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Droplet polydispersity and shape fluctuations in AOT[bis(2-ethylhexyl)sulfosuccinate sodium sal
microemulsions studied by contrast variation small-angle neutron scattering

Lise Arleth and Jan Skov Pederden
Condensed Matter Physics and Chemistry Department, Ra&imnal Laboratory, DK-4000 Roskilde, Denmark
(Received 20 June 2000; published 24 May 2001

Microemulsions consisting of AOT water, and decane or iso-octane are studied in the region of the phase
diagram where surfactant covered water droplets are formed. The polydispersity and shape fluctuations of the
microemulsion droplets are determined and compared in the two different alkane types. Conductivity measure-
ments show that there is a pronounced dependence of the temperature behavior of the microemulsion on the
type of alkane used. In both cases the microemulsion droplets start to form larger aggregates when the
temperature increases. But in the system with decane this aggregation temperature occurs at a temperature
about 10 °C lower than in a similar system with iso-octane. Aggregation phenomena are avoided and the two
systems are at approximately the same reduced temperature with respect to the aggregation temperature when
the temperature of the AOTHAD/decane microemulsion is 10°C and the temperature of the
AOT/D,0liso-octane microemulsion is 20 °C. Contrast variation small-angle neutron scattering measurements
are performed at these temperatures on systems with volume fractions of,6%ADT by varying the
scattering length density of the alkane. The small-angle scattering for 11 different contrasts evenly distributed
around the match points are studied for each sample. The scattering data for the different contrasts are analyzed
using a molecular constrained model for ellipsoidal droplets of water covered by AOT, interacting as polydis-
perse hard spheres. All contrasts are fitted simultaneously by taking the different contrast factors into account.
The analysis show that at the same reduced temperature with respect to the aggregation temperature the droplet
size, polydispersity index, the size of the shape fluctuations are similar in the two systems. A polydispersity
index (¢/R of the Gaussian size distributipnf 16% and an average axis ratio of the droplets of 1.56 is found
in the AOT/D,O/decane microemulsion. In the AOT/D/iso-octane system the polydispersity index is also
16% while the axis ratio is 1.72. The bending elastic constaahd the Gaussian bending elastic constant
can be estimated from these numbers. For AQUMecane we findc=3.4kgT and k= —5.%gT and for
AOT/D,0Oliso-octane we findk=2.3%gT andk= —3.8gT, wherekg is the Boltzmann constant arfdis the
absolute temperature.
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[. INTRODUCTION tant and the alkane type have been varied in these studies,
which show that the system has some general features inde-
Microemulsions are thermodynamically stable fluids com-pendent of the lengths of the surfactant and alkane. The be-
posed of water and oil domains that are separated by a lay8@vior is_conveniently summarized in the so-called fish-
of surfactant molecules. The surfactants, which are moldiagram[1]. When the phase behavior of the water/qEC
ecules with a hydrophilic head and a hydrophobic tail, servéYStem is plotted for equal volume fractions of water and ol
to stabilize the fluid and prevent it from macroscopic phas and for varying surfactant concentration and temperature, a
L . . Jphase diagram that looks like the sketch of a fish is obtained
separ_atlor_1 into water and oil. As the size of the water a_n(_j Olfsee Fig. 1 The system forms a microemulsion in the outer
domains is much smaller than the wavelength of visiblepat of the fish tail. At low temperatures the microemulsion
light, the solutions appear optically isotropic and clear.  consists of oil droplets in water, at high temperatures the
The microstructure of microemulsions varies a lot de-microemulsion consists of water droplets in oil, and in be-
pending upon the actual system, composition, temperaturéyween the system forms a bicontinuous structure. In the head
and additives. The simplest microemulsion systems are protsf the fish the system phase separates into a microemulsion
ably those composed of water, alkane, and nonionic surfag®hase and excess water and oil phases. At low temperatures
tants of the type (E; (alkyloligoglycolethers where the ¢ (below the fish the system phase separates into a micro-
denotes an alkyl chain with carbon atoms and the; Ele- ~ €Mmulsion phase and an excess oil phase and at high tempera-
notes an ethylene oxide chain wittethylene oxide groups. tures(@bove the fishthe system separates into a microemul-
Taken at the right compositions and temperatures these s ion phase and an excess water pha;e. This temperature
fams form microemisions. The system ' an imporianeperence of ihe ytemcan b expaned by the tenpere:
rsTi]\(/);(;/l osv):asrterg]ceanntdyg:rss ttt];fésga?(;?g L(;teued"?g.\/[i?/\?f xte roup. At low temperatures the head group is very hydrated

. . and takes up a relatively large space. This forces the film to
and references thergirBoth the chain length of the surfac- o ¢ \rved toward the oil side. As the temperature rises the

head group becomes less hydrated and takes up less space
and eventually the film becomes curved toward the water
*Present address: Department of Chemistry, University of Aarhusgjde.

Lagelandsgade 140, DK-8000 Aarhus C, Denmark. The water/oil/GE; system and its corresponding fish dia-
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A AOT/water/iso-octane and the AOT/water/decane systems.
In the case of decane, a number distribution withR,,
=10% was found and in the case of iso-octaméR,,
=19% was found.o is the standard deviation of the size
distribution andR,, is the average radius.
Contrast variation light scattering exploits the fact that,
Lamellae since water and AOT have different dielectric constants, the
optical contrast of the microemulsion droplets changes with
the water to AOT ratio. The alkanes used for the study have
dielectric constants that lie between those of water and AOT.
It is therefore possible to combine water and AOT in such
proportions that the average dielectric constant of water plus
» AOT is the same as that of the alkane used. At this point,
Surfactant concentration which is normally referred to as the match point, a minimum
in the forward scattering intensity is obtained. If all droplets
~ FIG. 1. The fish diagram. 1 denotes the one-phase microemuln the microemulsion have exactly the same water to AOT
sion region. In the tail of the fish a lamellar phase is often presentratio, the forward scattering will be zero at the match point.
2 and 2denote the two-phase regior.consists of a microemul- - However, if the droplets are polydisperse they will have dif-
sion phase and an excess water phase agdrists of a micro-  ferent water to AOT ratios and there is no single point where
emulsion phase and an excess oil phase. 3 denotes the three-phagedroplets are matched out. Instead the forward scattering
region. Here the sample separates into a microemulsion phase, afj|| show a minimum, which is also referred to as the match
excess water phase, and an excess oil phase. point. The more monodisperse the droplets are, the closer

this minimum is to zero.
gram have served as a model both for polymer systeths

qf ¢ d of wat | and ioni fact The work of Rikaet al.and of Christ and Schurtenberger
and for systems composed ot waler, ofl, and lonic Surtactant, , ., eq to the ongoing discussion in the literature about
which we focus on in this article. It has been suggested th

the bh behavior of mi Isi A h ioni &he microstructure of microemulsions and the size of the
€ pnase behavior of microemu'sion systems with lonic Surbolydispersity and shape fluctuations of microemulsion drop-
factants essentially resembles that of nonionic systems b

Wts. It has been predicted theoretically from a multiple
with a reverse temperature dependefi6g However, this . o . o
comparison mainly holds in systems where the electrolyt chemical equiliborium approadiil1,1 that the size polydis

- . “persity (or/R) should be in the range 0.1-0.2. Experimen-
effects of the ionic surfactants are partly scree'neq by addin lly, polydispersities in the range of 10% to 45% are found
salt to the watef6]. In unscreened systems with ionic sur-

i ! i . 2,13-18. However, numbers between 15% and 25% are
factants the situation is often less simple in practice. Eve

small impurities can have large effects on the phase behavic&[OSt often found. For the nonionic & surfactants there is a
of the system[7,8] and uncritical use of the fish diagram ependence between polydispersity and surfactant type

with reverse temperature dependence as a sketch of the ph (length of alkyl chaip [2,19], whereas the polydispersity is

i
. ; - independent of the alkane typ2].
behavior of the system can be rather misleading. . o .

