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Bending elasticity of the surfactant monolayer in droplet microemulsions:
Determination by a combination of dynamic light scattering

and neutron spin-echo spectroscopy

Thomas Hellweg* and Dominique Langevin†

Centre de Recherche Paul Pascal, CNRS Avenue Albert Schweitzer, 33600 Pessac, France
~Received 2 June 1997; revised manuscript received 9 February 1998!

The bending elastic energy of a surfactant monolayer at the oil-water interface in a microemulsion system

can be described by the spontaneous monolayer curvature and two elastic constantsk andk̄. Here we present
the determination of these constants by a combination of dynamic light scattering and neutron spin-echo
spectroscopy for the octane2C10E5-water microemulsion on the water continuous side of the phase diagram.
Small-angle neutron scattering data are also presented and compared to the light scattering results.
@S1063-651X~98!01006-X#

PACS number~s!: 68.10.2m, 78.70.1Nx, 66.10.Cb, 78.35.1c
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I. INTRODUCTION

Microemulsions are thermodynamically stable mixtur
of oil and water, stabilized by surfactants and in some ca
additionally by cosurfactants@1,2#. The microstructures
formed in these systems are frequently droplets, either o
or water, covered by a surfactant monolayer, dispersed in
continuous phase. In mixtures containing compara
amounts of oil and water, bicontinuous structures may a
occur @3#. The stability of these different phases is main
determined by the elastic properties of the amphiph
monolayer@4#.

In the case of droplet microemulsions the theory of c
vature elasticity has been used for the description of
shape fluctuation of the drops@5,6#. More generally, the
knowledge of the elastic constants is necessary for an un
standing of the properties of microemulsions@7,8# and their
determination, which is not an easy task, has been focu
using a wide range of different experimental methods@9–
14#. In recent years nonionic surfactants of the type alky
ligoglycolether (CnEj ) have been used in studies of micr
emulsions because they form ternary microemulsions an
additional cosurfactant has to be added@15,16#. Another im-
portant feature of these systems is that the microstructure
be easily changed just by choosing the appropriate temp
ture if the phase behavior is known@15,16#. The elastic con-
stantsk andk̄ are in principle directly accessible by neutro
spin-echo spectroscopy~NSES! @17–19#. In practice, it is
difficult to extract them from the correlation functions for th
droplet motions obtained by NSES because of the sm
number of data points that are measured and the rather
data statistics. Due to these facts it is necessary to com
the information from NSES with data obtained from oth
sources. To our knowledge up to now the data analysis
been done using a combined fit of NSES and small-an
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neutron scattering~SANS! data @17–19#. In our study we
present a combination of NSES with dynamic light scatter
~DLS!, which allows for a direct determination of the rela
ation times of the deformation modes of the microemuls
droplets. Also SANS data obtained for the same sam
composition will be discussed. The determination of the s
2k1k̄ from the polydispersity index computed analyzin
SANS data is a well-known procedure@14#. In our study we
will describe the possibility to determine this sum from DL
data.

II. THEORY

A. Microemulsion theory

The well-defined microstructures in microemulsions a
formed because the surfactant layer has a preferred curva
C0. A positive value ofC0 indicates a curving tendenc
towards water and a negative value a curving tendency
wards oil. The droplet radius for a given system can be p
dicted by

R5
3f

@S#S
, ~1!

where @S# is the surfactant concentration,f the dispersed
phase volume fraction, andS the area in the monolayer oc
cupied by a surfactant molecule@2#. The area occupied pe
surfactant molecule is relatively constant and the monola
can be regarded as approximately incompressible@1#. Under
the conditions of microemulsion formation, one importa
contribution to the free energy of the systems is the curva
energy of the surfactant layer. The curvature energy can
described by the Helfrich equation@4#

F5
1

2
k~C11C222C0!21k̄C1C2 . ~2!

Herek andk̄ are the mean~splay! and the Gaussian~saddle-
splay! bending elastic constant.C1 andC2 are the principal
curvatures of the surfactant film. In the case of droplet m
croemulsionsC15C251/R.
6825 © 1998 The American Physical Society
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6826 57THOMAS HELLWEG AND DOMINIQUE LANGEVIN
The knowledge of the bending elastic constants can
achieved by using experimental methods, which are abl
resolve fluctuations of the oil-water interface. For drop
microemulsions it is possible to describe these fluctuation
terms of spherical harmonics@5,20,21#. This offers the pos-
sibility to calculate a dynamic structure factorS(q,v) or its
Fourier transformS(q,t), which can be used to analyze d
namical measurements by neutron spin-echo spectros
@17#. For the scattering from thin shellsS(q,t) has been de-
rived @5# and has the form

S~q,t !5^rq~ t !r2q~0!&exp~2D0q2t !

