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Neutron Spin Echo and Dynamic Light Scattering techniques are used for an extensive investigation
of the bicontinuous phase in water/decane microemulsions. The dynamical behavior of different
surfactant systems, decyl polyglycol ether {E;), C;oE, mixed with polyethylenepropylene/
polyethyleneoxide amphiphilic block-copolymers-(REPEQ)), and sodium-bis-
ethylhexylsulfosuccinatéAOT) is investigated under comparable conditions. At scattering wave
numbersy large compared to the inverse of the structure length sqgte27/d, always stretched
exponential relaxations e~ Ta)” with I',<q® are found, as predicted theoretically. The relaxation
rate increases almost linearly as function of the bicontinuous structure correlation geaté2-

The apparent bare bending modulus determined by fitting theoretical predictions to the
experimental highg data yields values of about k@I—as inferred from previous small angle
neutron scatteringSANS) studies and from other methods. The effect of increasing rigidity of the
surfactant layers by anchoring amphiphilic block-copolymers, predicted theoretically and revealed
experimentally in structural investigations, could not be clearly resolved due to its small influence
on the dynamics. At structural length scales, the relaxation rate in water—oil contrast shows a
minimum corresponding to the maximum of the static structure factor. At length scales much larger
than the typical structure length the relaxation is single-exponential vijtrd@pendent rate. In this
regime we find indications of the additional membrane interaction due to the presence of
block-copolymers. ©2001 American Institute of Physic§DOI: 10.1063/1.1413509

I. INTRODUCTION phase diagrams of microemulsions with improving accuracy
as the theory has been refired.

Mixtures of oil and water are naturally unstable. Adding In the light of the interface model, the richness of the
surfactants such as the commonly used polyglycol-etherghase diagrams of the surfactant/water/oil syst8mis
(GiEj) leads to microemulsions with a multitude of thermo- caused by a subtle balance between the elastic bending en-
dynamically stable mesoscopic structures which accommoergy of the thermally fluctuating surfactant interfaces, the
date water and oil with intervening surfactant layers. Bylayer—layer interaction, and the entropy of dispersion. The
variation of physical parameters like temperature, composielastic curvature energy which controls the shape and the
tion, salinity, etc., the system can find preferred aggregatiofiuctuations of the interfaces, is generally written as
geometries such as globul@roplets of oil in water or water «
in oil) and bicontinuous, spongelike structures of entangled Eelzf dg{_(cﬁ Cy—2C)2+KC,Cy 1)
channels of water and oil, or long-range ordered structures 2
(lamellar, hexagonal, cylindricalat higher surfactant con- whereC,, C, are the principal curvatures at each point on
centrations. the membraneC, is the spontaneous curvatureandx are

In the last decades, three main theoretical approachahe bending rigidity and the saddle-splay modulus,
were developed in order to explain the relative stability ofrespectively:
the different phases: microscopic lattigdsing type models, Of all the phases, the bicontinuous ph#&Bay. 1) is the
phenomenological Ginzburg—Landau models, and effectivenost intriguing, where by adjusting the temperature and sur-
interface(membrang models based on the curvature energyfactant concentration the optimal emulsification of equal
of amphiphilic interfaces.An overview of the most recent amounts of water and oil can be reached with the least
theoretical developments was given by Gompper anéamount of surfactant. Despite its lack of long range order, the
Schick? The increasing interest for the elastic interface ap+egular alternation of water and oil domains in the bicontinu-
proach was due to the fact that, unlike the first two models, ibus structure yields a pronounced correlation peak of the
is expressed in terms of physical parameters which can bgcattering intensity at reciprocal space vectqgs=27/d
directly related to experiments. Moreover, it could predict(whered is the distance between neighbor water—water or
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FIG. 1. 3D view of a bicontinuous structure in microemulsion as computed
using the level surfaces of a random wave superposffibr. Berk, Phys.
Rev. Lett.25, 2718(1987] with parameters chosen for illustration purpose 30 |
only.
25 |
oil—oil domaing in bulk contrast, and a “shoulder” at@ b
(corresponding to the surfactant layer—layer distanae 20
film contrast, as observed by small angle neutron ° 0.05 01 015 0.2
scattering->*? Y [wt%]

It was Sl.'lgg?Sted by De Gennes and Taﬁphat the FIG. 2. (a) Phase diagram of h,gE,/D,0/h-decanébulk contrastand the
amphiphilic film is Very ,SOft an,d bends randomly ,at Igngthseﬂect of phase boundary shift due to REPEQ,, addition. § is the weight
equal to a characteristic persistence length, which in- fraction of polymer in the overall surfactarib) Analogous phase diagram
creases exponentially with the bending moduldsA more  with d-decane instead df-decane(film contras}. Symbols indicate the ac-
detailed analysis of Peliti and Leibiér gives &, tual positions of the investigated systems:no polymer;®, with polymer.
cexp(4mrk/3kgT). It was also shown that the bending modu-
lus can directly be related to the length of the surfactant
molecules(i.e.,}ico the alkyl carbon number, through the !l EXPERIMENTS
relation, kocn*,x=2.5) 1 We performed systematic series of neutron-spin-echo

Due to a systematic study of the dependence of the opiNSE) experiments and some additional dynamic light scat-
timal (fishtail) point in the phase diagrams on the surfactanttering (DLS) experiments. In the one-phase bicontinuous re-
molecules type and length, it is now believed thatabutx  gion of the phase diagram close to the optittfishtail) point
determines the emulsifying capacity of the surfactdnRe-  the structural size, temperature, and bending modiyi
cently, the combination of amphiphilic surfactants and poly-polymer addition have been varied. The log-data have
meric cosurfactants has received much interest. The “boosbeen completed by light scattering results. The effects of
ing” effect on the emulsification power of a nonionic variation of the surfactant (g€,) concentration, i.e., struc-
amphiphile like GoE, by block-copolymers (of type tural length, as well as temperature, and addition of surfac-
PEQ,/PER) addition has been demonstrated in studies otant analogous polymers of different molecular weights have
phase diagram¥. The corresponding effect on the structure been studied by a systematic series of NSE scattering experi-
of the bicontinuous phase has been investigated by an exaents. The influence of the type of surfactant was investi-
tended small angle neutron scatteri®ANS) study’’ Hier- gated using AOT(bis(2-ethylhexy) sodium sulfosuccinaje
geist and Lipowsk} argue that anchoring polymers on an an ionic surfactant with bulky hydrophobic part containing
amphiphilic interface would increase its bending modutus two alkyl tails2® instead of GoE,, in an analogous phase. Al
while decreasing the Gaussian modukjsprovided that the compositions and temperatures were chosen such that the
polymer is evenly distributed on the interface. This is sup-microemulsions were in the bicontinuous phase, not too far
ported by the recent SANS measureméntshich reveal  from the optimal, “fishtail” point (Fig. 2). In case of the
decreasing width of the correlation peak with the polymerAOT, the bicontinuous one-phase was obtained by addition
fraction in surfactant, suggesting an increase of the interfacef 0.6% NaCl to the water. The spatial range from 3 nm to 60
rigidity, and possibly, an enhancement of the repulsivenm was explored by neutron scattering and from 300 nm to
layer—layer interaction. 1000 nm by DLS.