The system we focus on in the present work is thébis Theoretical descriptions of the magnitude of the shape

. . fluctuations are in general more vague since they depend on
ethylhexy)sulfosuccinate §0d|um satAOT)/water/alkane ._the value of the bending elastic constanand the Gaussian
system. The volume fraction of the AOT/water droplets is ) ) - ]
approximately 5% and the system is studied in a part of th&ending elastic constant [12,20,23. Borkovec stated in
phase diagram where the microemulsion has the microstrud992 that these numbers were not known very precis
ture of AOT covered water droplets in oil. The aim is to get/At that time the numbers found far varied over an order of
information about the polydispersity and shape fluctuationgn@gnitude, between kgT and T, wherekg is the Bolt-

of the droplets by making a contrast variation small-angleZmann constant aniflis the absolute temperature. Since then
neutron scatteringSANS) study of the fluids. much effort has been put into a more precise determination

The study is inspired by the work of Ria, Borkovec, and of the bending elastic constants and sc_avergl te_chniques have
Hofmeier from 1991[9] and the work of Christ and been developed; however, as Gradme]slg pointed out re-
Schurtenberger from 1994.0]. Those authors demonstrate cently .[22'],' the values determined for similar systems still
how the polydispersity of droplets in AOT/water/alkane mi- Vary significantly from one study to another. In interpreta-
croemulsions can be determined very precisely from contradtons of experiments the size of the shape fluctuations is of-
variation light scattering data in the vicinity of the optical (€N expressed in terms of the mean square amplitgé?)
match point. At zero angle the scattering depends, to firsef | =2 terms of the spherical harmonif2,14,15,21 This
order, only on the volume distribution of the droplets andcorresponds roughly to the amplitude of peanutlike deforma-
one therefore has a means of decoupling the polydispersitjons. The parametefu,|?) is convenient for Some purposes
from the shape fluctuations. By these meank®et al.ob- ~ Since it can be related to the bendlig elastic constaand
tained a polydispersity index af/R,,=12% in the AOT/ the Gaussian bending elastic constar{20,21.
water/hexane system, whereas Christ and Schurtenberger, The aim of the present work is twofold: We want to in-
surprisingly, obtained very different polydispersities in thevestigate whether it is possible to obtain consistent and

Microemulsion

Temperature
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unique information about both polydispersity and shape flucmodel that on one hand was sufficiently detailed to account
tuations of microemulsion droplets from small-angle scatterfor all the details of the contrast variation data and on the
ing data and we want to determine the magnitude of thether hand contained only the necessary number of fitting
polydispersity and of the shape fluctuations. parameters. For the analysis the scattering data from all con-

It is well known that the small-angle scattering patterntrasts were analyzed simultaneously, using the same model
from ellipsoids is equivalent to that of a distribution of poly- for the full data set while taking the different contrast factors

disperse spheres. However, it has been shown by Caponelfiit® account. _ _ o
et al. [23] that a distribution function leading to a scattering _ 1he final model consists of polydisperse prolate ellipsoids
pattern equal to that of ellipsoids differs significantly from Of revolution interacting as polydisperse hard spheres. At the
the distribution functions, that are normally expected for sys€nd of the article we show that a description in terms of
tems in thermodynamic equilibrium like microemulsions. droplet polydispersity combined with the axis ratio gives es-
The different distribution functions are clearly reflected intimates of the bending elastic constartand «.

the high angular part of the scattering patterns. For spherical

dro_plets distributeq according toa Schulz or Gaussian distri- Il. EXPERIMENT

bution, the scattering pattern will lose the oscillations at high

scattering angles as the polydispersity index increases. For We used deuterated iso-octane andecane from Cam-
monodisperse ellipsoidal droplets these oscillations remaiRridge Laboratories. The decane has a puritgt of 99% and

to some extent. However, it is clear that it is very difficult to the iso-octane has a purity dfof 98%. The AOT was ob-
distinguish ellipsoids and polydisperse spheres from the higkained from Fluka and has a purity of 99%. Thg@was

q part alone. obtained from Aldrich Chemical Co. and has a purity of

We therefore decided to use a similar strategy to that 099.9%.

Ricka et al. and Christ and Schurtenberger but using small- All microemulsions were prepared by mixing the AOT,
angle neutron scattering instead of light scattering. We exoil, and water in a vial. At room temperature the AOT dis-
ploit the facts that SANS measurements provides informasolves easily in the alkane/water solutions. For reasons given
tion in a much wider interval of scattering vectors than lightin the following section, the contrast variation was per-
scattering measurements and that it is possible to make cofermed by varying the ratio of protonated to deuterated al-
trast variation by changing the scattering length density okane. The samples for the contrast variation measurements
the solvent by mixing protonated and deuterated solvent. Iivere prepared according to the following procedure. First
contrast to the light scattering measurements we can keep ti$0ck solutions with volume fractions of 15% AOT and@®
water to AOT ratio and thereby the droplet size fixed. Thisin, respectively, deuterated iso-octane and deuterated decane
seems at first sight to be a simpler method since we expedgtere prepared by weight. Both solutions had molar ratios of
that a change from protonated to deuterated solvent will haveater to AOT {v,) of 38. These two stock solutions were

a smaller effect on the samples than changing the dropléhen diluted into four stock solutions by diluting half the 15
composition. vol % solution of AOT and RO in alkane with hydroge-

When we made our first set of SANS measurements omated alkane and diluting the other half with deuterated al-
microemulsions of AOT/water/decane and AOT/water/iso-kane. The final droplet volume fractions were 0.050 in the
octane with droplet volume fractions at 5%, it was immedi-two AOT/D,0O/iso- octane solutions and 0.051 in the two
ately evident that the two microemulsion systems have #AOT/D,O/decane solutions. The two AOT/D/iso-octane
significantly different behavior at room temperature. Thesolutions were then mixed in different proportions in order to
data showed that the system with AOT/water/decane corebtain varying degrees of protonation of the solvent and con-
tains large aggregates of droplets at room temperatureequently varying scattering length densities. The same was
whereas the AOT/water/iso-octane system forms separatetbne for the two AOT/DO/decane solutions. By preparing
microemulsion droplets at room temperature. In order to geall samples from the 15 vol % stock solutions we were sure
a better understanding of the systems, conductivity measurée keepw, constant within each of the two series of mea-
ments were performed as a function of temperature on AOTéurements. The molecular volumes, mass densities, and scat-
water/decane and AOT/water/iso-octane microemulsiontering length densities used for the calculations for the
with similar volume fractions of water and oil. The conduc- sample preparations as well as for the mathematical model-
tivity measurements suggested that the two systemig of the microemulsion system are given in Table I.
would have similar microstructures with separated micro- The SANS measurements were performed at the SANS
emulsion droplets if the measurements on AOXdtecane facility at Risb National Laboratonf24,25. Using different
were performed at 10°C and the measurements omombinations of neutron wavelengths and sample-to-detector
AOT/D,0Oliso-octane were performed at 20 °C. distances, a@ range from 0.004 A! to 0.26 A~ was cov-

The main points in the work described here are as folered. A wavelength spreati\/\ of 24% [full width at half
lows. The contrast variation measurements were performeshaximum(FWHM)] as determined by the Bragg peaks from
and the data at zero angle were analyzed in terms of a poly silver behenate samp|@6]. The wavelength spread was
disperse hard-sphere model. Then the results of this analysiketermined by making a SANS measurement on a silver be-
were compared to the data in the fgltange. The agreement henate sample and fitting a Gaussian to the first order Bragg
between this simple model and experiment was not satisfageak. The SANS data were azimuthally averaged and nor-
tory and the model had to be refined until we arrived at amalized by the standard approach by division by the scatter-
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TABLE |. Molecular volumes ¥), mass densitiesp(,), and

+
scattering length densitigs, of the microemulsion constituents. / -

Vv (A%) pm (gler?) ps (/cnt)

AOT 648 1.139 0.642 10'°
H,O 30.0 0.998 —0.560x 10%°
D,0 30.0 1.109 6.388 100
h-iso-octane 274.1 0.692 —0.515x10t°
d-iso-octane 274.1 0.802 6.3200'° )
h-decane 323.6 0.732 —0.488x 10
d-decane 323.6 0.845 6.583.0'

ing spectrum of HO [27]. The instrumental resolution ef-
fects are taken into account in the data analysis by
convolution with the appropriate resolution function at each
setting[28]. This is done automatically by the programs used
for data analysis

The fact that the contrast variation measurements were
performed by changing the fractions of deuteratddand
protonatedh) solvents made it in principle necessary to per-
form a background measurement of the solvent mixture for
each contrast. As this would be both very time consuming
and expensive in deuterated alkanes, we tried to make a
shortcut by measuring only the backgrounds of puegkane
and pured-alkane and then afterwards calculate the back-
grounds of the mixed solvents by making linear combina- Q
tions of the background spectra from the pure systems, as is
often done for mixtures of yO and BO. However, this
procedure does not work and the data at high scattering
angles were clearly undersubtracted when the background FIG. 2. The cell for conductivity measurements. For the anode a
was estimated in this way. It was therefore necessary to pethin platinum wire has been melted into a glass tube. The cathode is
form measurements of the background scattering from mixa platinum wire that is bent into an O shape below the position of
tures ofh- andd-alkane. The measurements showed that fothe anode. As the area of the anode is very small compared to the
both decane and iso-octane mixtures, the relatively large siAize of the_ cathode the cell constant is inversely proportional to the
of the molecules result in an angular dependence of the scatf0ss-sectional area of the anode.
tering in the small-angle scattering domain as well as an
excess of scattering for the mixtures compared to the back-
grounds calculated as linear combinatioisee [29] for a As explained in the Introduction it is well known that the
more thorough discussion of these eff¢clEhese scattering microstructure of microemulsions is strongly temperature de-
vector dependent backgrounds have been measured and sglendent. It has been shown that a microemulsion with an
tracted in the experimental data shown in the present workionic surfactant and equal volume fractions of oil and water