3F4p@ j 0~qR!#21( f l~qR!^ul~0!ul~ t !&G .
~3!

Therefore, the time correlation function takes the form@19#

I ~q,t !5K exp~2G1t !Vs
2~Dr!2F f 0~qR!

1(
l>2

2l 11

4p
f l~qR!^uul u2&exp~2G l t !G L

R

, ~4!

which is a sum of at least two exponential decays if ter
corresponding tol .2 are omitted. The first contribution rep
resents the translational motion of the particles and the
ond represents the shape fluctuations of the particles.G l is
the relaxation rate of the corresponding mode.

For the relaxation timet2 of the modes corresponding t
the second-order spherical harmonic (l 52) the expression

t2
215

1

hR3F4k2k̄2
kT~ lnf21!

4p G 1

Z~2!
~5!

was derived@21# at the emulsification failure boundary
where the microemulsion droplets are swollen to their ma
mum size.Z( l ) is given by

Z~ l !5
~2l 11!~2l 212l 21!

l ~ l 11!~ l 12!~ l 21!
, ~6!

which leads forl 52 to 55/24. In these expressions, the
and water viscosities were assumed to be equal. In prac
they are somewhat different and a more rigorous equa
can be used@22#

Z~ l !5
@~2l 214l 13!E12l ~ l 12!#@2~ l 221!E12l 211#

~ l 21!l ~ l 11!~ l 12!~2l 11!~E11!
.

~7!

HereE is the ratio of the viscosities of the interior and th
continuous phase of the droplets. In the limit of equal v
cosities and forl 52 Eq. ~7! leads to a ratio of 52.5/24. Th
difference compared to Eq.~6! is of minor importance and
probably due to different approximations in the hydrod
namic calculations.
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This theoretical description in terms of spherical harmo
ics also allows one to relate the size polydispersity indep
of the microemulsion droplets and the bending elastic c
stants@5#

p25
kT

8p~2k1k̄ !12kT~ lnf21!
. ~8!

The quantityp is accessible by neutron scattering@14# or
light scattering experiments.

B. NSE spectroscopy

In a neutron spin-echo spectrometer, polarized neutr
are flying in a first set of coils thereby undergoing Larm
precession. Then they are scattered by a sample, inverte
spin, and passed through a second set of coils. The scatt
process leads thereby to a change in the speed of the
trons and thus a difference in the number of precessions
fore and after the sample if the magnetic fields on both si
of the sample are exactly identical to each other. The an
Dc between the spin of the incident neutrons and the n
trons finally reaching the detector is analyzed using the s
tered intensity

Ps5P0cos~Dc!. ~9!

HereP0 is the detected intensity if no sample is present. T
probability for a scattering process with an energy transfev
is described by the dynamic structure factorS(q,v). Aver-
aging cos(Dc) with S(q,v) leads to

Ps5^cos~Dc!&5

E S~q,v!cos~ tDv!dv

E S~q,v!dv

, ~10!

with Dc5tDv. This Fourier transform in time can be re
written as

Ps~q,t !5
I ~q,t !

I ~q,0!
. ~11!

The Fourier time is given by

t5
g l 0H0m2

2ph2
l3. ~12!

Here l is the wavelength of the neutrons,g the gyromag-
netic ratio, andl 0H0 the integral of the magnetic field alon
the neutron’s path@23#. For a wavelength of 0.6 nm, a tim
window of 18 ns can be probed, which is appropriate for
droplets motions expected in microemulsions. As a res
one obtains directly the normalized intensity correlati
function, which should correspond to the form given in E
~4!.