The question addressed in this paper is how the mem-
brane dynamics at microscopic length scales depends dbr‘l
structure and bending moduli, respectively, how the latter = The microemulsions were prepared by mixing equal
may be inferred from the observed dynamics. amounts(volumes of oil and water with different amounts

Samples
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of surfactant—eventually containing polymer. Through ourout the scattering from the polymeric surfactant component
investigation the oil was eithar-decane (GH,,), or deu- alonel’ For the present dynamics investigation, however,
teratedn-decaned,, (99%) from Cambridge Isotope Labo- only film contrast and bulk contrast has been employed. Film
ratories. Water was used in the form ofM@(99.95%, sup-  contrast was obtained by usirtgsurfactant with DO and
plied by Merck(Germany, or as BO/H,O mixtures in a few d-decane, whereas bulk contrast samples contained a mixture
cases. The surfactant, §E, (tetraethyl-monodecyl-ether of D,O and HO with h-surfactant andh-decane. The reason
from Fluka(Switzerland, with a purity>97%, was used in for choosing the BO/H,O mixture, instead of pure J® as

its hydrogenated form. All the constituents were used as reene main constituent was the reduction of the very large
ceived. The phase diagram shows a slight shift downwards iacattering cross section, which otherwise would have raised
temperature upon using deuterated compounds which hamncern of multiple scattering. In general, however, sample
been determined by visual inspection in a temperature corcompositions with low proton and high deuterium content
trolled water bath and accounted for prior to the scatteringvere used to minimize incoherent background and maximize
experiments. We define the surfactant concentratipn: sample transmission. Whereas the salient features of the in-
= Mgyriactanf (Mwater™ Maecans™ Msurfactant @Nd polymeric co-  vestigated systems stay unchanged by the isotopic substitu-
surfactant fraction:d=myoymerl Msurfactame Wherem; is the  tion in the course of contrast generation and variation, the
mass of the componenti” Parameter variations like sur- temperature of the phase boundaries may shift by several K
factant concentrationy at constant polymer fractiof, §at  compared to a fully protonated mixture. However, the topol-
constanty, or temperature have been carried out. In the fol-ogy of the phase diagrams is not effected and the correspond-
lowing we will refer to the mixed surfactant system ing points relative to the “fishtail” or optimal point are pre-

C,0E4+PEP—-PEO simply asurfactant served by adjusting the temperature. The phase diagrams for
microemulsions prepared on the basis gfODare shifted in
B. Added polymers temperature by about 1.5 K to lower values compared to

those with HO, whereas microemulsions containing
with the CgE, surfactant were of type polyethylene- d-CyoE4 DO, andd-decane are shifted by atiod K up-

o . wards compared to the microemulsions containing hydrog-
propylene-co-polyethyleneoxide (PEPEQ), wherex anq gnous materials. However, the “fishtail” points stay virtually

mol. The polymers were synthesized by living anionic pon-g(,:a1 :Eefgeofir;dergg?n%%ssmmtzr?:lgendent of the use of deuter-

merizations. Details regarding the polymers synthesis pro-
cess can be found in Refs. 20, 21. In general SHEEO,
with the tqtal molecular weighM pgpigpeoiz21.3kg/mol o Investigated microemulsions

was used in the hydrogenated form. In a few cases the asym- ) . .
metric PER-PER with M pgps=4.8kg/mol and Mpeogs The performed scheme of experiments on various micro-
~14.1kg/mol was studied. The block-copolymers have £mulsion compositions with the corresponding length scales
PER,,-PEO,, can be translated t0/&F,3, The end-to-end The lengths a;ndd were determined by fitting the. Tegbner—
distances of the randomly coiled blocks in the respectiveStrey formuld® [see Eq(11) below] to the scattering inten-
solvents were estimated from previous light scattering meaSity for a series of SANS measurementgresented
surements to be 9.7 nm (PEP, 11.3 nm (PEQ,), 6.7 nm elsewher&)). The values for the actual concentrations have

The amphiphilic block-copolymer used in combination

(PER), and 13.8 nm (PEQ).?>% been obtained by interpolation. The AOT mass_fractiy)n
=0.124 was chosen to match the surface per unit volume of
C. Scattering contrasts C,0E, at y=0.13 since the area per surfactant molecule is

different for the two systemsaf®’=7.6 nnt? and a0
=5.4nnt). The phase diagram for the §&, microemulsion
(6=0) and the effect of replacing about 5%= 0.048) and
respectively 12% §=0.119) of the surfactant with
PERPEQ, for totally hydrogeneous components, is
shown in Fig. 2a. The phase diagram corresponding to the
actual film contrast compositions is shown in Fig. 2b; the

< bi> shift in temperature is due to the changed isotopic composi-
Pc= -

The huge difference of the scattering lengftef the two
stable hydrogen isotopes H and by=-—3.739fm, bp
=6.671fm allows for an effective selection of the visibility
of the different constituents of the microemulsion. In the
covered momentum transfer ranges 2 nm 2, the scattering
depends only on the average scattering length density,

(2 tion. The numbered positions in the diagram correspond to
the compositions listed in Table I, where the symbols are
of the different components, wherei denotes the atoms in used to identify the microemulsions with polyméilled
moleculej andv; the molecular volume, ané--); is the  circles and without polymer(crossey respectively. Since
average over the molecules in componentthe scattering the “fishtail” point shifts towards lower surfactant concen-
length of carbon i9.=6.646 fm. By selective deuteration tration in the presence of small amounts of polymer, we were
(hydrogenatioj of the components we are able to observeable—by adding PER-PEQ,, to the surfactant—to prepare
scattering from either the amphiphilic interfa¢@m con-  also dilute bicontinuous phases which are, however, only ex-
trash or the difference between solveritsulk contrast. By  istent in the presence of the block-copolymer. All the inves-
very careful contrast variation it is even possible to singletigated systems were prepared within the one-phase region,

iinj Uj
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TABLE |. Sample compositions.

System vy & (nm)  d(nm) Surfactant Contrast

S
F1 0.130 0 16.2 32.3
F2 0.150 0 13.2 26.8  {gE4 no polymer
F3 0.178 0 7.4 16.2

F4 0075 0050 333 615

F5 0100 0.050 213 405

F6 0131 0.050 162 323 . film
F7 0450 0.050 134 27.0 +PERyPEQ,

F8 0075 0077 333 615

F9 0130 0100 167 33.0

F10 0130 0050 162 323 s
+PER-PEO;
F1I1 0124 0  14% 288 AOT

B1 0.138 0 15.8 314  fgE4 no polymer

B2 0.131 0.050 174 340 . bulk
B3 0.133 0100 177 348 +PERyPEQ,
B4 0138 0.050 158 314

#Extracted from Ref. 12, wheréis given for AOT microemulsion at 12%
surfactant concentration.

Mihailescu et al.

quired to describe the dynamics of the surfactant membrane
in the surrounding fluid is then taken as the arithmetic aver-
age of the viscosities of 0 andh-decane.

E. Neutron scattering

The normalized dynamic structure fact8(q,t)/S(q)
was determined by neutron spin echo spectrosédfhe
Neutron Spin Echo spectrometer inidh (NSE-FRJ2 (Ref.
29) was used for most of the presented experiments. Several
measurements were also performed at the NSE instrument
IN15 at the ILL-Grenobl& allowing for extended time range
measurements. Custom mathELLMA ), 30x 30 mn? rect-
angular quartz cellgvith two Teflon stoppepsof thicknesses
1 mm (for bulk contrast and 2 mm(for film contrasj were
used for the measurements carried out iichu For the NSE
experiments they were inserted into a copper frame with
quartz windows, thermostated by a water circuit. The tem-
perature difference between the sample cell interior and the
thermostated water was corrected for by means of a thermo-
couple used to correct the set-point for the water tempera-
ture. Since the temperature window of the bicontinuous
phase was only a few K, the empty cuvettes were inserted
into the sample stage and brought to temperature prior to

close to the fishtail, at not too high surfactant concentrationsample injection. At IN15 in Grenoble, a different type of
in order to stay away from the boundary to the lamellarsample cell, consisting of a large copper block containing a

phase.

middle groove of variable thickness, guarded by quartz win-

The viscosities of the fluids separated by the surfactaniows was used. In all the cases, the freshly prepared micro-

layer(Table 1) are calculated from the semiempirical formu-
las for the viscosity variation with temperature of wafer
and decarfé (see Appendix A The viscosity parameter re-

TABLE Il. Parameters describing the dynamics in film contrast in the high-
g limit. On the last column the apparent bending modulugg
=1.6 nmY) is shown.

