'ned from the_ NSE experiments  at JRR-3M in the low-
values of the parameters, do, «o, &1, and k, are determined temperature bicontinuous microemulsion phase of the bulk contrast

f the fittina to Eas(11) and (12). sample of the GEs—n-octane—water system at 21 {@pen circles,
rom the fitting to Eqs(11) and(12) q=0.06 A~1; open squaresy=0.08 A~1; and open diamonds,

q=0.10 A1), The lines are fitting curves to E¢l) with 3=2/3
C1-2 port of JRR-3M, JAERI28] using bulk and film con-  in Ziiman-Granek theory.

trast samples at room temperature. We used the partial struc-
ture functions of water-water correlati@®),,(q) in place of tested by Setcet al. for a network of wormlike micelles
SY%(q,0) and surfactant-surfactant correlation functions ofC,¢E;—heavy water binary system and a good agreement was
Ssdq) in place of S?#(q,0). The approximations by Egs. obtained[29,30.
(11) and(12) to them are shown in Fig. 3. The approximate  Figure 6 shows that the bending modukisstimated in
values of the parametets, 0o, o, 1, andx, are deter- the bicontinuous microemulsion and the lamellar phases of
mined from the approximations and are given in Table I. the GEs—water-n-octane system using E3), where we
put y,=1 and used three times the value of average solvent
IV. EXPERIMENTAL RESULTS viscosities forn,(=37s.,) taking the local dissipation at
the interface between the membrane and the solvent into
consideration in the same way as Faragal. did in their
The results of our present NSE experiments analyzed istudy of dynamics in droplet microemulsio43]. Here
terms of Zilman-Granek theory have been published previ+,,, is the simple average of the solvent viscosity, the av-
ously[23,24]. The dynamic structure factor obeys a stretchederage viscosity of heavy water and protonatedctane for
exponential law of Eq(1) with 8= 2/3 as shown in Fig. 4 for bulk contrast sample, and the average viscosity of heavy wa-
the GCEs—water-n-octane system over the range<® ter and deuteratedroctane for film contrast at different tem-
<15 ns and 0.08q<0.17 A1, The results are indepen- peratures.
dent not only whether the system is in microemulsion, lamel- The value ofx estimated is nearly the same as that esti-
lar, or droplet phase, but also whether the samples are in bulkated from dynamical light scattering in the
or film contrast, because the behavior reflects only theC,,Es—hexanol-water system at room temperaf@,22,.
single-membrane dynamics. The relaxation dageobtained  The value ofx in Fig. 6 decreases monotonically with in-
from the fitting to Eq(1) with an indexB=2/3 are shown in  creasing temperature independently of the mesoscopic struc-
Fig. 5 over the range 0.83q<0.17 A1, The value of;  ture and the scattering contrast. éfower than 0.08 A%,
increased ag® particularly well atq higher than 0.08 A%, the decay ratd”, deviates from the® dependence and de-
These results support the theory presented by Zilman angends on the mesoscopic structure and the scattering con-
Granek[14,15. Equation (1) with an index 8=3/4 was trast. Since the Zilman and Granek theory is considered to be

A. Analysis with Zilman-Granek theory

TABLE I. The parameters in the partial structure functions Eg$) and(12) for C,,Es—water-n-octane from SANS experiment.

Temperature Bulk contrast Film contrast

(OC) Q (A 71) o (A 71) Ko (A 71) IA(O:K()/qO K1 (A 71) K([) (A 71) ";QS:Kd)/qO
39 [HTM] 0.029 0.030 0.021 0.70 0.045 0.088 29
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
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FIG. 5. The dependence of the relaxation feon q obtained
from the fitting to Eq.(1) with 8=2/3 in Zilman-Granek theory in
the LTM (open trianglesand HTM phasefull circles) of the film
contrast sample of the,GEs—n-octane
fitting curves to Eq(2) with B=2/3.