The samples were contained in 1 mm Hellma quartz cellswith a little amount of salt added forms a microstructure with
For reasons given in the following section the measurementsurfactant covered water droplets in a continuous oil phase
on the AOT/D,O/decane solutions were performed at 10 °C(w/o) at low temperatures and surfactant covered oil droplets
whereas the measurements on the AQDIso-octane so- in continuous water phas@/w) at high temperatureis,5|.
lutions were performed at 20 °C. For conductivity measureThe temperature dependence of the microstructure is there-
ments, samples having equal volume fractions of water antbre the reverse of that of nonionic microemulsions. As for
oil were prepared. The samples had the same water to AOthe nonionic microemulsions these changes in microstructure
ratio as the samples for the contrast variation measurementsie driven by a change in the spontaneous curvature of the
i.e., wo=38. A CDMB80 conductivity meter from Radiom- surfactant film with temperatufd]. Even though this picture
eter, Copenhagen was used. Due to the high cost of the demay be too simplified for the AOT/water/alkane system,
terated alkanes we made a conductivity cell that could bevhich differs from the above mentioned model system by
used for very small samples. The very simple cell is illus-both the lack of salt in the aqueous phase and by the impu-
trated and explained in Fig. 2. With the dimensions werities of the AOT[8], it is well known from several previous
chose, it was possible to measure the conductivity of samplstudies that the AOT/water/alkane system is very tempera-
volumes down to 0.25 cfn however, it is also feasible to ture dependent. At low temperatures a water-in-oil droplet
construct a smaller cell. structure is formed, whereas, when the temperature is in-

A
/

[ll. CONDUCTIVITY MEASUREMENTS
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15 : : T TABLE II. Temperature intervals of the conductivity jumps for
-~ Z the four samples studied y¢;_ e iS the temperature where the
= conductivity starts to increase ang,.y is the temperature where
; the conductivity reaches its maximum.
5
2> Sample Toff-set (OC) Tmax (OC)
Z
S AOT/H,0O/h-dec 12 17
‘g AOT/D,0O/h-dec 19 25
© AOT/D,0/d-dec 20 26

AOT/D,0/h-iso 28 34

to a structure with connected water domains as explained
100.00 above.
In all four series of measurements the conductivity

£ 10.00 reaches a maximum and then slowly starts to decrease again.
p We have not been able to find such an effect in the conduc-
5 tivity data in the literature. For the present study, we are
» 100 ) mainly interested in the position of the transition from w/o

= i L microemulsions to microemulsions with connected water do-
§ 0.10 - mains, and we have not investigated the effect further.

(o)

(&)

The temperature intervals where the conductivity jump
occurs are given in Table Il. Changing from decane to iso-
° 10 20 20 40 octane shifts the temperature interval of the conductivity
T (°C) jump 9 °C upward in temperature. This observation is in
good agreement with former measureme#4,36 and is
FIG. 3. The CondUCtiVity measurements of the four studied SyS'Connected to the decreasing penetration of solvent into the

tems plotted on a linedtop) and a logarithmicbottom scale.¢ s gyrfactant layer with increasing molecular weight of the sol-
the AOT/H,O/h-decane systent] is the AOT/D,O/h-decane sys- \ant [36].

tem, * is the AOT/QO/d-decane system, andh is the The measurements also show that changing from proto-

AOT/D,0O/h-iso-octane system. nated to deuterated decane has little effect on the microemul-
sion, whereas changing from,D to H,O shifts the conduc-

creased, larger aggregates of droplets are forf86d33. tivity jump 7 °C downward in temperature. The different

A fast and easy way to determine the temperature amasses of the hydrogen atoms in@ and HO have an
which the microstructure of an ionic microemulsion changesffect on the hydrogen bonds between molecules, and the
from a droplet structure to a structure with a continuous wafact that the change fromJO to H,O causes a much larger
ter phase is to measure the conductivity of the microemulchange in temperature than the change from protonated to
sion as a function of temperature. At low temperatures wheréeuterated decane suggests that the water structure plays a

the microemulsion is continuous in the oil phase the conducY€ry important role in the microemulsion phase behavior,
tivity will be very low. As the temperature is increased the Whereas the actual mass densities of the different microemul-

droplets start to form clusters and eventually form larger netSIOn constituents are less important. _ ,
works that allow the counterions of the AOT to move N contrast variation small-angle scattering experiments

around, causing an increase of the conductivitge, e.g., one has to study thea_mestructure at dlffer_ent contrasts in
[34-36). order to make a meaningful analysis. This is most often done

In order to study the effects that the change fromby changing from protonated to deuterated solvent. How-

ever, as we have shown above such a change may influence

protonated to deuterated solvents may have on the MICIQr e system so that instead of studying the same structures at

structure of the mlcroemulsm_)ns, conductivity measurementyitarent contrasts one ends up in a situation where different
were performed on solutions of AOT/h-decane, g ctures are studied at different contrasts. For the AOT/
AOT/D,0/h-decane, and AOT/D/d-decane. The conduc- \yater/alkane system this solvent effect is much smaller if the
thlty of an AOT/Dzo/h-ISO-OCtane emulsion as a function of contrast variation is performed by Varying the degree of deu-
temperature was also measured in order to study the effect @ration of the alkane than if that of water is varied.
changing the alkane type.

_ T_hg four series of measuremen_ts_ are shown in Fig. .3. A IV. SCATTERING EXPERIMENTS
significant increase of the conductivity is observed within a
fairly narrow temperature interval of approximately 6 °C.  All contrast variation measurements are performed on mi-
The very low conductivity observed before the onset of thiscroemulsions with low volume fractions of AOF water
temperature jump is characteristic for a w/o microstructure(5.1% for the AOT/water/decane system and 5.0% for the
The high conductivity observed at high temperatures is duéAOT/water/iso-octane systemThis very asymmetric com-
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1000.00 ' ' (a) perature development of th&r) functions as being due to
(00.00k 88 1 the fqrmatlon of clusters or a.ggregates' of t;iro_plets with in-
' creasing temperature. This interpretation is in agreement
g 1000k ] with earlier studiegsee, e.g.[30,31)).
~ In order to safely avoid these aggregation phenomena
= 100k ] we have performed the contrast variation measurements
= well below the onset of the conductivity jump in the sym-
0.10k ] metric microemulsions. Thus the measurements on the
AOT/D,0O/decane solutions are performed at 10 °C whereas
0.01 ' ' the measurements on the AOTAViso-octane solutions are
0.001 O‘qu (1/A)o,1oo 1.000 performed at 20 °C. The contrast variation measurements are
performed by changing the ratio dfalkane toh-alkane, and
015 as the change frord-decane toh-decane has only a small

(b) effect in the conductivity measurements we expect the effect
to be negligible in the contrast variation measurements.

The contrast variation measurements are shown in Fig. 5
(AOT/D,0Ol/decane) and Fig. 6 (AOTHAD/iso-octane). Each
contrast is shifted by a factor of 5 in the plots. The scattering
length densities of the solvents for the different contrast are
written in the figures. In the lowermost data set in both fig-
ures the solvent is purd-decane @-iso-octane). This con-
trast is often referred to as the shell contrast, since the main
o 100 200 300 400 contribution to the scattering comes from the AOT shell. In

r (A) the uppermost data set in each of the figures the solvent is
) 2/3 h-alkane and 1/3l-alkane. This contrast is a core-shell

FIG. 4. Temperature dependence of AOJIBh-decane micro-  contrast with a positive excess scattering length density of
emulsion (bulk contrast with a volume fraction of 5%(a The e b O core and a negative excess scattering length density
scattering data antb) the pair-distance distribution functions as o the AQT shell. The match point, i.e., the point where the
obt?med by |nd|recE Fourier transform. * is taken at 15°®©, at scattering length density of the dropldtsater + AOT) on
25°C, andA at 30°C. - . .