70 r= Iy /q3
System  T(°C) 10 3[kg/(m 9)] 10" ?(nmé/ns) klkgT

F1 28.5 0.82 4.06 1.32
F2a 27.3 0.84 3.59
F2b 28.5 0.82 3.62 1.20
F2c 29.2 0.81 3.73
F3a 22.4 0.92 2.66
F3b 26.8 0.84 3.12 0.50
F3c 30.4 0.79 3.44
F4 28.8 0.81 5.04 1.84
F5 28.5 0.82 4.55 1.63
F6a 25.2 0.87 3.57
F6b 28.5 0.82 3.95 1.37
F6c 30.2 0.79 4.22
F7 26.8 0.84 3.51 1.24
F8 28.3 0.82 4.87 1.86
F9 27.5 0.83 4.06 151
F10 28.0 0.82 3.97 1.69
F11 50.2 0.57 6.15 1.09

aCorresponding to the maximum=1.2 nnT%, measured at IN15.

emulsion phase—having the corresponding temperature—
was injectedn situ into the preheated sample c&uevette
using a syringe with a Styrofoam thermal insulation. Visual
inspection through the quartz windows was performed to en-
sure that no phase decomposition took place. The standard
measuring sequence at the NSE-FRJ2 coveredjttenge
from 0.3nm* to 2 nm ! using five different nominal scat-
tering angles, each of which may yield about four different
g-values in the area-multidetector range, within a band of
Aq=0.6 nm7%.2° The wavelength used was=0.8 nm with
a FWHM of AN/A=0.1. The time range covered was 0.1
<7/ns<22. A complete measurement on one sample at one
temperature required 12—24 h. In an attempt to enlarge the
g-range at the lowg side we used the NSE-FRJ2 irsmall
angle configuration thus probing the dynamics in a
g-regime around the structure correlation peak. For this pur-
pose the incoming beam aperture, at the fir& flipper and
also close to the sample positigat a distance 0~3.2m
from the first apertunewere reduced to 2 cm diam. The
associated intensity reduction by a factor 10 is acceptable
only because the microemulsions scatter very strongly. The
scattering angle setting was chosen such that the beam axis
hits the area detector off-axis, the primary beam was blocked
by a 6 cmdiameter beam stop in front of a large area back-
ground suppression collimator in front of of the analyzer. By
this procedure we could analyze the relaxation curves down
to valuesq=0.08 nm 1. Because of the—general—slowing
down at low q the relaxation effect observable at,.y
=22ns is small, requiring high counting tini#2—24 h and
high instrument stability to be measurable.

At the IN15 the time range up to 1686) ns has been
explored in theg-range 0.15—0.8 nit using wavelengths
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TABLE Ill. Parameters describing the dynamics in bulk contrast in theywherek labels the undulation modes. Expressi@ takes
hydrodynamic limit. account of the membrane bending only, any interaction ef-
5 fects are ignored. With the assumption of a Gaussian distri-

System T°0) 1073[@@ S] 10-2(nnP/ns) bution for the variablg h(r,t)—h(r’,0)], and not too large

undulations, the structure factor of the membrane is given by

B, 27.8 0.83 4.86
B, 28.0 0.82 6.75 S(q,t)
Bs 275 0.83 7.16
B, 27.8 0.83 5.31

oc< J' dzrf d2reiar =g (q§/2)<[h(r,t)h(r’,0)12>>

a

4
A=1.48(0.88) nm withAXN/A=0.15 FWHM for a smaller where locally,g, is the in-plane component of the scattering
number of samplei.e., the samples numbered F1, F6b, andyector, whileq, is the component perpendicular to the sur-
F9 in Table Il and, respectively B1, B2, and B3 in Table.lll  factant layer surface. The whole expressiorSefi,t) must
be averaged over the angiebetween the wave vectgrand
the local membrane surface norniake also Appendix B
The fluctuation dynamicsof relaxation typée requires bal-

In order to reach the very low-regime dynamic light ancing of the forces due to E¢B) with friction due to the
scattering DLS) experiments were performed. AALV SP-  viscous flow of the embedding fluids. The resultimem-
125/ALV50008 instrument, using an argon ion laser andbrane Zimm dynamicgields w(k) = («x/475)k® for the disper-
operating with vertically polarized lighfwavelength in  sion of the undulation modéé:>°and
vacuum,\y=514.5nm) was used. The scattering wave vec-
tor is given for light scattering by: qp s=4mn — kB_T — oK)t

| | ter b= 4w (h(Oh_(0))=—7e (5)
-sin(@/2)/\q, with n, the refractive index of the sampfa K
our case Np,o=1.328, Ngecane=1.43, and Ner=(Np,0  for the membrane displacement correlation, obtained as so-
+Ngecand/2]. All measurements were performed at 27.5|ytion of a corresponding Langevin equation. Note that the
*£0.1°C in the angular range 3&®<150° yielding a mode wave vectok may not be confounded with the experi-

F. Dynamic light scattering

g-range from 8107° to 3x 1072 nm™*. mental q vector. Expanding{[h(r,t)—h(r’,0)]>)=U(r

—r’,t) in its Fourier representation, and observing E%).
IIl. THEORETICAL DESCRIPTION leads to

. . 1 kgT d?k L
Unfortunately a complete, coherent theoretical descrip-  y(r—r' t)=-— _J —[1—e'kr=]
tion of the dynamics of a bicontinuous microemulsion is not 27 K Sk K
yet available. However, there are a few approaches for the 1 kaT o2k
.. . . B . ’
limiting cases of large wave numbers probing mainly local +—— —elkr=r)
membrane motion and, on the other hand, Ginzburg— 21" K S K
Landau-type theories for the regime ofvalues below X[1—e @®Y]
2x/d.
=ps([r=r"D+dg(|r—r'[,t) (6)

A. High g dynamics

At large wave numberg (q3qo) e are probing ther- with the static paripg(r)ocr?In(&r), and the dynamic part,

mally induced layer displacemenfgndulation$ of the im- Kg Kt

permeable amphiphilic membranes. The driving force is the ~ @a(r.t)= W—Kf2F<4m3)' )
layer elasticity characterized by the bending modukus

while the dissipative mechanism is the friction which theWwith the scaling functiorf(x) =x for x—0 and

layer displacement motions experience due to induced flow  drvino23 1
of the surrounding solvent. On very local scalé®wever F(x)= 23X gzIn x4+ for x—ee. ®

larger than the molecular sig&ilman and GraneK repre-  The complete integral EG6) needs a small wavelength cut-
sent the amphiphile layer in the bicontinuous network asff, determined by the most extended mode that fits into one
consisting of an ensemble of independent patches at randogatch ,,,,,= /&), sinces is divergent ak—0; however no
orientation of size equal to the correlation lengthThe highk cutoff is necessary?**As may be inferred from Egs.
patches are assumed to be locally nearly planar, i.e(7) and (8) as well as the results given in Ref. 3Wr
[V,h(r)]?<1, whereh(r,t) describes the local membrane —r',t) has a leading time-dependence??® (for t— )
displacement from an average refer_ence plane. The free €hrodified by somdr—r’| dependent corrective terms. This
ergy of deformation due to undulation of the patch is ap-yransiates into the stretched exponential dependence given in