FIG. 7. Correlation functionl(q,t) of bulk contrast sample

C,,Es—water-n-octane at 39 °C for a range of<®<9 ns. The

. insert shows the wavenumbeiin unit of A ~1. The full or dashed

—water system. The lines are lines are fitting to a simple exponential EG) using data for a
smaller range &t<5 ns in Nonomura-Ohta theory. Deviations
from the simple exponential decay at largeand largerq are evi-

applicable to the dynamics of a single membrang higher  dent.

than 1€ whereé is a typical size of the mesoscopic structure,

the collective motions of the membranes that are not consid<t<5 ns and 0.05.q<0.15 A~! to obtain the decay rate

ered in the Zilman and Granek theory may play an importan{,, andT,, in Egs.(5) and(6) of simple exponential depen-

role in the dynamics at lowex. dence. Deviations from the simple exponential decay at
largert and largerq is evident as shown in Fig. 7. The de-
B. Analysis with Nonomura-Ohta theory viations is not surprising because of the inherent character of

The result of the NSE measurement analyzed withthe Nonomura-Ohta theory that should be applicable at

; llestq limit.
Nonomura-Ohta theory has been published elsewfgzp  SMa
The normalized correlation function&(q,t) and1(q,t) us- . The decay rates for bulk contrast samplg and that for
ing bulk and film contrast samples, respectively, were calcufilm contrast sampldfzz, brespectlvelx, are calculated from
lated. An example is shown in Fig. 7 at the temperaturdN® correlation functions®(q,t) and17(q,t). The result at

39°C for bulk sample. Since the theory of Nonomura ang39 °C is shown in Fig. 8. Similar results were obtained at

Ohta applies well to small correlation timend small wave 31°Cand 22, °C.
numberg, we have restricted to the data in the ranges of 0 We have fitted the decay rate ddtg, andI',, to Eqs.(7)
and (8). For this analysis we have calculated the functions

N(x,y) andzQ(x/z) as a function ofx, where parameters

5_|||||||||||||||||||||||||||||_ ~ . .
- m ] X=0=0/qy, y=k=kl/0g, With particular values ofy
4F --0- - bulk ] =0.5, 0.7, 0.9 anag= f<¢= Kk 41do With particular values of
Ldroplet —e— film ]
L W droplet ] T
B 30 ] I -+
o ] T ok i
~ = B 2] F ]
¥ 2 7 = ; ]
r "8 ] S [
F lamellar ~ ~&® ] ~ [
1 [oRN.
. . = L
r bicontinuous] g
I NI A I I N N — » -
07285 295 305 315 L= 00k e bulk39°C ]
T(K) F --¢--£ilm,39°C ]
1 N MR |
FIG. 6. The dependence of bending modutusf the membrane 0.04 0.1 0.2
on the temperatur@ obtained from NSE experiments of the bulk q (A'l)
(open circles and film sample (full circles) in the
C,,Es—n-octane—water system using E@8) and (3) with 8=2/3 FIG. 8. The decay ratds;; andI",, from bulk and film contrast

in Zilman-Granek theoryx in the droplet phase at 287 K is the samples of GEs—water-n-octane at 39 °C in double logarithmic
result obtained by Faraget al. [13]. The lines are a guide for the scale. The full and dotted curves are fitting to EG8.and (8) in
eye. Nonomura-Ohta theory.
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FIG. 10. The viscositiesy, in Zilman-Granek theorys, in

FIG. 9. The functiondN(x,y) andzQ(x/z) as a function ok =~ Nonomura-Ohta theory, andjs; in Granek-Cates theory of
=q=gq/q, proportional to the decay rate for bulk and film contrast, C12Es—Wwater-n-octane involved in the present NSE an.al_ysis. They
wherey= o= o /0o andz= x,= x,/qq in Egs.(7) and 8). zretzssr:vg?é?ir/u;:gg::n\g.scosWyof other simple liquids; light and
E onzslst')y&r?ir?ti SQ%V;? g‘ollzylg&)%i;/:{se gxp[;rﬁg IT:ézdtaheeriefgnCcontrast sample at 39°C is sh_own_ in Fig. 11._The values of
fitting to the experimental values. the decay ra_tel“G are shown in Fig. 12 for film contrast