average is closest to the scattering length density of the sol-
vent, is found between these two extrema, approximately at
position of the microemulsion is of course most likely to 1/3 h-alkane and 2/3l-alkane. As we show in the following
enforce a w/o droplet structure in the full temperature rangeection the position of the match point is roughly determined
where the microemulsion is thermodynamically stable. How-by the degree of deuteration of the water core. In order to
ever, the temperature dependence observed in the conductiwinimize the incoherent background as much as possible we
ity measurements for the symmetric microemulsions turngenerally wanted our system to have as high a degree of
out to be reflected in the droplet interactions of these dilutedleuteration as possible. For this reason the match point was
systems. Figure(4) shows the scattering data obtained on amoved as much as possible to the deuterated side by using
microemulsion with 5 vol % AOT and fD in h-decane for  pure D,O in the water cores.
three different temperatures. The scattering at low angles in-
creases with increa;ing temperature, which shows that .the V. ANALYSIS OF THE SANS DATA
size of the droplets increases, probably due to t_he formation FOR THE MICROEMULSION SYSTEM
of clusters or aggregates of droplets. The effect is even more
visible in the so-called pair-distance distribution functions, We assume that the microstructure of the microemulsion
p(r). Thep(r) function is related to the correlation function can be described as an isotropic suspension of droplets. The
¥(r) by p(r)=r?y(r), and can be obtained by an indirect scattering from a system of polydisperse spherical objects is
Fourier transformatiorf37] of the scattering data. As the generally given by38,39
name suggests(r) gives the distribution of distances within
pairs of scattering centers in the droplets weighted by the
scattering length densities of the points connected by the
vectorr. For bulklike or homogeneous contrasts, like the one .
studied in Fig. 4, the value affor which p(r) goes to zero Xf dR'N(R)f(q,R")H(q,R,R") (1)
gives the maximum distance that occurs within the droplets. 0
For the same contrast spherical objects give rise to a bell-
shaped curve, and if the objects are elongdted/ery poly-  where N(R) is the number size distribution function and
disperse p(r) will have a tail and go to zero at a higher f(q,R) is the scattering form factofamplitude of a single
value. This is exactly what we observe in Figh¥ where  spherical object of radiuR and excess scattering length den-
the pair-distance distribution functions obtained by indirectsity p(r). H(q,R,R’) describes the interparticle interfer-
Fourier transform are shown. We therefore interpret the temences between spheres with ragiandR’.

0.05

p(r) (arb. units)

0.00

|<q>=f:dRMR>f(q,R)2+ f:dRr\Kqu,R)
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A. The distribution function

In the present work we have choslIR) to be a Gauss-

1.000

N(R)=Ce (R~ Ray)?/20° 71 ) (3)
2R3

ian distribution in the droplet volumes. This choice of distri-
bution function follows the results of the work of Eriksson

and Ljunggren11,12. Using a multiple chemical equilib-

C is a normalization constant determined from the constraint

rium approach they predicted the distribution function, in-

cluding the width of the size distribution for a given micro-

emulsion. It turns out that the predicted distribution function ~ ["max

is very similar to a Gaussian in the droplet volumes. For the Varoplet= frmm $(R)AR, “)
fits we also tried to use a Gaussian number distribution and

to use Schulz volume and number distributions, and in prac-

tice it did not make any significant difference.
A Gaussian volume distribution has the form

¢(R):Ce*(R*Rav)2/202 (2)

so that the corresponding number distributiéfR) becomes

where Vyqpier denotes the volume fraction of the droplets
(water corep in the studied system anR is the droplet
radius taken at the water-AOT interface.

For the fitsN(R) was calculated in the intervale {R,,
—40;R,,+40}. However, ifR,,—40<0, the distribution
was cut off at zero. The distribution was approximated using
10 equidistant points.
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B. The form factor N(R) is normalized according to E@4). The area per head

From the sample preparations we know the volume frac9roup of the AOT moleculeshcaq, is given by the fraction
tions of water and AOT in the microemulsions. This infor-
mation is used as a constraint in the modeling and allows us Anead=AINaorT, (6)
to calculate the area per head group of the AOT molecules
for a given size distribution of the droplets. For the calcula-where the number of AOT molecules per unit volume,
tion we have assumed that the area per head group of thé,qt, is given byVaot1/vaoT, Wherev oot is the molecular
AOT molecules taken at the water-AQT interface is constanbf the AOT molecule(see Table)l
for all droplet radii while the thickness of the AOT layer  Knowing A4 the dependence between the thickness of
depends slightly on the radius. These constraints are includetle AOT layer,D,ot, and the core radiuR is calculated
in the expressions given in the following. from simple geometrical considerations. The number of
The total surface area at the water-AOT interface per uniAOT molecules, Ng, in a droplet of radiusR equals
volume is calculated by integration over the droplet radius: 47wR?/A.4. The total volume of droplet and shell is
47R3/3+ NgXvao7; this volume is also equal to AR

A frmax47TR2N(R)dR, (5)  *+Daon?3. Using this we get
"min
3Ry 1/3
. . . Dpor=| R%+ —F—>| -R. (7)
whereR is the radius taken at the water-AOT interface and Anead
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From the sample preparations we also know the degree dfifferent axis ratios for the core and shell of the droplets,
deuteration of the alkane. Together with the informationwhich it is straightforward to include in the form factor cal-
about the partial molecular volumes of the different constitu-culation[38].
ents and their scattering lengths, this allows us to calculate
the scattering length densities of the core and shell of the C. The structure factor
droplets and of the surrounding alkane.

We have used the scattering form factors of sphpt6$ About ten years ago Robertesal.[13,30 made a 5”_‘5‘”'
and ellipsoid441] for the model calculations. The form fac- angle x-ray scatterlngSAXS) Study of AOT droplets n a
tors are weighted by the volumes of the core and shell of th§YStem of AOT/HO/iso-octane. The system was studied at
droplets and their scattering length densities. For a review ofemperatures between .25 an_d 37 C where the microemul-
these form factors and many others, §88]. sion droplets become increasingly st|cky_and start to form

For spherical droplets the form factor is clusters of droplets as the temperature rises. It was shown

how the interactions between the sticky droplets as measured

f(q)=Ve(pe—ps)F1(qRe) + (V. + Vo) (ps— po) F1(QRy), by SAXS could be modeled using the structure factor for
8 polydisperse droplets interacting via a sticky hard-sphere po-

tential. As described earlier we have deliberately chosen to
whereV, andV; are the volumes of core and shell, respec-perform our measurements at temperatures well below the
tively, pc, ps, andp, are the scattering length densities of temperatures where the droplets start to form clusters. There-
core, shell, and alkane, respectively, @dand R are the  fore, we did not use the model that includes stickiness of the

radii of core and shell, respectivelly, is given by[40] spheres.
. In the present work we have used the structure factor for
_,Sin(gR)—gRcogqR) a distribution of polydisperse hard spheres calculated in the
F1(qR)=3 (qR)3 ' ©) Percus-Yevick approximation as given by fd3—45. This

structure factor requires that the hard-sphere interaction ra-
For the ellipsoidal droplets the form factor has to be orien-dius Rys for each droplet size and the hard-sphere volume
tationally averaged numerically: fraction vyg are defined. We simply useR,s=Rg and
B vys= v, WhereRg is the outer radius of the AOT shell and
P - 5 is the volume fraction of water plus AOT.
(f(@)%)o= Jo (Ve(pe— ps) F1(QReVsinF 0+ e¢ cos6) In principle this structure factor works only for polydis-
perse spheres but due to the lack of better models we also
+(Vet+ V) (ps—po)F1 used it for the ellipsoidal droplegs, substituting the, R)?
. ) term of Eq. (1) with (f¢;(q,R)), and substituting the
X (GRs\'sir’ 6+ &5 cos6)?)?singde.  (10) f(q,R) term with(fe||(q<, R))o, whcire()0 denotes the orien-
tational average. For the hard-sphere interaction radii of the
ellipsoidal droplets we used the radii of spherical droplets of
similar volume.
In the following we will make references to the effective
structure factoiSg¢¢(q), which is

As above,V. and Vg are the volumes of core and shell,
respectivelyp., ps, andpg are the scattering length densi-
ties of core, shell, and alkane, respectiv@&y,andR; are the
semiaxes of core and shell, respectively, apdand e are
the axis ratios of core and shell, respectively.

For the fits the orientational averaging was performed

|
over ten orientations evenly distributed between 0 ati2l Serf(d) = — (@) ; (12)
We have used the same volume distribution function for the J dRN(R)f(q,R)?
ellipsoidal droplets as for the spheres, lettRin ¢(R) de- 0 '

note the radius of a spherical droplet with the same volume
as the ellipsoidal droplet. where the numerator is given by expressiéhand the de-
The area per head group of the AOT molecules is calcunominator is the pure form factor for scattering from the
lated using an expression similar to H§) but with an ex-  polydisperse droplets. It should be noted ti%at:(q) de-
pression for the surface area of, respectively, prolate angends significantly on the scattering length density profile of
oblate ellipsoid442]. If the droplet volume is kept constant the droplets; this implies that the expression Fog) does
the area per head group changes only slowly as the droplet®t generally factorize into a product of a form factor and a
are elongated or flattened into prolate or oblate ellipsoidsstructure factor even though this is often assumed. It should
For example, for prolate ellipsoids with an axis ratio of 2, also be noted that for a droplet volume fraction of 5% the
A /Asp=1.024, whereA; and Aq, are, respectively, the effective structure factor is still significant. R=60 A and
surface areas of an ellipsoid and a sphere with the sant@e polydispersity index/R=17%, then the effective struc-
volume. ture factorS.¢¢(0)~0.7 with a small dependence on the ac-
The thickness of the AOT layer of the ellipsoidal dropletstual contrast. However, close to the match pdgii(q) is
is estimated using an expression similar to Ef). By add-  approaching unity and for monodisperse particles the struc-
ing the Dot Obtained to the minor and major axes of the ture factor effect vanishes totally at the match point. This can
water cores, we obtain ellipsoidal droplets covered with arbe understood by inspecting the second term of(EQ.The
AOT layer of approximately constant thickness. This leads tastructure factor is weighted by the form factor. Since this
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average is zero at the match point, the structure factor van- 100.000F
ishes(see[46] for a more thorough discussion of the sub- i
ject)_ 10.000
When analyzing contrast variation data measured around :
the match point, the fact that the structure factor vanishes at
the match point has the important consequence that one can-
not simply replace the structure factor by a constant at zero
angle as was done by Gradzielskial.[2]. If this is ignored,
the depth of the minimum in(0) will be underestimated,
leading to a too large value for the polydispersity index.