Unfortunately the number of points obtained as a rep
sentation of this function is in most cases too small and
statistics of the individual points is too bad to allow for
multiexponential fit or for an analysis using the Lapla
transformation and maximum entropy methods@24#. Without
additional information it is only possible to extract an effe
tive diffusion coefficient from the data by using a first-
second-order cumulant analysis@25#. In the previous studies
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57 6827BENDING ELASTICITY OF THE SURFACTANT . . .
of microemulsions using NSES@17,19# the q variations of
the effective diffusion coefficients are fitted by expressio
of the type

Ge f f5A~q!Dq21(
l>2

Bl~q!^uul u2&G l , ~13!

which are obtained by calculating the first cumulant of t
correlation function@Eq. ~4!#. The translational diffusion co
efficient D in this expression is usually calculated using t
droplet radius derived from SANS experiments@17–19#.
This radius is smaller than the hydrodynamic radius and
diffusional contribution to the decay is therefore sligh
overestimated by this approach.

All modes corresponding to values ofl .2 do not contrib-
ute significantly to the second term in Eq.~13! at moderate
values of q (qR<10) and are normally omitted. For th
value ofGe f f an apparent proportionality onq3 is predicted
@5#. This is analogous to the observations for Rouse-Zim
dynamics of polymers@26#.

In our study we propose an alternative approach to a
lyze the data. Under the assumption that only the mode
responding tol 52 contributes remarkably to the decay, t
correlation functions from the NSES experiment will be fi
ted directly using a double exponential function of the fo

I ~q,t !

I ~q,0!
5aexp~2D0q2t !1~12a!exp~2Gt !, ~14!

with

t2
215G2D0q2 ~15!

for the relaxation time of the model 52. Therefore,
I (q,t)/I (q,0) contains only two adjustable parameters. T
diffusion coefficientD0 used here can be obtained from d
namic light scattering experiments. According to Eq.~4!, the
amplitudesa and 12a should be proportional to

a;
f 0~qR!

f 0~qR!1
5

4p
f 2~qR!^uu2u2&

~16!

and

~12a!;

5

4p
f 2~qR!^uu2u2&

f 0~qR!1
5

4p
f 2~qR!^uu2u2&

. ~17!

t2 should be independent of the scattering angle, as in
case of Rouse-Zimm dynamics. In reality a slightq depen-
dence may be observable because of the increasing cont
tion of modes corresponding tol .2 with increasingq,
which cannot be resolved from the experimental data.

C. Dynamic light scattering

The intensityI of the light scattered from a dilute macro
molecular or supramolecular solution is a fluctuating qu
tity due to the Brownian motion of the scattering particle
s

e

a-
r-

e

e

u-

-
.

These fluctuations can be analyzed in terms of the norm
ized autocorrelation functiong1(t) of the scattered electrica
field Es , which contains information about the structure a
the dynamics of the scattering particles@27#

g1~t!5
^Es* ~ t !Es~ t1t!&

^I &
. ~18!

Here Es* is the complex conjugate ofEs . Experimentally,
the intensity correlation functiong2(t) is determined

g2~t!5
^Es* ~ t !Es~ t !Es* ~ t1t!Es~ t1t!&

^I 2&
, ~19!

which is related tog1(t) by the Siegert relation@27#

g2~t!511Cug1~t!u2. ~20!

C is a coherence factor and depends on the experime
conditions. For an ideal solution of monodisperse partic
the functiong1(t) is represented by a single exponential

g1~t!5exp~2Gt!. ~21!

The relaxation rateG is connected with the translational di
fusion coefficientD according to

G5Dq2, ~22!

with the scattering vectorq5(4pn0 /l)sin(u/2). The scatter-
ing vector q depends on the wavelengthl of the incident
light and the scattering angleu.

For polydisperse samples the functiong1(t) is given by a
weighted sum of exponentials

g1~t!5E
0

`

G~G!exp~2Gt!dG. ~23!

The functiong1(t) can be analyzed by the method of cum
lants @25# or by an inverse Laplace transformation. The
methods provide the mean relaxation rateḠ of the distribu-
tion functionG(G) (z average!. For the second analysis pro
cedure mentioned above, theFORTRAN programCONTIN is
available@28,29#. It is sometimes difficult to avoid the pres
ence of spurious amounts of dust particles or hig
molecular-weight impurities that give small contributions
the long-time tail of the experimental correlation function
With CONTIN it is possible to distinguish these artifacts fro
the relevant relaxation mode contributing tog1(t).