proximated by the limit of largeq and largex>kgT by Zilman and Granek
L o ) 1 E . as follows:
H=-«| d?r[Vih(n)]?=2 k*heh 3
2Kj [Veh(n]™= g k2 Ky ® S(g,t)=S(q)exp —T'qt)”, ©
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with 8=2/3 and the relaxation rate, scattering intensity aj=2qq. This problem has been cured
KT V2T by Gompper and Schic® by extending the model to oscil-
I‘q=0-025)/K(i iq3, (10) lating oil—oil or water—water correlation functions. In this
K n case, the bulk scattering intensity is identical to that pro-
where, k= bending elasticity modulusy=solvent viscosity, Posed by Teubner and Stréy,
andy,=1-3(kgT/4m«) In(qd)—1 for k>kgT.%® 1
The v, factor comprises the effects of angular averaging  S,(q)>x— 5% R (11
betweerg and the disk surface normal, within some approxi- q"—2(qp—=¢ g™+ (dp+ &)

mation. A similar expressiofwithout the y, facton should  which is well known to describe experimental data very well.
hold for an oriented lamellar system when replacingy 9,  This represents the Fourier transform of the real-space cor-
(the wave vector component perpendicular to the lamellafelation function,((r,t) ¢(0,t))= (1/r) e "¢ sin(gr) which
plang. This result forS(q,t) can also be found in the work results from the minimum number of terms with the required
of Frey and Nelsor? as a particular case from a more gen- symmetry in the free energ expansion in terms of and

eral approach on the dynamics of membranes. The value ofs spatial gradients, which yield a realistic description of
the stretching exponerg is related to the mode dispersion Sy(a).

relation for themembrane Zimm dynamias(k) > k®. Equa- The film scattering intensity is calculated to leading or-
tion (4), for planar plaquettes, preferentially selects contribuder in a perturbative expansion in the coupling constants of
tions along q, leading to a time dependenceq’t?®  the interaction terms between the two order parameters. The
=(92t)?? revealing the cause of thg®-dependence of the resulting scattering functions reproduce all essential features
ratel';. Theq, projection feature of E(4) results from the  of the experimental scattering dataln particular, from the

fact that the 2D Fourier transform of a platelet is a rod indetailed analysis of the bulk and film structure factors, it is
reciprocal space and that it applies here since the leadingossible to determine the values of most of the coupling
time-dependent contribution §fh(r,t)—h(r’,0)]?) as ex- parameters of the two-order-parameter Ginzburg—Landau
pressed bypy, Eq. (7), does not depend onr’ for suffi-  model.

ciently large times. In this simplified view the angular aver- These Ginzburg—Landau models are therefore a promis-
aging does not change the time dependence too much, excep starting point for a description of the dynamical behavior.
replacingq, by g. Since the denominator of the exponent in The relaxation process in complex fluids proceeds by diffu-
the t2”® dependence stems from the exponentkoin the  sion and advection. These processes are taken into account
membrane Zimm dynamidsspersion relatiom (k) =k*, the by Langevin equations of the form,

(asymptotig value of 8 conveys information of the higk- P SF

mode dispersion. - — 2 7

The y, factor given by Zilman and Granek is only close ~ dt wrn=r,v oP(r,t) VLo (rhgry] (12
to 1ifx>1KkgT; since bicontinuous phases imply low mem- 5 4 linearized Navier—Stokes equation for the fluid veloc-
brane r|g|d|t|es;<_~ 1kBT,_ _and from previous SANS studies ity v(r,t). For the model with the monotonically decaying
k=0.9-1.%gT is anticipated for our systeff, the  \ater_water correlation functions, the dynamic scattering in-
asymptotic expression foy, must be replaced by an explicit tansities have been calculated by Granek and ¢atesl by
numerical evaluation of the angular average. The quoted iiner et al2 The validity of these results is limited to the
would otherwise lead to unreasonable, even negative ratefagimeq<q,. The model with oscillating correlation func-
The corresponding scheme—extending the Zilman angigns has been studied by Hennes and Gonf3féand, us-
Granek procedure—is described in Appendix B and is useghg a different theoretical technique, by Nonomura and
in the following data analyses. Ohta?® We restrict our discussion to the latter model.

The main difference of the analyses of Refs. 44 and 45
for the bulk scattering intensity is the treatment of the hydro-
dynamic interactions. This is done in a perturbative expan-

All currently available theoretical approaches, which fo-sion to one-loop order in Ref. 44, which implies that the
cus on explaining the dynamical behavior of ternary micro-effect of the structure on the flow field is omitted to this
emulsions in the range of length scales larger than the typicarder in the perturbation theory. The calculation of Ref. 45,
domain sized=2m/q,, are based on Ginzburg—Landau on the other hand, is based on an Oseen tensor approach, and
models with two scalar order parameters. These order paranmakes into account the modification of the flow field. In both
eters ara/(r,t), the local concentration difference of oil and cases, the bulk scattering intensity is found to be
water, andp(r,t), the local deviation of the surfactant con-
centration from its average value. For the investigation of Gyu(q O >exp=Tp(q)t) (13
static, structural properties of microemuléiggns, such a modebr larget, where the relaxation raté,(q) has the form
has first been introduced by Rowt al>*=" This model _ 2 1 2
works well to explain a characteristicgtiecay of the film Fo(@=TaTS,(a)] "+ D(a)g (14
scattering intensity fog<q,. However, since it assumes a with a diffusion coefficientl’,, of the solvent,D(q)=1/7,
monotonic decay of the oil—oil or water—water correlationand » the solvent viscosity. The results of Ref. 44 correspond
function, it fails to produce a peak in the bulk scatteringto D(q) being independent af, while the incorporation of
intensity atq=q, as well as the peak or shoulder of the film the structural effects on the flow implgsee Appendix €

B. Intermediate and low- g dynamics
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Jdo :l*
D(q)= %N(q/ko,u/ko), (15 & i q=0 [nm™
@

with the variablek,= \/qoz— 1/¢% andu=2q,/¢&. The scal-
ing functionN(g/kg,u/ky) shows a dip at finite wave num- 0.5}
ber g=k,. The qualitative behavior of the relaxation rate, =
however, is the same in both approximations, with a pro- @ 1
nounced minimum at the characteristic wave numer = o5
sufficiently largeqy€). The origin is the peak 08,(q) at @0 0'8 E‘ﬁ;“”"w rmﬂ,‘é'“
d=do- L E’Mwwq:o.s

The film correlation function is also described by an ex- 0d  Twel P, ;,.0
ponential decay, - "‘“iu;[,m* A

-0.5

Gyp(a,t)cexp(—T'(aq)t) (16) e
for larget. The coupling of the two order parameters in the 0 40 80 120 160
free energy is treated perturbatively in the calculation of t[ns]

Hennes and Gomppé‘.l’.For the case of high amphiphile mo- ¢ 5 g,perimental relaxation curves measured at IN15-Grenaigien

bility, which we consider relevant for our microemulsions, symbols and Jiich (full symbolg in the long-time and short-time range

various relaxation regimes arise due to the fact that differentinserd. The solid lines show the individual stretched-exponential fit to the
e 4 L 3 _

relaxation times dominate over some range of wave vectofatalEa. (9] with I'=I'q/q” and 5 as fit parameters.