1.000

1(0) (1/cm)

0.100k

0.010¢

0.001 [ L 1 L )
D. The scattering at zero angle 0 2x10'%  4x10'% ex10'% 8x10'% 110"
p (1/cm?)

At zero angle the form factor expressions for both spheri- 100.00F
cal and ellipsoidal droplets reduce to :

f(o):VC(pC_pS)+(VC+VS)(pS_ PO) (12 10‘00§

Inserting this expression in E@l) and noting that to first
order the structure factor is similar for spheres and ellipsoids
at q=0, we see that the scattering at zero angle is a direct
way of measuring the size distributidv(R) of the droplets.

In contrast there is no dependence on the shape of the drop-
lets in the scattering at zero angle.

1.00
E 100% D,0, A,=58.0 A

75% D,0, A,=58.0 A?

I(0) (1/cm)

50% D,0, A,=58.0 A2

1 1 1 1
0 2x10"0  4x10'%  6x10'® 8x10'9  1x10""

p (1/cm?)

E. The fitting routine

We used a combination of the Levenberg-Marquardt 100.00F
method and a grid search for the model fitt[dd]. Far away -
from the minimum the fitting parameters were optimized us-
ing the Levenberg-Marquardt method and close to the mini-
mum the grid search was used. The error bars of the fitting
parameters were estimated by changing one paramet¢a
time and minimizingy? by fitting the other parameters. The
changeda; that gives rise to an increase yf of x%/(N i
—P), whereN is the number of data points arilis the 0.10F
number of fitting parameters, corresponds to the 68.3% con- i
fidence interval around, i.e., to 5a; equal to the standard . . . .
error[48]. This procedure takes into account correlations be- 0 2x101%  4x1010  6x10'® ax1019 1x10"
tween the parameters. p (1/cm?)

10.00}

Re=75 A, A=46.4 A2
R.=60 A, A;=58.0 A
Ra=45 A, A=773 & |

I(0} (1/em)

FIG. 7. The forward scattering for different model parameters.
VI. RESULTS AND DISCUSSION (a) The polydispersity is varied for a system with,® cores and
|with Ry, =60 A. The curves are for/R,,=0, 17, and 33 %(b)
The polydispersity is kept fixed at 17% at},=60 A, and the
scattering length of the water core is varied by varying the

The strategy of the data analysis we describe in the fo
lowing is to extract the size distribution of the droplets first

by analyzing thd (0) data. Afterward the information about D,0/H,0 fraction. (c) The droplet radius is varied for a system

the shape O.f the droplets 1S Obt.am.ed by analyzing thedgfull with D,O cores and witho/R,,=17%. The curves are foR,,
range. In this way we are in principle able to decouple the_ ,c ¢0" .4 75 &

information about size and shape fluctuations in the scatter-

ing data. As explained in Sec. V the models used for the fits o ]
are all molecularly constrained and on an absolute scale. €ffect on the depth of the minimum in(0) at the match
point. If the droplets are monodisperse, they will all have the

A. The 1 (0) data same composition and the same average scattering length
’ density of core and shell. Therefore, all droplets are matched
Figure 7 shows model calculations bf0) for different  out at the same scattering length density of the solyepntif
sets of parameters. The sample composition is kept fixed atthe droplets are polydisperse, they also have different com-
volume fraction of 5% AOT+ water and at a water-to-AOT positions and are consequently matched out at different scat-
ratio wo=38. Model calculations for a system with pure tering length densities of the solvent. We also note that the
D,0 cores are displayed in Fig(gJ. The polydispersity in- position of the match point moves slightly as the polydisper-
dex o/R is varied, while the mean radius of the droplets issity index changes. The explanation for this is that the scat-
kept fixed at 60 A. Increasing the polydispersity has a largeering intensity from the droplets is proportional to the vol-
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ume of the droplets squared. This means that the large 100.00F
droplets scatter more than the small droplets and that the A
match point moves in the direction of the large droplets. 10.00F
Finally, we note that the area per head group, which is cal- :
culated by integration over the volume distributions, in-
creases as the polydispersity index increases. The explana-
tion for this is that the small droplets have a larger area per [
volume than the large droplets. When the polydispersity in- 0.10F
dex increases, the volume fraction of the very small droplets i
and the total surface area of the solution increases. As the 0.01L . ) .
sample compositions are fixed in these calculations this im- o 2x10'% 4x10"% 6x10'9 sx10'°
plies that the area per head group increases. p (1/em’)
In Fig. 7(b), the composition of the water core is varied
while R=60 A anda/R=17% are kept fixed. The model is 100.00F
calculated for cores consisting of 50% ®/50% D,O and A
75% H,0/25% D,O, and finally for a core with 100% JO. 10.00
As changing the composition of the water core leads to a i
change in the average scattering length density of the drop-
lets, the main effect of this change is that the position of the
match point is moved. However, we also note that the i
change has an effect on the absolute scattering length density 0.10
at the match point. The reason for this is that the excess ;
scattering length densities of water and AOT increase as the 0.010 s . .
degree of deuteration of the water cores increases. 0 2x10'% 4x10'% 6x10'0 gx10'0
In Fig. 7(c), the model calculation is for a system with p (1/em?)

pure DO cores where the mean droplet radius is varied g g Tphe experimental data fo(0) and the fitted model

while the polydispersity indexr/R is fi>§ed at 17%. This_has for (a) the AOT/D,O/decane microemulsion an) the AOT/
an effect only on the absolute intensity of the scattering. Ag_oyiso-octane microemulsion.

the calculations are performed for a fixed composition, the

match point does not move. However, as the small droplets e first tried to use the counting statistics uncertainties
are more area consuming than the large droplets, the area pfe¥ the 1(0) data. But, due to the large difference in the
head group, calculated by integration over the volume distriabsolute intensity between the points close to and the points
butions, increases. far away from the match point, the points far away from the

To summarize we note that the depth of the minimum ismatch point have relatively small uncertainties and therefore
mainly determined by the polydispersity indexR, the po-  very large weight in the calculation gf2. In contrast, the
sition of the minimum is mainly determined by the compo- points close to the match point, which are really the points
sition of the water cores (30 versus BO), and the absolute that contain the information about the polydispersity, have
intensity is mainly determined by the mean radius of thealmost no weight. So even though we obtained fits with rela-
droplets. For the fits we therefore took the mean radius, théively low y?, the agreement between experimental points
polydispersity, and the purity of the D as fitting param- and fits, when plotted on a logarithmic scale, was not satis-
eters. When fitting the purity of the O we assumed that the factory. We decided therefore simply to set the uncertainties
main impurity in the QO is H,O. As it is well known that  of the experimental points to 10% of their values. In this way
AOT comes with a small amount of water bound to it, athe points are evenly weighted in the fits, which makes sense
small contamination of kD is to be expected in the system. as we expect the main uncertainty in the points to originate
The water bound to the AOT and the water in the alkane willfrom the accuracy in the sample preparations.
exchange with the BD of the water droplets, giving riseto a  The scattering data together with a least-squares fit of the
purity of the D,O in the water cores lower than the 99.9% of model (12) are shown in Fig. 8. It shows the data for
the added BO. AOT/D,0O/decandFig. 8a)] and AOT/D,0Ol/iso-octandFig.