The analysis of the light scattering data usingCONTIN also
allows for a determination of the size polydispersity of t
microemulsion droplets because all the momentsmn

5*Gmin

GmaxG(G)GndG that describe the distribution functio

G(G) are computed~for details see Ref.@29#!. The polydis-
persity index is obtained from

p25

m2

m0
2S m1

m0
D 2

S m1

m0
D 2 . ~24!
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6828 57THOMAS HELLWEG AND DOMINIQUE LANGEVIN
Using Eq.~22!, from the mean relaxation rateḠ the average
apparent translational diffusion coefficientD can be calcu-
lated. The measured apparent diffusion coefficientD de-
pends on the concentration@C# of the scattering particles
When @C# is not too large (f<0.1), one has

D5D0~11kD@C# !, ~25!

where the diffusional virial coefficientkD includes thermo-
dynamic and frictional effects onD. If the interactions be-
tween the particles are negligiblekD becomes zero andD is
equal toD0. For dilute microemulsions~small @C#) stabi-
lized by uncharged surfactantsD is also close toD0
@14,30,31#. Knowing the value ofD0, the hydrodynamic ra-
dius of the scattering particlesRH can be calculated by th
Stokes-Einstein equation

D05
kT

6phRH
, ~26!

with h the viscosity of the solvent~the continuous phase i
the case of microemulsions!.

D. Small-angle neutron scattering

For polydisperse shells as investigated in our study,
can account for polydispersity in the data analysis proced
by using an appropriate form factor@13,14,16#. We have
chosen the form factor

F~q!516p2~Dr!2~d2/q2!

3exp~2q2t2!@ f 1~q!1 f 2~q!1 f 3~q!1 f 4~q!#,

~27!

with

f 1~q!5
1

2
q2t4@11cos~2qR0!exp~22s2q2!#,

f 2~q!5qt2@R0sin~2qR0!12qs2cos~2qR0!#exp~22s2q2!,

f 3~q!5
1

2
R0

2@12cos~2qR0!exp~22s2q2!#,

f 4~q!5
1

2
s2@114qR0sin~2qR0!exp~22s2q2!

1cos~2qR0!~4s2q221!exp~22s2q2!#.

Here t is a thickness parameter ands contains the informa-
tion about the size polydispersity of the microemulsi
drops.R0 is the mean value of the shell inner and outer ra

The absolute scattering intensityI (q), which is the ex-
perimentally observed quantity is given by

I ~q!5NF~q!S~q!. ~28!

In this equationN is the number density of the scatterin
microemulsion droplets andS(q) is the static structure fac
tor. The strict validity of Eq.~28! is limited to the case of
monodisperse spheres, but for the case of low polydispe
ties it can still be applied@32,33#. S(q) describes the inter
e
re

i.

si-

actions between the droplets, which are generally well
proximated by hard-sphere interactions in microemuls
systems based on nonionic surfactants. The influence o
terparticle interactions as described byS(q) can be estimated
at least for S(0) using the Carnahan-Starling expressi
@34,14,33#

S~0!5
~12fhs!

4

~122fhs!
22fhs

3 ~124fhs!
. ~29!

Here fhs is the hard-sphere volume fraction.fhs is about
14% larger in oil-in-water nonionic microemulsions than t
dispersed volume fraction because of the water penetratio
the surfactant layer@33#. However,S(q) approaches unity
for q values smaller than the minimum ofI (q). This was
found even for fairly high volume fractions in nonionic su
factant systems~see, for example, Fig. 8 in Ref.@33#!. Since
the value of the radius is fixed by the position of the min
mum of I (q), the approximation ofS(q)'1 in Eq.~28! does
not lead to a significant error in the determination ofR0 if the
low-q data are omitted in the fitting procedure.

III. EXPERIMENT

A. Phase behavior

For studies of microemulsions it is essential to know t
phase behavior of the system under investigation in the
gion of interest. The principal features for systems of t
type water-CnEj -oil are always similar; only the positions o
the phase boundaries with respect to the temperature d
with respect to the exact type of surfactant and oil employ
@16#. In Fig. 1 the part of the phase diagram we recorded
C8H18-C10E5-water is shown. The diagram was obtained f
a constant surfactant content of 2 wt. %. The emulsificat
failure boundary is sometimes difficult to find, especially f
low oil contents, because of long equilibration times.