It is to be stressed that there are no adjustable paramete?é‘mples at d|ffe3r9nt temperaturgs, where t.he. expected linear
except viscositiesyy. The viscositiesy, are thus obtained depe;ndence 0g” is rather unsatisfactory. Similar data were
from the fitting to the decay rate of the NSE data for bulk OPtained for_the t_)ulk contrast sample. The calculated values
samplel’;; and that for film contrast samplg,,, respec- of the effective V'SCQS't'e‘T%” from the 'aTQGSt Vall.je ocf]
tively, at different temperatures. The obtained values of vis:[hat. were used are given in Table Il and displayed in Fig. 10.
cosities o are given in Table Il and displayed in Fig. 10. As.m the analysis with Nonomura—Ohtg theory, there are no
These values are about ten times those for light and hea\lgdJUStable parameters except viSCosItgs;. These \_/alugs
water andn-octane and are in agreement with a literature re about 12 timesy, obtained .fro”? the a”f?"ys's with
value for the amphiphilic system with one-third amphiphile Z|Iman—Gre_1neI§ theory and about five timgg obtained from
concentratior{4], in which a value of kinematical viscosity the analysis with Nonomura—tha _t_heory. .
v=4.8 mn¥/s at 31.7°C is given from the static measure- It should be noted that viscositieg, were determmgd
ment for a similar bicontinuous system with 7% weight frac-70M I'11 andI'y, for the whole range of that were used in
tion (6.2% volume fraction of C,,Es, which can be con- analysis, while viscositieg,;; were determ_lned fronh'g at
verted to a viscosity value of 4.1 mPas. most!y the largesty thqt were used. At th|§ value a@f the
condition of largeq limit, 2 7q/xy>1, required for the ap-
plicability of Eq. (13) is well satisfied, becausea
~0.1 A7t and k;~0.021 A1, In this sense we can say

The normalized correlation function§(q,t) and1f(q,t)  that viscositiesnq; from Granek-Cates theory are deter-
for extended ranges of 0t<10 ns and 0.089 mined at largeq than viscositiesp, from Nonomura-Ohta
<0.15 A~* were compared with Eq13). For this analysis theory.
we have usedrF(z) as a function oz by the approximation In our present analysis in terms of Granek-Cates theory,
Eq. (16) in a form of stretched exponential function with a we have picked out only Eq13), i.e., the “critical” term,
power of 3'=0.517 06 over the range<0z<0.3. The decay which is strongly nonexponential and describes the response
rate’g’s were then calculated for the bulk and film contrastof the membrane to the correlations in the oil and water
samples. The result of the fitting to E(L3) for the film  regions. For noncritical systentas the one used herthere

C. Analysis with Granek-Cates theory

TABLE Il. Various viscositiesn,(=37soi), 70, @and ne¢; Of CioEs—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 contrast
(°C) 7. (MPas) 7. (MPas) 70 (MPas) 70 (MPas) 7ett (MPas) et (MPa's)
39[HTM] 2.04+0.03 2.22£0.03 3.95-0.08 4.64-0.09 16.5:1.0 18.2:1.1
31[MTL] 2.22+0.03 2.4(3:0.03 4.12-0.20 5.570.33 21.6:1.8 28.3:3.1
22[LTM] 2.43+0.03 2.64-0.03 8.14-0.66 7.74-0.39 38.5-2.7 41.0:3.1
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=37s0p)- The result of our study on microemulsion dynam-