The relaxation in the regimg<¢ ! is found to be domi-

nated by the relaxation rate, . .
y ation. Theg® dependence of the relaxation ratg, observed

Ti(a)=3T,0°[S,(a/2)]* (17)  experimentally for bicontinuous and sponge phases and ex-
pected theoretically for lamellar systet?is*® is confirmed,

as may be inferred from Fig. 4 where the reduced relaxation
ratesF*(q)=(Fq/q3)(no(T)/kBT) are shown. The viscos-

while the relaxation rate becomes independentjah the
regime ¢ 1<q<q,. With realistic parameters of our sys-

— — -1 H H
tem, e.g,,£=15.8nm andqy=0.2 nm (which gives the v qenendence of the relaxation rate, E40), was elimi-
dimensionless structural parametg=3.16), the latter re- "~ 4 by multiplication withz(T), assuming that all the

gime is very narrow. We want tc_) mention parenthetically tha_tfriction effects relate to the average viscosity of oil and wa-
due to the neglect of the coupling of the order parameters B 1n the upper part of Fig. 4 the reduced relaxation rates

the free energy in the analysis of Ref. 45, the peak in thg+ @) for different surfactant systems of the same structure

static film scattering function is absent, and a simpleg;,e q are directly compared and seen to coincide on aver-
g“-dependence is found for balanced systems.

L . . age. The average relaxation rate valliegg® presented in
It is important to note that while the behavior at wave g g Uggq” p

: ; Table Il were calculated taking only the data points in the
vectorsg>(qq is governed by membrane undulation modes

(compare Sec. Il A the dynamical behavior at intermediate
wave vectors, nea, is strongly affected by topological
membrane changes, i.e., the creation and destruction of pa:
sages between surfactant monolayers. Such topolog!
changes are contained in the Ginzburg—Landau theories de 0.010f
scribed above.
Our experimental data will be compared to these theo- g o5t
retical predictions in Sec. IV B below.

0.015¢

-

IV. EXPERIMENTAL RESULTS 0.008 1 f# TR
A. High g dynamics (g=q,) te=s o

Figure 3 shows typical NSE experimental relaxation 0.00 :% : : : : F2b
curves collected at FRJ2{th and IN15-Grenoble as ob-
tained from the ternary microemulsionh—C;oE,/
D,0O/d—decane in film contrast, labeled F1 in Table I. The 0.008}
data from the two instruments and from different sample rlg;wvw%m
preparationgof the same nominal compositibpehow a very V},‘f vy Fab
good agreement at corresponding wave numbgrsn the 0.004 5 ) S 10 1o
overlapping time range. An analysis in terms of stretched q

exponentials of the normalized intermediate scattering func-

. . - _ B(0) _ FIG. 4. Reduced relaxation rafe* (q)=(I'q/9%)(7(T)/kgT) vs reduced
tion, I'e"S(q’t)/S(q) exq (F(q)t) ] gathered system scattering wave vectorq*=q/q, for v(jalrious surfactant types: F1

atically at the FRJ2-Jich for the systems enumerated in =CyE, (O), F9=Cy(E4+PERPEQ,(>), F10=A0T(¢), and re-
Table | reveals characteristic features of the highelax-  spectively, surfactant (GE,) concentrations: F2k); F3b, (V).
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0.6

o6l
1.2+

L | S
g-: B=2i3 ¥ F Yy tre e

S(q,t)/S(

1.2+
1.0r

w5 _ ‘ | | ‘
8.:» A T 523 | 0 510, g% 0 B

0.40 2 4 6 8 1'0 10 FIG. 7. Fit to the experimental data using numerical procefce (B10)]
q* performed individually for eacly-value (solid lineg, and simultaneously
(dashed lings The curves correspond to the range from 0.5 nm! to

FIG. 5. Exponenp vs reduced scattering wave vectpr=q/q, for various 16nm™.
surfactant types: FE2C,oE,(O), F9=C,E,+PERyPEQ,(>), F10
=AO0T (<), and various surfactant concentrations: F&h; F3b, (V), re-
spectively.

T-dependence ol"q>4qO=Fq>4q0(T) may be mainly attrib-
uted to the temperature dependence of the viscogiy).
asymptotic §* =q/q,>4) regime, wheregy,=2=/d was The weak residual increase Bf with temperature could be
determined for every surfactant concentration based on thassociated with a slight-dependence of the bare bending
value ofd given in Table I. Figure 5 displays the stretching modulusk.
exponentB(q) for the different systems. As it is observgd In order to determine the values of the bending modulus
approaches the value of 2/3 predicted by the theory,(®q. «, we proceed by fitting the experimental data with the dy-
only in the asymptotic higlg- regime @*>1). Still, from namic structure factor expression given in Appendix B, Eq.
the available highy data @>4q,) rather an average value (B10). The only fitted parameter i, the viscosity being
of about 0.75 is found with no systematic dependence ofixed to the valuesy,(T) from Table II. In Fig. 7 fits of Eq.
microemulsion composition. (B10) to the full experimental data set are presented. The

In Fig. 6 the influence of the sample temperature on thesolid lines are individual fits for each-value, a simulta-
relaxation rate is shown. The reduced relaxation date  Nneous fit of the decay curves at higlyields the dashed lines
averaged over the asymptotic highdata points, is almost N Fig. 7 with a value of«=1.29kgT for the basic system
constant as function of temperature within2% from the (F1). Values ofk=1.39kgT andx=1.42kgT were obtained
average value. Considering Eq(10) the observed from simultaneous fits for the systems with polynie) and

respectively(F9). In Fig. 8 the apparent values &f= «(q)
for systems of equal structural length scale but varying poly-
0.01 - : : : mer contentF1, F6, and FPare displayed. As it is observed,

except for the lowestr data point, the valueg(q) sit on a
roughly constant level around a value of k3T which is in

0.008¢ o aa -] a very good agreement with values of the bare bending
R SRR b bbb modulus found by SANS investigations for this kind of
0,006k ~c———----" e mo-- | systems’ In Table Il the apparent bending moduli corre-
' ° sponding tag=1.6 nm ! (the highest accessegfor the ma-
= jority of the systempare presented. These values should be
0.004+ ] compared withk~ 10 kgT determined from the stretched ex-

ponential fits with Eq(10) and y,= 1. This analysis shows

that—at least for very soft, monolayered membranes as pres-

0.002¢ ] ently studied—the asymptotic analytical resiiq. (10)]

cannot be successfully applied.

, , , , In any case, in the current analysis we found that there
%2 24 %6__ 28 30 32 are several sources of uncertainty in determining the bending

el modulusx from fits with the integral expression E€10).
FIG. 6. Average reduced relaxation rdt&=((Iq/q%) (7o(T)/ksT))q-aq, The main one is induced by setting the higher cutoff in real

vs sample temperature: F3ab€,E, (O), F2abe=CyF, (), and Féabe ~ SPace ta =& and correspondingly, the lower cutoff in the
= Cy 4+ PER;PEO, (0). reciprocal space té,=/¢ in Eq. (B10).*° The cutoff at
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FIG. 8. Values forx(q) as obtained from fits to EqB10) vs reduced Y [wi%e]
scattering wave vector: EC,(E, (O), F6=C,Es+PERFPEG (), . _
and F8=C,E,+ PER,yPEQ,(0). FIG. 10. Average reduced relaxation ratE*=((l"q/q3)(770(T)/

kBT)>q>40|0 vs surfactant concentration: F1, F2b, E3B,,E, (O), and F5,
F6b, F7, F&C,oE,+PER-PEQ,(®).