B. Materials

All samples for the neutron scattering experiments ha
been prepared in the so-called shell contrast using deuter
water and oil, but hydrogenated surfactant. The nonionic s
factant C10E5 was obtained from Nikko Chemicals Co. Ltd
~Tokyo, Japan!. Octane-d18 was purchased by Euriso-to
Groupe CEA~CE Saclay, Gif-sur-Yvette, France!. For this
compound the isotopic purity was indicated as 99%. T
used D2O had an isotopic purity of 99.8% and was obtain
from the same source. The microemulsions investigated h
been freshly prepared before the beginning of the exp
ments by weighing in the appropriate amounts of the th
components. Then the phase transition temperature was
termined and the samples were thermostated at a temper
of approximately 1 K above this temperature.

We investigated water continuous microemulsions c
taining a small dispersed volume fraction (f50.043, com-
positionA!. For the DLS experiments we used the hydrog
nated compounds, respectively. We prepared samples
f50.043~compositionA!. Samples of a somewhat differen
composition,f50.044 ~compositionB!, were also studied
~see Table I!. The observed difference in the phase transit
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FIG. 1. Phase diagram for C8H18-C10E5-water
mixtures for a constant surfactant content of
wt %, which shows the location of the boundarie
in the region we investigated. The lower line
the emulsification failure boundary and the upp
is the ‘‘haze’’ boundary transition to two-phas
equilibria. At low temperatures, the microemu
sion is in equilibrium with an excess oil phase.
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1.3 K.

C. Experimental setup

1. NSES
The NSES experiments have been performed using

Machine a Echo de Spin de Neutron de Saclay at the L
oratoire Léon Brillouin in Saclay, France~Laboratoire Com-
mune CEA CNRS!. Details of the experimental setup can b
found elsewhere@35#. Neutrons with a wavelength of 6 Å
and a relative linewidth of6 18% have been employed i
the measurements. The samples were filled into quartz c
of 4 mm thickness. These were positioned in a sample
holder, which was thermostated at 305.2 K with an accur
of 6 0.7 K. The duration of the measurements for one c
relation function was between 12 and 16 h. The samp
were inspected before and after the measurements an
phase separation was observed.

2. DLS

For the DLS experiments a classical goniometer se
~Amtec, France! and a 72-channel correlator~BI2030-AT,
Brookhaven! operated with linear sample time spacing we
used. The light source was a krypton ion laser~Innova 90,
Coherent! emitting at 647.1 nm, with a constant outp
power of 400 mW.

Correlation functions were accumulated up to appro
mately 83105 base line counts to obtain sufficiently goo
data statistics for aCONTIN analysis of the functions. The
samples were first heated to an appropriate temperature

TABLE I. Sample compositions and parameters.

Sample composition fs foil

T/~K!
2F→1F

A 0.023 0.02 303.7a

B 0.022 0.022 305

aValue for the deuterated solvents.
s is

he
b-

lls
ell
y

r-
es
no

p

e

i-

ell

above the phase transition temperature and then filtered
the sample cells through filters with a pore size of 200
~Anotop10, Whatman!. Before starting the measurements t
samples have been thermostated at the desired tempe
for at least 2 h. During the measurements at 304 K a small
excess oil phase was present.

3. SANS

The SANS experiments were carried out at the Labo
toire Léon Brillouin in Saclay using the PAXE instrumen
For the measurements the sample was filled into a quartz
~Hellma! of 2 mm thickness and 1 cm width. The cell w
positioned in thermostatable holder and thermostated a
same temperature as for the NSES measurements. The w
length used was 6 Å. Spectra were recorded at detector
tances of 1.5 and 5.05 m covering a totalq range 0.008–0.23
Å 21. For the detection of the scattering intensity a tw
dimensional detector was used. The data at the two dete
distances were normalized and corrected for the efficienc
the different detector cells using the spectrum of water@14#.
Thereafter, the spectra were radially averaged and finally
data were put on an absolute scale using the method
scribed in Ref.@36#.