8 o 1 e
1agg—o—o > =— g = ics in terms of Nonomura-Ohta theof2) shows that the
o0 ¢ 5 ' . . o .
R e % Lo value of the effective viscosity is almost the same as litera-
0 8_—’ TeemTc T3 2 0% ] ture value. It is eight times the simple average of those for
e . e e . the solvent and is 2.6 times those for Zilman-Granek theory
o [ N\ "] (10=2.61,=87ns0),). The viscosity obtained from our study
= 0.6 h < . in terms of Granek-Cates theo($) that gives the nonexpo-
= T ¢ ] nential decay shows that the effective viscosity is five times
o4l 0.03 . — i greater than that from Nonomura-Ohta theomy,{=5 7,
fL—e 004 oo =127,=3675,),)- S _
Ry 2 . To summarize, the three viscosities involved in the
0.28 < - ®- 2009 g o iact 30°C present analyses at#) 7,.(=37%so,) from Zilman-Granek,
SR (2) 7o(=2.6n,) from Nonomura-Ohta, and(3) ers
0 2 4 6 8 10 (=5mg) from Granek-Cates, wherg,,,, is the simple aver-
t (ns) age of the solvent viscosity. These values are listed in Table

Il and plotted in Fig. 10.

It is to be noted that all the three theories have a common
character that the decay raté's are proportional ta?® over
the range ofg in our present measurement. However, the
prefactor tog® includes two physical constants of the system,
i.e., bending modulus¢, and viscosity7, in Eq. (3) of
is another term, describing the self-correlations in the surfacgllman_Granek theory. This is in contrast to the other two

tant. Its decay is exponential in time, and it can be non_theones where the prefactors include only one physical con-

negligible. Fitting the experimental data to the full expres-Stant: viscositiesy, in Egs. (7) and(8) of Nonomura-Ohta

son can be indeed quite a dificult job, but possiblegiPh S0 Tert T 2 8 0 TR RS BRSO TR
sometimes[31]. Moreover, the Granek-Cates theory de-

scribes primarily the dynamics at long wavelengts, do, something to do to compensate the effect of bending modu-

<o its use here for data in the rediom d. is a bit away from lus, i.e., dissipations in the membranes. This is the main
) . S 91ak do away reason that the viscosities in the latter two theories are much
its region of applicability. In view of these, it is not too

surprising that the fit to the Granek-Cates theory is not quitéarger than that in Zilman-Granek theory.
good.

FIG. 11. Correlation functiori(qg,t) of film contrast sample
Ci-Es—water-n-octane at 39°C for a range of<t<9 ns. The
inset shows the wave numbarin unit of A ~1. The various lines
are fitting to a nonexponential functidt(z) in Eq. (13) of Granek-
Cates theory.

B. Relations between the three viscosities

V. DISCUSSIONS In view of the three alternative analyses, all of which
could reproduce the experimental normalized correlation
function 1(q,t), the stretched exponential in Eql) by

In our study on single-membrane dynamics in terms ofZilman-Granek with an exponem®=2/3 may be equated
Zilman-Granek theoryl) we used a value of viscosity three with the approximated stretched exponential function by
times the simple average of those for the solvemt ( Granek-Cates Eq17) with a constang’ = 3.4487 such that

A. Comparison of the three analyses

0.05——T——T——T I'z=a'l'g (19)
- film contrast . 1
o that leads to
0.04 39/C/ .
’ 1/2
i 1 amn K
P 7 = | 2
g 0031 / . T B yaye KaT (20
e 002k soSre ] relating 7e; to 7, and x. For y,=0.025,y,=1, and
| /S | klkgT=3, we getn.s1=12.79,. This rough estimate dem-
-y 22°C onstrates the reason for 12 times larger viscosity obtained
0.0t /o 7 from the Granek-Cates theory than that obtained from
L / i .
" Zilman-Granek theory.
" ) ] ) ] A

0 L Similarly, 1(qg,t) in terms of simple exponential by
0 0.001 2‘(&2_3) 0.003  0.004 Nonomura-Ohta, Eq95) and (6) may be equated with the
q approximated simple exponential function by Granek-Cates
FIG. 12. The decay ratdsg from the film contrast samples of Eq. (18) with a constanf”=6.1978 such that
Ci-Es—water-n-octane at three temperatures 22, 31, and 39°C as a
function of g°. The full or dotted curves are fittings to EL4) in I~Typ=aTg (21
Granek-Cates theory determined mostly at higlggstcause of the

deviation from theg® dependence. that leads to
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a a length scale but also by the dissipation in the many mem-
Nefi=a"Ng—=—=—=8a"7g= —= (22 branes that have a large bending modutusTherefore the
N(d. xo) KAl k) larger effective viscosity from Granek-Cates theory as com-
) - ) ] pared with the Nonomura-Ohta theory may be taken into
relating ne¢s 1o 779, Wherek ,= k4/do. Since our numerical  5.count by the factor 5 imer =5 7.