Kmin is then set consistently by requirirg,,= /&
Recent SANS results on microemulsions under film con-
trast interpreted in the light of Gaussian-random-field models
yielded values ok=1.2 kgT for the basic GE, system, and range ofx values for the different systems, the required scal-
respectively, k=1.3kgT for the system with 10% ing factore is in the range 1.0-1.3 as observed in Fig. 9.
PER,-PEO,,.}" Analysis of SANS data in bulk contra$t’ The most important observed effect on the dynamics cor-
yields slightly different values for the bareof 0.92kgT and  relates to the surfactant concentration, i.e., structural length
1.23kgT, for the same two mentioned systems. A value ofscale, as shown in Fig. 10. With increasing surfactant content
about 0.8kgT can also be estimated for AOT from the struc- v, i.e., decreasing structural length scale, the relaxation rate
tural parameters found in Ref. 12. In order to check for thel'™* decreases. This effect is large compared to the change
sensitivity of the results on the exact choicekgf,,, in Fig. 9  due to polymer addition, as observed at iso-structural com-
the fitted value ofk is plotted as a function of a calibration positions. The relaxation rate decreases slightly faster with
factor e which might optimize the cutoff length, i.ek.;, increasing concentratioty when the polymer is present in
=eml/& andr .= &€, respectively. Having in view the above the membrane.
It is also important to observe that the apparengalues

are significantly different for various surfactant concentra-
6 - - : ' tions of the same system as is illustrated in Fig. 11, where
results are shown for pure;§E, systems F1-F3 and systems
with 5% polymer content, F4—FR¢ompare Table )l Due to
the location of the fishtail point, correlation lengthés
>17 nm are unaccessible in the pure system; only polymer
addition allows for valuesé>30nm where thex-value
seems to saturate. For the pure system, we can only speculate
whether the(hypothetical saturation value would reach the
same height or stay lower. Since the influence of the relax-
ation modes distribution was accounted for by taking the
corresponding cutoff&,,;,= 7/¢, the values of« should not
depend on concentration of a specific type of surfactant, i.e.,
be the same for the three pure system values and, respec-
tively, for the four polymer containing systems. The remain-
-1 . . . . ing difference is due to other concentration-dependent effects

0 1 2 3 4 as it will be discussed in Sec. V.

Henceforth, in order to find the influence of polymer on
FIG. 9. The apparent, from the fits to Eq(B10), as function of the factor ~the membrane dynamics, microemulsions with equal struc-
e which scales the integration cutddf,,=em/¢, for different systems: GE, tural length scale but different polymer content were inves-

(full line), C,4E,+ PER,-PEQ,, (dashed ling and AOT (dash-dotted ling tigated. As we have seen, the results do not show any clear
The horizontal lines represent the expected levels of the bending moduli for ' ’

the corresponding systems, as result from SANS measurements. Symbdidfference in_ Fhe relaxation rate or eXpOﬂ@td_Ue_ to the
indicate the corresponding fittegvalues. polymer addition and, correspondingly, the variationkok
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) ) FIG. 12. Effective diffusion coef“ficientDeﬁ:Fq/q2 vs q for C,oE,4
FIG. 11. Apparent(bare « vs correlation lengthé, which relates to the +PER,,-PEO,, microemulsion in bulk contrast: without polymer: BI)),
surfactant concentration as obtained by fits of the numerically integrateqmd with polymer B2(0>). The dashed and dotted lines reproduce the re-
Ziman—Granek expression to the NSE data vqth.4qo‘. Empty sy.mbols: laxation rates", from Eq. (14), andT';; from Eq. (C3), respectively. The
systems F1—F3 containing purgq€, as surfactant; solid symbols: systems otymqst data sets were obtained by DLS. The dashed—dotted line shows the
F4—F7 containing 5% polymer in the surfactant. The line is a guide for theobserved large-behavior to be proportional tg.
eye only.

e ) ) i i In comparison with the bulk contrast, the relaxation rate
difficult to assess. A discussion of these observations is pres, q|yes differently in the case of film contrast as seen in Fig.

sented in Sec. V. 13. At low g a g? dependence of the relaxation rate is ex-
pected according to Refs. 44 and 45. However, the experi-
B. Intermediate g dynamics (g=q,) mental data do not quite cover this regime. In Fig. 13 the

relaxation ratel’; from Eq. (17) is shown as a dotted line.

. In the analysis .Of the intermediatp regime the re_lax- However, in the interval 0.09—0.2 nrha g-independent re-
ation curves were fitted by a monoexponential function ac;

. laxation rate is found from the measurements performed at
cording to Refs. 44, 45. The parameters of propose . :
. . he FRJ2(the special lowg setup. This feature was pre-
Ginzburg—Landau theories related to the structural Iengtraicted ualitatively in Ref. 44 for the rangest q< A
scalesé andd can reproduce the main features of the relax- d y ’ g 4=Ao-

transition to ag® regime then occurs a=2q, without evi-

ation rates. However no direct information on the elastic 2 .
.“dence of a minimum atj=q,. For the so-called “strongly

properties of the membranes or the interactions can be in- . . w . -
o : . structured microemulsions,” which fulfill the conditiogyé
ferred. Hence, only a qualitative comparison to our experi-
mental results can be carried out. The intention is to compare
systems at the same structural length scale, with or without
polymer, in both bulk and film contrasts. Figures 12 and 13
present results corresponding to the pair of systéBis B2)
in bulk contrast and, respectivelfg1, F6b in film contrast e, 114n3
at y=0.13, ands=0.05 whenever polymer is present. 107} 0/ ﬁoj ] 10
The results on bulk contrast consisting of the Iqwe- " # ‘
gime accessible by DLS and NSE measurements performed —. % ,gpq
in Juich (for g<0.2nmY), and extended for largey at S0 .'\V% ] '
IN15-Grenoble are gathered in Fig. 12 in termsIgf/g?. _ M&‘%. _‘101
soppbe . ]

10° : : 110*

s 110

q
#
S(a) [em]

The static structure factoB,(q) corresponding to system
B1, determined from the SANS measurements, together with - b e,
the fit using the Teubner—Strey formylgqg. (11)] with the ] ~ ]
— — —1 : 7 /'/ *:K 10
parameterg=15.8 nm andjy,=0.2 nm *, are also shown in o %
Fig. 12. The mesoscopic structure of microemulsions is re- ~7 4 4
flected in a minimum of the relaxation rate gt g,. Using 107 - — 10
the above structural constants, the effective diffudigig? 10 a[nm-'] 10

from the Hennes and Gomper approdEly. (14)] describes

the data reasonably well as shown by the thick dashed lineIG. 13. Relaxation rat€ vsq for C;,E,+ PERPEQ;, microemulsion in
Moreover, a fit over the lovg region data pointgwith q film contrast at the same surfactant concentration: without polymet@)1,

. . and with polymer F6b(>). The dashed line reproducé§(q) from Eq.
=) using the Nonomyra and_Oh_ta form_matIEEq' (C3)], (17). (*) corresponds to the system F1 measured at IN15 up to 35H7s. (
Where the hydmdynamm Cont”bUt'GﬁDq is predominant,  gpg (@) indicate the absolute scattering intensities under film and bulk
yields the thin dashed curve. contrast, respectively.
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over the wholeg-range, witthqu. This suggests a dy-
108t ] namics governed by collective translational diffusion modes
of the solvent over space scales much larger than the typical
structure length. Unlike the DLS observation in Ref. 51 of
two decays in a sodium dodecylsulfa&SDS/octanol/
octane/brine system exhibiting besides the diffusive a second
slow relaxation attributed to thermally activated topological
changes our system shows only one—diffusive—relaxation.
There are other reports of monoexponential as well as non-
exponential relaxation for the bicontinuous ph2&& The
relaxation ratesl"q/q2 determined from this analysis are
shown in Fig. 12 together with the NSE results for the sys-
tem Bl and B2. The determined effective diffusion coeffi-
cient values are presented in Table Ill. It is observed that, in
5 , _ contrast to the minute effect of the polymer on the relaxation
108 4 10° rate at highg, the effective diffusion is significantly larger
qm-] for the higher polymer density on the membrane surface. The
FIG. 14. Relaxation ratd’ under film contrast for the systems: F1 slightly higher sgrfactan_t Co_ncemratlo_n of system Bl can
=C, 4, without polymer (), F6b=C,qE,+ PER,-PEO, (>), and F1o  ©Only partly explain the diffusion rate difference. In order to
=C,F,+PER-PEQ; (¢ ), at the same surfactant concentration, measuredcheck how much the surfactant concentration contributes to
at IN15 up to 160 nsfull symboly and 35 ns(open symbols the observed effect updd, the sample B4 with polymer,
at the same surfactant concentration as the basic system B1,