IV. RESULTS AND DISCUSSION

A. NSES results

For a sample of compositionA we measured the correla
tion functions at eight different angles between 2° and 4.5
a temperature of 305.26 0.7 K. This temperature lies 1.5 K
above the phase transition temperature observed for
sample. In Figs. 2 and 3 the different experimentally o
tained functions are shown together with their respec
single exponential fits. The only adjustable parameter
the effective relaxation rateGe f f ~first cumulant!. In Fig. 4
the values obtained forDe f f are plotted vsq. A maximum of
De f f is observed aroundqR'p, the firstq value at which
f 0(qR) vanishes. This is similar to earlier NSES studies
microemulsions@17–19#.
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6830 57THOMAS HELLWEG AND DOMINIQUE LANGEVIN
B. DLS results

In our DLS experiments we measured samples of com
sitionsA andB. Within the experimental accuracy, the me
surements using the different compositions lead to the s
results. All samples have been investigated at different s
tering angles and temperatures. Correlation functions co
sponding to one set of experimental parameters have b
measured three times and the values presented in the fo
ing are averages over these three measurements.

For the samples with compositionB the phase transition
towards the single phase region was observed at 30560.5 K.
Therefore, we started the measurements just below this
perature and increased the temperature stepwise to the u
phase boundary, crossing the emulsification failure bou
ary. In Fig. 5 the values for the translational diffusion co
ficients measured at different scattering angles are plotte
q. Over theq range regarded there are no changes obs
able and the detected relaxation process is of purely diffu
nature. The correlation functions have been analyzed u
CONTIN.

The same behavior is found at 304 K and 306 K. In t
temperature range no marked increase in the Stokes ra

FIG. 2. Fit to spin-echo data using a single exponential funct
with only one adjustable parameter that corresponds to the
cumulant. Data are for the scattering angles 2° (L), 2.5°~1!, 2.75°
(h), and 3° (3).

FIG. 3. Fit to spin-echo data using a single exponential funct
with only one adjustable parameter that corresponds to the
cumulant. Data are for the scattering angles 3° (L), 3.5° ~1!, 4°
(h), and 4.5° (3).
o-

e
t-
e-
en
w-

m-
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-
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v-
e
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s
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obtained is observable. This corresponds to previous res
obtained by SANS experiments on similar systems. In th
experiments the obtained scattering curves closely below
above the emulsification boundary were indistinguisha
@37#.

The hydrodynamic radius was calculated from Eq.~26!.
In view of the experimental accuracy and of the values ofkD
for similar systems@30,31#, the corrections of Eq.~25! can
be neglected. In Fig. 6 these Stokes radii are plotted vs
normalized temperature. In systems where no struct
changes occur the radii should be independent of the t
perature, as predicted by the Stokes-Einstein equation.
the microemulsions investigated this is clearly not fulfilled.
is interesting that at temperatures up to 2 K above the emul-
sification failure boundary nearly no changes in the rad
occur~within the experimental accuracy of65% @38#!. At a
temperature of 306 K we obtained a hydrodynamic radius
8.160.4 nm.

The hydrodynamic radius becomes large close to the
per two-phase boundary~haze point!. These findings corre-
spond to results obtained for the C12E5-water-decane system
using nuclear magnetic resonance~NMR! techniques@39,40#

n
st

n
st

FIG. 4. Effective diffusion coefficients calculated fromGe f f val-
ues. The data show the predicted increase of the contribution o
internal modes~mainly the mode withl 52) aroundqR5p.

FIG. 5. Plot of the ratioḠ/q2 vs q. The relaxation mode de
tected by DLS is purely diffusive. The measurements were mad
305 K. The presented data points represent mean values over
measurements. The dotted line represents the average over all
tering angles.
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and is supported by recent theoretical works@41#. The best
interpretation of the NMR data was obtained assumin
transition from spherical structures to prolate ellipsoids w
increasing temperature@40#.

For the calculation of the polydispersity usingCONTIN, we
recursively optimized the frequency window for the transf
mation, until all grid points lay on the obtained distributio
function ~in case of monomodal functions!. This leads to the
best possible description of the relaxation rate distribution
should be remarked here that this procedure did not cha
the values obtained for thez average ofG, but leads to small
changes in the higher moments of the distribution. Figur
shows some examples for the distribution functions obtai
at different scattering angles. The position of the maxim
varies as predicted by Eq.~22!.

That the size polydispersity of microemulsions can be c
culated from DLS data has been shown previously@42,43#
using an approach different from that presented here.
values for the polydispersity indexp we have computed
from our data are listed in Table II. The mean values co
puted by averaging over all measurements for the respec
temperatures are given. The sum of 2k1k̄ calculated from
thesep values is slightly smaller than values obtained for t
same surfactant-to-oil ratio from SANS~1.81 kT! and inter-

FIG. 6. Plot of the Stokes radii obtained from DLS vsT/h
~samples of compositionB!.