The least-squares method used for the fitting procedur8(b)]. The model parameters are given in Table Ill. The ex-
uses the statistical uncertaintiesas weights in the calcula- perimental data as well as the fits show that there are only
tion of x? [38]. These uncertainties are usually calculatedminor differences in the droplet polydispersity in the two
from the counting statistics. This method of calculating thesystems. The fits showed unexpectedly that the average ra-
uncertainty implicitly assumes that the uncertainty on thedius of the droplets is larger in the AOT4D/decane system
ordinate of the points is vanishing, which makes sense inhan in the AOT/DO/iso-octane system.
many experiments. However, in these contrast variation ex- The values determined for the polydispersity are compa-
periments the ordinate of the data points depends on theable to the value determined by contrast variation light scat-
scattering length of the solveniy, which again depends on tering by Rika, Borkovec, and Hofmeier, who found
the accuracy of the sample preparations. o/R,,=12% in the AOT/water/hexane systgf] and to the

1(0) (1/cm)

1.00k

1(0) (1/cm)
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TABLE lll. Parameters of the fits shown in Fig. By, denotes It should be noted that polydispersities of 10%—-12% are
the mean radius of the water core of the droplet®,, denotes the  in the lower end of what is expected, both theoretically and
polydispersity and Purifyo is the purity of the RO. Note that  experimentally, for the polydispersity of microemulsion
Aneaa: the area per head group, is not a fitting parameter, but calgroplets[2,11—1§.
culated by integration over the surface of the droplets in the model
system. B. Analysis of the scattering data in the fullq range
Parameter AOT/BO/dec AOT/D,0liso When we use the parameters obtained from the fit to the

I1(0) data to calculate the scattering in the fglkange, we

Ra (A) 61.91+1.1 56.34-1.0 ;
o/R 0.094+ 0.009 0.126:0.010 get a good agreement between model and experimental data
Puri?;/ 0.928+0.004 0.923 0.004 at low g values; however, at highay values the modeled
A [2252) h9i1o0 60.71 2 I(q) is much more oscillatory than the experimenttéd).
head rI= sl=

This is shown in Fig. @) for AOT/water/decane and in Fig.
9(b) for AOT/water/iso-octane. This suggests either that the
value of o/R,,=10% determined by Christ and Schurten- droplets are more polydisperse than indicated by It
berger10] for the AOT/water/decane system. As mentioneddata or that they are nonspheri¢al both.

in the Introduction, Christ and Schurtenberger measured very As thel(0) data, in principle, should contain the informa-
different polydispersities in the AOT/water/decane systention about the volume polydispersity of the droplets, we first
and AOT/water/iso-octane system. Such a difference was ndtied to fix the polydispersity at the value obtained from the
found in our experiments. A reason for the large differencd (0) data. We then allowed the droplets to take the shape of
in the polydispersities measured by Christ and Schurtenellipsoids of revolution by fitting the axis ratio of the drop-
berger may be that the measurements on both systems wdets while keeping their volume and volume distribution
performed at 25°C. At this temperature the droplets in theixed. This strategy, which seems very reasonable in theory,
AOT/water/decane system will, according to our measuredid not work in practice. Even though allowing the droplets
ments, form larger aggregates, which has an effect on th® become ellipsoidal smears out the oscillations, the model

[(0) data. curves were still much too oscillatory compared to the ex-
10000.00 E = . g
: (0);
1000.00 E
100.00 =
€ F E
g C ]
= 1000F =
O é
100 Po=1.65%10" -
r Pe=4.09x10" 1
o10F poctsaxto® 3 FIG. 9. The model fitted to th(0) data and
C ] experiment in the fulpg range.(a) The data from
0-%1001 e '(')'0'10 —— "0'1'00 S the AOT/D,O/decane microemulsion taken for a
' ‘ a (1/4) ' : shell contrast §,=6.59x 10'° 1/cn?), at the
match point p,=4.09x 10'° 1/cn?), and for a
bulklike contrast po=1.65x10'° 1/cn?). (b)
10000.00E T T 3 . . .
£ (b)3 Similar contrasts for an AOT/fD/iso-octane mi-
- . croemulsion. Each data set is multiplied b§ 5
100000 ¢ bl E wheren runs from 0 to 2 starting from the low-
F ] ermost spectrum.
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= 1000F E
z : ]
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010 =
E £=6.59x10" 3
0.01_ . P | L ) . e
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perimental curves. This suggests that the polydispersities decule. For this reason the model was modified to allow for

termined froml (0) data are too low. some of the water molecules to enter the AOT shell. We
In the next step we decided to disregard the informatiorfitted a parameten,, which is the number of water mol-

from thel(0) data and fit a model for spherical droplets to ecules per AOT molecule in the hydrophilic shell. Butrgs

the scattering data in the fudl range. Introducing this modi- quickly converged to a value near zero we concluded that the

fication of the model leads to reasonable fits and to an invalue ofny is too low to be visible in the experiment and

crease of the polydispersity index to 16% for both systemsdecided to fixn, to zero.

The average droplet radius determined in this way is close to

60 A for both systems. In the fits the hard-sphere volume Surface roughness of the AOT layer

fraction v, was set equal tav wherec is a fitting param-

eter andv is the droplet volume fraction. In this way the

effective hard-sphere structure factor is fitted. We expected

to be close to unity so that the effective hard-sphere volum

fraction would be close to the droplet volume fraction, but

the fits suggest that the hard-sphere volume fraction is close

to zero, implying that the structure factor effects are almost ~ Layer of densely packed water near the AOT interface

VaniShing. We believe that a pOSSibIe explanation for this is It was previous|y shown by Sverglﬁﬁl] by SAXS mea-

that the fitting routine compensated for an incorrect formsyrements on solutions of proteins that a thin layer of

factor by lowering the importance of the structure factor. Thedensely packed water is present at the protein-water inter-

next step was therefore to try to fit the model for enipSOidalface. We placed a thin layer of densely packed water inside

droplets again, but this time allowing the polydispersity to bethe droplets next to the the AOT film. The thickness of this

different from the value determined from th€0) data. The |ayer was fixed at 2.6 A and the scattering length density of

fits obtained in this way were better and had a low&than  the layer was set t&X, X pp o Where X is a fitting

the fits with spherical droplets. However, the hard-sphere  Pp0n T2 P00

volume fractionvy g used for the structure factor calculation parameter. In the f|ts(pD20w1.25. The numbers fo)(pDzo

is still much lower than the droplet volume fraction. and the used thickness of the hydration layer are in good
For the first analysis the model fitted to the experimentalagreement with the numbers determined by Svefgdhand

data was relatively simple and contained only the averagéhe modification improved the quality of the fits.

droplet radiusR,, , the polydispersity index/R,, , the axis

ratio of the dropletse, the hard-sphere volume fraction di- Small AOT micelles in the alkane

vided by the droplet volume fractiory and the purity of the

D,0 together with an overall scale factor to take into accountsz?gﬁ dmso\%frlcitrle?tnz;ls[%%%gg(s)ttﬁd ?ths ;Vr?a[:( géé\lggrri‘gg of
errors in the absolute scale. Backgrounds for the differen 9 ) : group y

spectra were also fitted in order to account for minor errorsil ?;Hc_ggglls dg;iﬁicggﬁ:én%fdﬁ: Xg_l’_a‘%rmrg'csrg;ﬂ“igoﬂs
in the subtraction of the incoherent backgrounds. Y

During the process of data analysis we tried to improvem'ce"es in the alkane solution. Our model was modified to

this basic model in several different ways which are listed allow for such small micelles in the alkane and the volume
explained, and discussed below fraction of AOT present in small micelles was fitted. As the

volume fraction of the small micelles quickly converged to a
value near zero we decided not to include this effect in the

model.
The AOT molecule can be separated into a hydrophobic

tail consisting of the two 2-ethylhexyl chains and a hydro-
philic head group consisting of the rest of the mole¢di). _ _ _ _
This means that the tail is composed of 16 C and 34 H, while As explained in the experimental section the samples for
the head group is composed of 7 O, 4 C, 3 H, 1 Na, and 1 She different contrasts were prepared by mixing two stock
If it is assumed that the 2-ethylhexyl chain has the saméolutions in different proportions by weight. As very small
density as 3-ethylhexane (0.714 gRymthe molecular vol- amounts of sample were prepared, approximately 0.25 cm
ume of the hydrophobic chains is 526 And the molecular for each contrast, small errors can have relatively large im-
volume of the head group is 122°AThe scattering lengths Portance for the scattering length of the solvent. T(@)

of the hydrophobic and hydrophilic parts are then, respecdata points should in theory fall on a parabola, but as ob-
tively, —0.395x 10° 1/cn? and 5.1 109 1/cn?. The  served in Fig. 8 some of the data points are off this parabola.
Separation of the AOT shell into a po|ar and an ap0|ar |ayefrhe main reason for this is the Uncertalnty of the Scatterlng

improved the quality of the fits without changing any of the length of the solvent originating from the accuracy of the
conclusions significantly. sample preparations. Therefore we decided to implement the

possibility of accounting for imprecise sample preparations
in the model. This was done in practice by allowing a small
volume fraction of thed-alkane to beh-alkane(or the oppo-
When the AOT is dissolved in water, water moleculessite) and fitting this uncertainty for each of the contrasts. The
will form hydrogen bonds to the polar part of the AOT mol- fitted uncertainties are generally very sméélss than 2%

A roughness of the AOT/alkane interface was imple-
mented by multiplying the form factor by exp(qS)%/2],
gvhere Sy is the surface roughne$80]. This modification
improved the quality of the fits at higl values.