>3.5 a minimum in the relaxation rate @& q, should also was measured by light scattering. The determined diffusion

be present according to Ref. 44: however, in our Casé‘,oefﬁcient is still higher than that for the basic system, with-
Qoé=3 S ' out polymer. Considering the solvent flow only, it would be

somewhat counterintuitive that the effective diffusion is in-

contrast were also performed at IN15 fqeqo, up tot creasing with the polymer density since the polymer coils
~166ns and forg>qo, up tot=35ns, but starting at a extending into the solvent are expected to hinder the solvent

somewhat higher minimaj than the data shown in Fig. 13. flow for the same structural length scales. Therefore, we
The larger time range allows here for some rudimentary "nespeculate that the observed enhancement of the relaxation

shape analysis. The results are collected in Fig. 14 in termite results .from an increased repulsive osmotic interaction
of the relaxation rates. A two-exponential fit of the long time P€Ween adjacent membranes due to the presence of poly-
decay curves indicates that the relaxation is not too far fronfners anchored to the interfaces.

a single exponential with @ scaling(Fig. 14, full symbol$

for the Iowerq values. Compari'son with Fig. }3, however, \; piscussION

shows that this appareqt behavior rather pertains to a tran-

sition region from the higty g3-behavior to the regime with First we have shown that the values ofderived from
constant relaxation rate and is not yet the ultimatively ex-the final analytic expression given in Ref. 31, with=1 are
pected simple diffusion regime. Approaching the transition tohearly one order of magnitude too high. The modification of
the g° regime, a second, faster componeieemingly this result by explicit numerical integration with the most
g-independentis contributing to the relaxation; however, natural choice okp,,=/¢ for the long-wavelength cutoff of
due to the large error bars its detailgelependence cannot the mode spectrum on a plaquette yield values rof

be extracted. The high-regime was treated in terms of =1.3kgT for the bare bending modulus in consistency with
stretched exponentialéopen symbols and the relaxation previous SANS results. The g regime where this analysis
rates compare very well with the data obtained ifichuas ~ Seems to be valid ig* >4. There, also thg* dependence of

10

Measurements on the pair of systeffd, F6b in film

can be seen also in Fig. 3 and Fig. 13. the relaxation rate and the stretching expongnt2/3 show
a good agreement with the predictions of Ref. 31, which
C. Low g dynamics (g<q,) becomes better for highey. At lower g, displacements of

i . . regions containing several plaquettes become progressively

The large scale dynamics was investigated by the Dyyominant and other modes besides the undulation mode of
namic Light Scattering technique. The same composition ofye single plaguette must contribute with increasing ampli-
microemulsion as presented in Table | for bulk contrast werg,qe to the relaxation.
considered for this purpose with the only difference that aII. Secondly, we found that in general, the relaxation slows
the three samples were measured at 27.5°C. In the analy§ign with increasing surfactant concentration, i.e., decreas-
we use_d the Clagsical cumulant expansion of the intern;(?diaﬁﬁg structure size. Even after taking into account the struc-
scattering function,g™(q,t) = exd —T'gt+ pof2! t2+---], tural dimension by using,=/¢ in the evaluation of Eq.
where the mean relaxation frequenEy=Dsq’ yields the  (B10), considerable residual concentration dependence re-
diffusion coefficientD.s. We find nearly monoexponential mains in the fittede-values(see Fig. 11
behavior w,=0) for the intermediate scattering function In Eq. (4) the effect of structural cell size on the relax-
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ation due to undulation modes is introduced into the dynamidy larger layer interactions mediated by the polymers, i.e., a
structure factor formulation by taking the appropriate cutoffslarger compression modulus due to osmotic polymer interac-
as discussed above in Sec. IV. Through this all undulatiortions. These are dominant at Idw where the distinction of
frequencies which might contribute to the relaxation are ink andq vanishes, whereas thedependent terms are propor-
tegrated. In the higlrregime, the bending modes are probedtional tok* and dominate at high.
at short length scales; renormalization effects should there- A direct access to the interface dynamics analogous to
fore be small, so that the measured valuecafan be iden- film contrast using DLS would require a refractive index
tified with the bare bending modulus. The bare bendingnatching between water and oil which is not possible with-
modulusk should only depend on the surfactant nature andut significant changes of the physicochemical properties of
not on the concentration. The residuabdependence of*  either water or/and oil. The crossover regime between the
points to further influences. These may be related to théliffusive behavior at very lovg (DLS) and thel';g* re-
space available for fluid flow. Since the film dynamics isgime could partly be observed by NSE and it exhibits a kind
actually governed by the flow of the solvents on both sides off “De Gennes narrowing” for the bulk contrast dynamics,
the membrane, this could simply indicate that with associi-€.. Desr=Do/S(q).°*** The salient features of the
ated decreasing length scale the flow channels are narrowiritydependence of the relaxation rdt¢q) for bulk and film
and the friction associated to the viscous solvent flow incontrast are explained by the dynamic versions of Ginzburg—
creases. Landau (GL) theories***® However, there is no method

A further observation is that we do not find a significant @vailable yet to correlate membrane properties, layer—layer
difference in the dynamics at local scale due to polymer adinteractions, or flow resistances to the corresponding GL pa-
dition relative to the pure QE, system(Fig. 4). It is impor- ~ rameters.
tant to mention that at the polymer concentration considered
we are in the so called “mushroom” regimge., polymer
coils do not overlap along the membran€or the highest

polymer concentration the distance between PEP-PEO con-  Optimal emulsification of equal amounts of oil and water
nection points on the surfactant layer<sl8 nm while the  with the least amount* of surfactant is achieved at the
end-to-end distance of the blocks=s10nm for PERy and  so-called “fishtail”-point of the phase diagram of micro-
=11nm for PEQ, emulsion systems. At the temperature of the “fishtail” point
Hiergeist and Lipowsky argue that, for a number den- the spontaneous curvature of the interface crosses the zero
sity of polymera in the membrane, the effective bare bend-jine, thus in the vicinity of this point the structure of the
ing modulus of the layer should be locally increased by anmmicroemulsion is that of a random bicontinuous network; the
amount Ax=(kgT/12)(1+ m/2)o (Rt Rie),  Where  typical structural scaled and £ grow with decreasing.5556
Rpeps Rpeo represent the mean end-to-end distances of th@ddition of polymers which may be considered as macromo-
two polymer blocks. Experimentally, from SANS measure-lecular analogs to the surfactant molecules leads to a drastic
ments on the same type of systéfthe slope of this in-  shift of the “fishtail” point towards lower surfactant
crease was found to be slightly higher, namely imcrease contentst®!’ The boost in emulsification power by this poly-
from 0.92kgT to 1.23kgT was found wheno(R3zp;, mer addition has been attributed to changes in the membrane
+R3go;9 increases from 0 to 0.928. In any case, these smalhoduli x andx. These changes are effected by the decora-
changes ink would be difficult to detect and discriminate tion of the membrane with polymer “mushrooms® How-
from other effects in the present dynamics experiments.  ever, since the influence af, « on the structure and phase
The fact that the polymer effect—in terms of increase ofbehavior is exponential® the needed variations are small.
x—is less than expected for concentrations where both pure In the present paper the dynamics of the microemulsion
and polymer systems are existent may also result from flovin its bicontinuous phase and the influence of polymer addi-
friction effects. Polymers extending into a significant part oftion has been investigated with the motivation to provide an
the solvents is expected to increase the flow friction andndependent measurement of the bending modulus as a func-
thereby may partly compensate polymer effects on the mention of polymer content. Especially at larger wave vectors
brane elasticity. Also the slight difference in the slopd'éf  where it may be expected that local membrane properties
vs v (Fig. 10, might be attributed to a local increase in the determine the scattering signal it was expected that the
layer—solvent or layer—layer friction due to the presence oZilman—Granek expression holds and can be used to extract
polymers. k. However it soon turned out that other parameters than the
In general, the here observed concentration dependeng@alymer content, in particular the structural size, i.e., the
of I" respectivelyk is consistent with reports of concentration surfactant content, have a much larger influence on the re-