FIG. 7. Three examples of the obtained distribution functio
using an optimized frequency window forCONTIN. L, u5120°;1,
u5105°; andh, u590° ~samples of compositionB!.
a

-

It
ge

7
d

l-

e

-
ve

facial tension measurements~1.6 kT! @44#. The analysis of
the correlation functions using a second-order cumulant
ries was not possible for all the measured functions beca
some of them were perturbed by contributions of spurio
amounts of dust. Therefore, here we discuss only the res
obtained employingCONTIN. In the cases where a cumula
fit made sense the obtained polydispersities are significa
lower than the values calculated from theCONTIN results and
lie in the range of the value found by the analysis of t
SANS data~data from the cumulant fit are not shown!. The
algorithm used inCONTIN seems to slightly overestimate th
polydispersity.

C. SANS results

A spectrum taken atT5305.2 K is shown in Fig. 8. A
calculation of S(0) applying Eq.~29! yields S(0)50.68,
which was obtained using an effective hard-sphere volu
fraction of fhs50.049. As we have addressed in Sec. II
S(q) becomes 1 for largerq. Therefore, the data have bee
fitted to the polydisperse shell form factor@13# omitting val-
ues below 0.03 Å21. The intensity for the highest-q value
has been subtracted to correct for the incoherent backgro
contribution. The results from the fit are summarized
Table III. For the polydispersity indexp the given value is
corrected for the instrumental resolution applyingp25
pexpt

2 20.01 @14,45#. For the radius the fit yields a value o
4.860.1 nm ~error as obtained from the fitting procedure!.
For a different sample composition~12.5% less surfactant!
Gradzielski and co-workers found a radius of 5.7 nm@44#.

The difference between the radiusR0 obtained by SANS
and the hydrodynamic radiusRH is surprisingly large. Dur-
ing the experiments no phase separation was obser

s
FIG. 8. SANS spectrum for a microemulsion with the sam

composition as sampleA. The dashed line is a fit with the polydis
perse shell model. Only values withq>0.03 Å21 were used in the
fit.

TABLE II. Results from DLS for compositionB.

T~K! p 2k1k̄ ~units of kT!

304 0.22 1.14
305 0.20 1.27
306 0.20 1.27
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which means that the difference between the two radii can
be due to the expulsion of oil from the droplets.

If we calculate the length of one surfactant molecule
suming an all transconfiguration we get about 3.3 nm. The
of the SANS data with the polydisperse shell model give
value for the radius, which corresponds to the distance
tween the center of a droplet and the position in the sur
tant film where the difference in scattering length density
its maximum.

Because of the curvature of the film and also becaus
the stronger interaction by means of hydrogen bonds the
etration of D2O into the film will be stronger than the pen
etration of the deuterated oil; therefore, it is likely that t
radius found by SANS is approximately equivalent to t
hydrocarbon radius of the microemulsion droplets. T
means that the difference is mainly due to the fact that
large head groups are not ‘‘seen’’ by this technique. Cons
ering all this we still have a difference between the two ra
that can only be explained assuming four hydration shel

However, the results that we obtained for another C10E5
based microemulsion containing a different oil~ n-dodecane!
show the same difference@46#. For the C12E5-decane-water
system a hydrodynamic radius of 9.5 nm is reported@30#.
SANS data for the same system lead to a radius of 6.8
@33#. This compares well with the difference we found f
our system.

D. Combined analysis of the results

In the following we will present and discuss the resu
obtained using a combined fit of DLS and NSES data
cording to Eq.~14!. For the translational diffusion coefficien
we took 3.6310211 m2/s. This value for the translationa
diffusion coefficient is obtained from DLS experiments
the temperature region of interest. In Ref.@30# the value of
the dynamic virial coefficientkD for a similar surfactant
(C12E5) has been determined@see Eq.~25!#. A correction of

FIG. 9. Fit using a double exponential with two adjustable p
rameters~dashed line! in comparison to the single exponential
~solid line!.

TABLE III. Results from SANS.

Sample R0 ~nm! t ~nm! T/~K! p

A 4.860.1 0.43 305.9 0.1888
ot

-
t
a
e-
c-
s

of
n-

s
e
-

ii

m

-

the translational diffusion coefficient we determined leads
a change, which lies within the experimental error interv
~5%!.