Separation of the AOT shell into a polar and an apolar layer

Errors of the sample preparations

Water molecules bound in the AOT shell
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TABLE IV. Parameters of the fits shown in Figs. 5 andRg, is
the mean radius of the water core of the dropletR,, is the
polydispersity,e is the axis ratio of the water cores,s the hard-
sphere volume fraction divided by the droplet volume fractigg,

is the surface roughness, and Pujyis the purity of the RO.  gata and thé(q) data will be discussed further in Sec. VIC.
Scale is a constant overall scale factor. Note Ajatq, the area per The effective hard-sphere volume fractions used for the
head group, is not a fitting parameter, but calculated by integratiostructure factor calculations are in both cases significantly
over the surface of the droplets in the model systgfiis a mea-  smaller than the droplet volume fractions. In the system with
sure of the deviation between experimental data and model. AOT/water/decane the effective hard-sphere volume fraction
is as low asv5X0.25, wherevys=0.051. This means that

purity of the D,O as provided by the manufacturer, but the
purity of D,O in the water cores, where both Naounter-
ions from the AOT and KO molecules bound to the AOT
are present. The different results of the analysis ofl{itg

Parameter AQT/RO/dec AQT/B,Oliso the structure factor effects almost vanish. This is surprising
R, (A) 60.74+0.11 61.8%0.11 and suggests that the droplets are still somewhat sticky
av S ) ) [13,31 at these low reduced temperatures. These effects can-
/Ra 0.15670.0004 0.15640.0008 not be modeled directly by the hard-sphere structure factor
€ 1.558-0.017 1.716:0.017 we are using, but in both approaches the model would com-
¢ 0.251+0.053 0.684:0.020 pensate for the effects by lowering the hard-sphere volume
SR(A) 2.89+0.05 2.24-0.04 fraction.
Purityp, o 0.9281+0.0005 0.9308 0.0005 It has also been necessary to fit overall scale factors for
Scale 0.898& 0.0018 0.7804 0.0014 the models. This is mainly done in order to compensate for
Xp o 1.276+0.006 1.22%0.005 errors on the absolute scale of the data. Usually values of
Anend (A2 54.22+0.15 53.11+0.15 unity within about 10% are to be expected. .As all scattering
X2 6.25 562 data are converted to an absolute scale using the sgi@e H

spectrum, the scale factors should be identical for the two
systems. But as seen in Table 1V the scale factor fitted for the
and randomly distributed around zero. The modification im-AOT/water/iso-octane data is lower than the scale factor fit-
proved the quality of the fits significantly without changing ted for the AOT/water/decane system. This is probably the
any of the conclusions. result of some apparent systematic errors in the absolute
scale of the iso-octane data which are reflected very clearly
We tried fitting a model for polydisperse hard sphere asn the 1(0) data from the iso-octane system. As mentioned
well as a model for polydisperse hard ellipsoids with theearlier these data should form a parabola, but as seen in Fig.
modifications listed above. Again, the best fite., the low-  8(b) some of the points fall relatively far from the parabola,
estx?) were obtained with the model for ellipsoidal droplets. especially at low values for the scattering length density. The
The fits are shown in Fig. BAOT/water/decaneand Fig. 6 fitting routine compensates for these errors by adjusting the
(AOT/water/iso-octaneand the fitting parameters are listed scale factor.
in Table IV. It should be noted that, even though the fits We have not listed the uncertainties of the sample prepa-
were improved significantly by the modifications listed rations, which are also fitted in the routine. The values ob-
above, the main parameters of the fRg,,, o, €, and the tained for the uncertainties correspond to an uncertainty of
purity of D,O, were essentially unchanged. less than 2% of the values for the fractions of deuterated and
Table 1V shows that the model parameters are very simiprotonated alkane obtained by weighing during the sample
lar in the two microemulsion systems. For AOT/water/ preparations. A higher precision cannot be expected for the
decane the average radius is 60.7 A, the polydispersity indexery small amounts of sample prepared for the experiments.
is 0.16, and the axis ratio is 1.56. For AOT/water/iso-octaneHowever, for two of the samples higher numbers for the
values of 61.8 A, 0.16, and 1.72 are determined. This resultancertainty were obtaine@ip to 6%). These were the AOT/
in areas per head group that are also very similar in the twevater/iso-octane samples corresponding to the two leftmost
systems, 54.2 A for AOT/water/decane and 53.1°Afor  points in Fig. &b), which fall far away from the parabola in
AOT/water/iso-octane. the 1(0) curve as mentioned above. Uncertainties in the
The similarity of the results for the iso-octane and decangample preparations of this magnitude are unrealistic. Disre-
systems disagrees with the results of the analysis of(g  garding these two contrasts from the iso-octane data the fit-
data, which suggest that the droplets in AOT/water/decaneged uncertainties are generally randomly distributed around
and AOT/water/iso-octane have different values for the dropzero. It is important to note that the determination of the
let radius, polydispersity index, and area per head groupincertainties was one of the last steps in the fitting proce-
Since many more data points containing much more infordure. This combined with the small and randomly distributed
mation are fitted in the analysis of the data in the fyll uncertainties ensures that fitting the uncertainties filters away
range, this latter analysis is much more reliable. However, ismall systematic errors in the contrast factors rather than
should be noted that the values for the purity of th®as  forcing the data to fit the model, which one needs to be
determined froml(0) data andl(gq) data are very close, aware of.
which they should be, as the modeled position of the match The actual numbers f&®,, ando/R,, depend slightly on
point is mainly determined by this parameter in both ap-the type of distribution function used. As explained earlier
proaches. Values of 0.92-0.93 may seem low for the purityve have used a Gaussian volume distribution in the present
of the D,O, but it should be remembered that this is not thework. The numbers for the radius and the polydispersity ex-
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pressed in terms of a Gaussian number distributiEmoted D. Determination of the bending elastic constantc and the
N(R)] are Ry, nr)~54 A for Rav,s(ry=61 A, and Gaussian bending elastic constantk

/Ry N(Ry~0.17 for o/Rq, 4(r)=0.16. If the Schulz distri- As mentioned in the Introduction the size of the shape
bution is used the polydispersity is given in terms of thefctuations is often expressed in terms of the average ampli-
parameterz. The relation between/R,, andzis given by  tyde(|u,|) of I=2 oscillations of the spherical harmonics.
0/R,,=1/yz+1. This means that/R,, 4r=0.16 corre- The angular dependent radius of the modeled droplet in
sponds toz~38 for the Schulz volume distribution ardd  terms of the spherical harmonids,(,6) is expressed as

~ 35 for the corresponding Schulz number distribution. [56]

C. Comparison of measurements of polydispersity determined
from 1(0) data and from I (q) data

R(6,6)=Rq, 1+|r§ﬂu.mv.m(e,¢> . (13

It is interesting to note that the polydispersities deter- TN€ Polydispersity is given by theooY oo 0, ¢) term and
mined fromI(0) data are significantly lower than the poly- the shape fluctuations are to first prder given by .the
dispersities determined from théq) data(compare Tables u2mY2.m( 9.’ ¢) term. Du.e to the averaging over orle_ntat|on
[ll and IV). As explained previously, thH0) data are ana- a_nd size in bOt.h experiment and model it is in practlcze pos-

sible to determine only the mean-squared amplitydies °)

lyzed using a form factor for polydisperse spherical drOpletSand<|u2|2>, where(|u,|?) is averaged over the five,,'s.

tqgether with a polydisper_se hard-sphere structure .fa.‘CtOtl'he exact shape is therefore not given as it is a result of the
Since only the volume distribution of the droplets is visible ;4 i al U,'s. This is discussed further by Milner and

. o m'S.

in the1(0) data, it is reasonable to assume a form factor forg ¢4 in[55]. They estimate the bending energy of the drop-
polydisperse spherical droplets instead of a form factor fojjg; shapes as a function of the values of thg’s and con-
ellipsoidal droplets. However, Monte Carlo simulatidbg]  cjude that the minimal energy shape is that of prolate ellip-
have shown that nonsphericity of the microemulsion dropletsigs of revolution, which is obtained when one of the's

generally leads to increased importance of the structure fags nonzero and the rest of the,,'s are equal to zero.
tor at low angles. This effect grows as the axis ratio of the |t \ve choose the solutiofuyg?=c and|u2m|§1£0201 the

droplets becomes larger and it is obviously more visible i”average droplet shape is given by
thel(0) data than in thé(q) data where the structure factor
plays a role only for smalg-values. To our knowledge, N0 R(g, ¢)=R,, (1+ {[Ugd2) Yoo 6, #) + V{UsdD) Yool 6, b))
closed expressions exist at present for the structure factor for
polydisperse ellipsoidal droplets and from the above men-
tioned Monte Carlo simulations it is unfortunately not pos-
sible to predict howS,:{(0) will be modified close to the 5 5
match point with increasing axis ratio. T T2y _\ﬁ _