VI. CONCLUSION

independent relaxation for very dilute spongéwo- laxation rate. To enable any comparison, careful systematic
component system&® if the leveling off of the apparent studies of the relaxation rate dependence on structural size
k-value at larget indicated in Fig. 11 is real. and temperature for systems with and without polymer had

A much larger influence of polymer addition is observedto be performed. Their main result was the observation that
in the hydrodynamic limit by light scattering studi€Eable  for isostructural systemsamed and ¢ as realized by choos-
[11). We can see from the values of the diffusion coefficienting the appropriate surfactant concentratjotie relaxation
that the higher the density of the polymer in the interface, theates are very similar for systems with and without polymer
faster the hydrodynamic relaxation. This may be explainedr for different surfactants, e.g.,;§&, or AOT.
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Concerning the predicted shape apdependence of the cal parameters as membrane elasticities, interactions, and
relaxation functions the Zilman—Granek analytical resultfrictions is still problematic due to the lack of concise theo-
performs well. The stretched exponential behavior of the refetical descriptions that are fully valid in the accessible
laxations with a stretching exponeBit=2/3 and &g propor-  g-regime and depend directly on the physical parameters of
tionality of the relaxation rate—as expected foembrane interest. A theory that would account for the bicontinuous
Zimm dynamics-is observed with fair agreement. Closer in- structure and its influence on fluid flow and membrane
spection, however, leads to the conclusion that full applicamodes in combination with the now available data of high
bility of this theory is only achieved at the upper limit or statistical accuracy should enable us to extract more detailed
even beyond the upper limit of theprange of our observa- parameter values, as the asymptotic behavior of the presently
tions. At lowerq, B(q) is significantly larger than 2/3, but it available theory suggests.
approaches 2/3 slowly with increasireg It may .be con- APPENDIX A: TEMPERATURE DEPENDENCE
cluded that the range of full validity of the Zilman and

S . . . OF SOLVENT VISCOSITIES
Granek theory is given only in the asymptotjeregime. Be- i B o o
sides that, we have shown that reliable determinatior,of The semiempirical formulas describing the variation of
i.e., consistent with previous experiments, can be achievetil® Viscosities of KO (Ref. 26 and decarfé with the tem-
only by using the explicit integral expression 8fq,t) with ~ PeratureT[°C] are given by
the appropriate cutpffs. _ o= 1.002¢ 1d1.3272(2&T)70.0010530’720)2)/(T+ 105)[cp],

In the intermediatey-regime where the peak due to the "2 (A1)
structural length is included the only available theoretical
predictions are derived from time-dependent Ginzburg—7gecans 8.65x €370 27315 1073 cp]. (A2)
Landau theorie&**° which have two concentration fields as
constituents of the system. These theories describe the quallPPENDIX B: DYNAMIC STRUCTURE FACTORS
tative features of the relaxation rdt¢q) and of the effective OF THE HIGH-Q REGIME
diffusion D¢(q) reasonably well. Especially the scaling by The general dynamic structure factor expression for a
S(q) ! is observed in the bulk contrast scattering. In thiSmembrane patch can be written,
regime the relaxation functions are expected to be simple
instead of stretche(_j exponent_ials and the data evaluatiop is S(q,t)oc<<J dzrf d2r/eiq|(r—r’)eiqz[h(r,t)—h(r’,O)]>>
performed under this assumption. However a decay function
shape analysis is not possible at very lgywwhere the total
observable decay amounts only to a few percent. Neverthe- (BD)
less it has been achieved to narrow the gap between lighthe statistical averaging acting on the last exponential factor
scattering and NSE down to only half a decade. is solved in terms of cumulant expansion to give

In the light scattering regime a simple diffusivd (

«g?) behavior with monoexponential relaxation functions S(q,t)x<fd2rf dzr’eiq(f—f')e—q?[h(f't)—h(f'v0)12>>
has been observed. The results are to be compared with bulk

contrast neutron data, a film contrast analogous light scatter- (B2)
ing is not available because a refractive index matching of

water and decane would be needed. In contrast to the higdsing the following properties of the Fourier transforms,
g-data, the DLS results exhibit a pronounced enhancement of

a

a

the relaxation on polymer addition. This may be attributed  h(r,t)= %ZJ dke™"h(1), (B3)
mainly to additional restoring forces due the osmotic pres-

sure of polymer segments that even overcompensate in- hi (t)=h_(t), (B4)
creased friction due to polymers extending into the fluids.

Since membrane bending effects scale with whereas (hi(H)hy(0))y=(2m)?8(k+p)(hi(t)h_(0)), (BS)
compressibility effects areck?, the latter influences gain KaT

relative importance at very log=k. (h(t)h_(0))= %e*“’(k)‘, (B6)

The present work shows the advantages and limits of the
analysis offmembrangfluctuation dynamics in bicontinuous and expressing (r —r’,t)=([h(r,t)—h(r’,0)]?) in its Fou-
microemulsion over a largg-range. The extraction of physi- rier components, the expressitB2), becomes

S(q,t)OC<fd2rf dzr/eiq(rr’)e1/(4w2)(kBT/K)q§ft::ﬂk1/k4[1eik(rr')w(k)‘]> . (B7)
In general,
) w (2 )
J d2re”“=fO JO d¢drre""°°s(¢)=27-rf drrJo(kr), (B8)
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whereJ, is the Bessel function of order 0. Since the mem-
brane patches are randomly oriented with respect to the scat-

tering vectorg, we have an isotropic distribution of angles
in the interval O between the normal to the patch and
vectorq,

1

dQ} 2wsi d

V. 4 (B9)

g(a)=
Replacing Eq.(B8) in Eqg. (B7) and applying the angular

distribution (B9), the expression for the dynamic structure
factor used in the fitting procedure is written finally

ng de “drr Jo(qryI—ud)

k, —
Xe~ kBT/(wa)qz;szk::ﬁ k[1-Jg(kr)e “’(k)t]/k3’

S(q,t)=

(B10)

where u is the cosine ofe, the angle betweeq and the
surface normal.

APPENDIX C: DYNAMIC STRUCTURE FACTORS
OF THE LOW-Q REGIME

The results found by Nonomura and Ofitéor the bulk

Mihailescu et al.

3V2 (x°—1)2+y*

8y o

[(X?sir? 6—1)%+y*]Y2+ 1 —x? sir? 912
(X*sin? 6—1)2+y* '

N(X!y): d63|r]30

(C7)
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