calculations show approximately that g/N(q, xo)
~Q/[ kAl ky)]1=1/1.3=0.77 [32] with the values «
=0.7 andf<¢=2.5 for the range 2 q<4 as shown in Fig. 9,

we get nqt+=4.87m9. This rough estimate demonstrates the . . : .
reason for five times larger viscosity obtained from the We have analyzed the intermediate correlation functions

Granek-Cates theory than that obtained from Nonomura'—(q't) thainegl from NSE experiment in terms of the three
Ohta theory. dynamic theories(1) Zilman and Granelf(,Z) Nonomura and
Ohta, and(3) Granek and Cates theories. The result shows
that the intermediate functiorngq,t) for the range of &t
<15 ns and 0.08g<0.2 A~ are well fitted to a stretched

A possible interpretation for the three different viscositiesexponential function in timd(q,t)=exd —(T't)??®] for the
involved in the present analyses can be based on the rengicontinuous microemulsion and the lamellar phases of the
malization theory of viscositig83,34 not quantitatively but  same system with the relaxation rdteincreasing as® in
qualitatively as follows. The key concept is that the bendingagreemem with the theoit) from which the bending modu-
modulus for larger wave vectay (i.e., smaller length scale |5 of the membranec was estimated. For more restricted
is_ Iarg_er and vice versa. Thi_s point must be reflected_ln th?ange of 6<t<5 ns and 0.05q<0.15 A~ the NSE result
viscosity of the theory in which the bending modulus is NOtcan be expressed by a simple exponential function in time in

explicitly incorporated. : . . )
In Zilman-Granek theory the single membrane character§1greement with the theo) determined exclusively by hy

ized by the bending modulusis thought to be embedded in drcl)gynamlcij|8tgigactlogsisar£\d_liog intermediate rangtlefafto
the solvent of infinite extent. So it deals with the dilute limit =19 s and 0.0sg<0. y a nonexponential func-

of a membrane plaquette as in the same way as Milner anfPn in agreement with the theot$), from both of which the
Safran’s theon[10] deals with a single droplet. It is not a €ffective viscosities of the system were estimated.
coincidence that both our analysis in terms of Zilman- The effective viscosity from the nonexponentisl; is
Granek theory and Farago’s analyis] in terms of Milner ~ five times greater than that from the simple exponenigl
and Safran’s theory took the viscosity of the dense system tH1at is almost the same as the literature value. The same
be three times the average viscosity of the solvent and oBSCOSItY 71 iS twelve times greater than that from the
tained reasonably good results. Therefore the local dissipa-Iman-Granek theoryz,. The larger effective viscosity
tion at the interface between the membrane and solvent ifferr from Granek-Cates theory may be understood as the
the dense system may be taken into account by the factor @tural consequence of the renormalization of the bending
in 7,= 3701, - modulus at largerq as compared with the result from

In Nonomura-Ohta theory, where the simple exponentiaNonomura-Ohta theory, since the effective viscosity is a
holds, the larger length scale corresponding to the smaller Physical quantity determined not only by the viscosity of the
than the other theories is involved. Therefore the bendingolvent but also by the bending modulus of the membrane
modulusk at this large length scale does not come into p|aythat is subject to the rgnormallzatlon. Thgse three aljalyses
so much, because of the smaller valuexo#t larger length make up a co_herent picture of the dynam|caI. flu_qtuanon of
scale due to the renormalization, the bending modulus fol€ mesoscopic structure in the ternary amphiphilic system.
smaller wave vectoq is smaller. However, the whole system
is affected only by the hydrodynamic fluctuation penetrating
many interfaces between the membrane and the solvent. ACKNOWLEDGMENTS
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VI. CONCLUSIONS

C. Possible origins of the different viscosities
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