From our measurements it looks as if the nonsphericity of +{[uzd) 4 77[3 cos(6) 1])' (14)
the droplets results in a depressionl¢®) near the match
point, leading to a too low value for the polydispersity. This This average droplet shape is very close to the shape of a
could be the result of an underestimateSaf«(0) near the prolate ellipsoid with a droplet polydispersity of approxi-
match point. A similar tendency can be observed in the meahately
surements by Christ and Schurtenbergéd] where a poly-
dispersity index of 19% is found in the AOT/water/iso- o/R. = /<|U00|2> (15)
octane system and 10% is found in the AOT/water/decane av 4
system. As explained earlier the measurements by Christ and
Schurtenberger are performed at a temperature where largéhere the contributions from entropy of mixing and the
aggregates are present in the AOT/water/decane systerigher order spherical harmonics are ignof2¢b6).
These aggregates will definitely be very anisotropic, which An estimate of the average axis ratéoof the average
might result in an apparent value for the polydispersity thatdroplet shape is easily calculated as
is too low, similarly to what we observe. The reason that the

5 1
1+ (|ugd*) 5=

:Rav 277

lowering of the I(0) was not observed by Christ and R(0) 1+ Ugy2y/ 7+ 2Bl
Schurtenberger in the AOT/water/iso-octane system is prob- = Rim2) : (16)
ably that the droplet volume fractions are very low in their (712) 1+ g2\ m—§Blmuy

measurements so that the structure factor comes into play

only when the droplets become very anisotropic. Howeverwhere we have used the notatiap=\{([u;o|?). The rela-

in order to test this theory, it is necessary to investigate théions (15) and(16) can be used to convert the polydispersity
dependence between the contrast situation and axis ratio ofdex o/R,, and axis ratice into the amplitude$|uyg?) and

the droplets further. This can be done either by determining & u,¢?) or vice versa. This makes it possible to make a direct
closed expression for the structure factor of polydisperse eleomparison between the parameters obtained using the dif-
lipsoidal droplets or by performing Monte Carlo simulations. ferent types of models.
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TABLE V. The parameters determining the shape fluctuations and polydispersity from different measure-
ments.a/R,, is the polydispersitye is the axis ratiof|ugg?) and{|u,g?) are the mean-squared amplitudes
of, respectively, thé=0 andl =2 oscillations of the spherical harmonigsis the bending elastic constant
andk is the Gaussian bending elastic constant. The numbers marked by an asterisk are the numbers stated by
the authors. The remaining numbers are derived in the present work from these values. The numbers written
in parentheses are the values derived by the authors. The error baks amd « determined for
AOT/D,0O/decane and AOT/fD/iso-octane are deduced from the error barsrtiR,, and e given in Table

V.

/Ry, € (Juod® (Juzd®) Kk (KoT) « (kpT) System

0.157 1.56° 0.310 0.0133 340.2 —-5.9+0.4 Present measurements

0.156° 1.7 0.306 0.0201 2.350.1 —3.8£0.2 AOT/D,O/decane

AOT/D,0Oliso-octane

0.2 1.47 0.61 0.011 3.9 -7.2 AOT/D,O/decane
(3.9 (-7.9 [14]

0.17 25 0.34 0.062 0.92 -0.38 Cy¢Es/D,Oloctane

(0.20 [57]

0.17 2.2 0.29 0.043 1.25 —0.80¢ C,0E5/D,0/n-dodecane

(0.15 [15]

Using the formalism of SafrafR1] it is furthermore pos- to the emulsification boundary. For this reason we have
sible to convert the values fdfuy?) and(|u,g?) into es- takenR/Ry=1 for these measurements.
timates of the bending elastic constantand the Gaussian It should be noted that more values femand x are avail-

bending elastic constant of the surfactant film by solving able in the literature. These values can of course also be used

the following equations with respect toand «: for deriving the parameters describing the polydispersity and
shape fluctuations. But, as mentioned in the Introduction, the

parameters vary a lot depending on the experimental method

(|Ugg®) = keT _ _ (17) used. In order to keep things relatively simple we decided
12— 8(R/Ry) (k+ k/2)+ 6k only to include the values determined from scattering mea-
surements in Table V.
and The table demonstrates the inverse dependence between
the size of the bending elastic constartsand « and the
keT nonsphericity of the microemulsion droplets. The softer the
(Juyg?y= — =, (18)  film the higher the amplitudé|u,¢?) and the higher the
168(R/Ro) (x+ k/2) — 12« average axis ratio of the droplet. The relatively small axis

ratios determined both from the measurements of Farago

whereR, is the droplet radius at the emulsification boundary.et al. [14] and by us for AOT microemulsions lead to rela-
In Table V the values we have obtained for the polydis-tively large numbers for the bending elastic constaatand

persity and shape fluctuations are listed and compared 9 |n contrast, the relatively small bending elastic constants
values obtained by othe_r groups. Different groups _use_dn‘fer-K and x determined by Hellweg and Langevia5,57 for
ent approaches to obtam_these value_s[.luj a combination C,0Es microemulsions lead to droplets that, on average, have
of SANS and neutron spin ech®lSE) is used. In[15] and larger axis ratios
[57] a combination of SANS, NSE, and dynamic light scat- The numbers 'determined from our measurements agree
tering is used. The numbers marked by an asterisk are th ite well with the numbers determined by Farago and co-
numbe_rs stated by the autho_rs in the_ir respective_paper:_;; ty orkers in[14] for the same system as ours but using a
rek\)malmr%gr;] numbgrs are_ttderlyed us'?ﬁ the relatlc()jns. glget?jifferent experimental technique. The studies by Hellweg
above. The numbers written n parentneses were derived by, 4 Langevin[15,57] indicate that the surfactant films in
the authors in their respective papers. As seen these numbeés E. microemulsions are much softer than the films formed
differ slightly from the numbers derived using the equationsml?b\g.r microemulsions
above, which is because the above equatid®—(18) are '
only approximate. In the papef$4,15,51 different correc-
tion terms are added to the expressions, which modify the
numbers slightly. However, as the derived numbers of Table
V in all cases have fairly large uncertainties we have ignored We have performed measurements of the conductivity as
the correction terms. For the systems with AOT we havea function of temperature for four symmetric microemulsions
usedR,~100 A [14]. Measurements in systems with non- made out of AOT/HO/h-decane, AOT/BO/h-decane,

ionic surfactants of the type,gEs are performed very close AOT/D,0/d-decane, and AOT/ED/h-iso-octane. The mea-

VIl. SUMMARY AND CONCLUSION
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surements show that substituting iso-octane with decanmodel is fitted simultaneously to all contrasts within each

lowers the so-called aggregation temperature by approxiseries of measurements, taking the different contrast situa-

mately 9 °C. Substituting BD with H,O in the AOT/ tions into account.

waterh-decane system lowers the aggregation temperature The polydispersity indicesr/R,, determined from the

by approximately 8 °C. Changing fromdecane ta-decane 1(0) data are much smaller than theR,,’s determined

increases the aggregation temperature by only 1 °C. from the scattering data in the fujl range. The polydisper-
From SANS measurements on microemulsions with asity index determined from thE0) data is very dependent

droplet volume fraction of 5% we have shown that, inon the absolute value of the few data points measured very

approximately the same temperature interval where the corclose to the match point where the background to noise ratio

ductivity jumps occur in the symmetric microemulsions, ag-is large. The analysis of the scattering data in thedufinge

gregation phenomena start to occur in the asymmetric micras based on many more data points and therefore on a much

emulsions. A series of contrast variation measurements havarger amount of information. Therefore the results obtained

been performed for microemulsions of AOT//decane from the analysis of the fullj range are much more reliable.

and AOT/D,Oliso-octane with droplet volume fractions of  In both systems, similar water-to-AOT ratios lead to simi-

5.1% and 5.0%, respectively. The contrast variation is pertar average sizes, polydispersities, and size of shape fluctua-

formed by varying the fraction of deuterated alkane. In ordetions. The parameters describing the polydispersities and

to avoid aggregation of the droplets, the measurements weshape fluctuations are in good agreement with parameters

performed at 10 °C and 20 °C, respectively. determined earlief14] for a similar system using a combi-
The scattering data at zero angle were determined for bothation of SANS and NSE.

systems and analyzed on an absolute scale using a model for

polydisperse droplets interacting as hard spheres. The scat- ACKNOWLEDGMENTS

tering data in the fullg range were also analyzed on an
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