In Fig. 9 the double exponential fit to Eq.~14! is shown in
comparison to a simple two parameter single exponentia
The representation of the data is much better without incre
ing the number of adjustable parameters. In Fig. 10
double exponential fits for some of the measured angles
shown. From the relaxation rate of the second exponentia
Eq. ~14! it is now possible to calculatet2. In Fig. 11 the
relaxation rates obtained for the different scattering ang
are plotted. A slightq dependence is still observable. Esp
cially, at higherq the contribution of the modes correspon
ing to l .2 seems to increase remarkably. At scatter
angles of 2° and 2.5° it is not possible to extract a relia
value fort2 because the contribution~the amplitude! of the
shape fluctuations is too low.

In Fig. 12 the amplitudes of the second exponential
tracted from the fit parametera are shown. The second con
tribution to the measured NSES relaxation curves ha
maximum where also in Fig. 4 the maximum is observ
The maximum occurs atqR'3.

-

FIG. 10. Fit using a double exponential with two adjustab
parameters. Data are shown for the scattering angles 275° (L), 3°
~1!, 3.25° (h), and 3.5° (3). The functions shown have bee
squared before fitting with the square of Eq.~14!.

FIG. 11. Relaxation ratest2
21 obtained using the double expo

nential fit according to Eq.~14!. At higherq the relaxation rates still
show a slight increase because of the increasing contribution
modes corresponding tol .2.
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In the low-q limit the relaxation rates obtained do n
show a significant dependence onq ~indicated by the dotted
line in Fig. 11!. Therefore, it seems to be straightforward
calculate a mean relaxation time for thel 52 modes from
these values. We find a value of 8.3 ns fort2. The error bars
of the relaxation times in Fig. 11 represent an error of
proximately 10% and are obtained from the fitting procedu

Equation~5! now allows one to compute the sum 4k2k̄
from this value. In our calculations we used Eq.~7! to ac-
count for the unequal viscosities. For the radius we used
value obtained from the SANS experiments because
value should be a good representation for the curvature
the so-called neutral surface. The employed viscosities
0.4675 cP~n-octane! and 0.7632~water!. With these values
we get 4k2k̄54.05 kT. Using the value for 2k1k̄ obtained
from the polydispersity index, it is now possible to calcula
the two elastic constants. With the polydispersity index o
tained from our SANS experiments we finally end up w
k50.92 kT andk̄520.38 kT. Using the polydispersity in
dex calculated from the DLS correlation functions leads
k50.88 kT andk̄520.52 kT, respectively.

These values are in good agreement with results obta
by other techniques for similar systems and the values

FIG. 12. Plot of the amplitudes 12a of the second exponentia
vs q. The amplitudes show the same behavior as the values ofDe f f

in Fig. 4. The amplitudes show qualitatively the behavior predic
by Eq. ~17!, but the absolute values differ from the right-hand si
of Eq. ~17!.
-
.

e
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of
re

-

o

ed
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tained for k̄ agree with theoretical predictions for dropl
phases@21#. Sottmann and Strey recently published values
the bending elastic constants for the system we investig
here. They found 0.9 kT fork and20.31 kT for k̄ using the
spinning-drop method@47#. For the relative error of the elas
tic constants 25% should be a good estimate.

In previous NSES studies of microemulsions the valu
obtained fork were much higher and did not correspond
results from other experiments. For the surfactant C12E5, for
example, a value of 4 kT is reported@19#.

V. CONCLUSIONS

We presented an alternative approach to the analysi
NSES data measured for droplet microemulsions usin
combined fit of NSES and DLS data. This method allows
a direct determination of the relaxation times of the mo
corresponding to the spherical harmonic withl 52.

Moreover, this method allows for a calculation of th
bending elastic constants if the size polydispersity of
microemulsion droplets is known. The values of the bend
elastic constants obtained by this approach correspond m
better to results derived from other experiments than in p
vious NSES studies. In the future it has to be further clarifi
which radius gives the best description of the curvature
the microemulsion droplets and therefore has to be emplo
in the calculation of 4k2k̄.

The experimental techniques of NSES and DLS in co
bination are an excellent tool for the study of the dynamics
microemulsions because both techniques measure the
dynamics but in different time domains. Approaches simi
to those presented here should also be useful in the stud
polymer dynamics.
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