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Surfactants containing sugar components and fatty acids satisfy
the quality standards for food application. The food grade sugar
ester in this study is a commercial sucrose monoester of stearic
acid (abbreviated SES), the oil phase consists of a 1:1 mixture of
n-tetradecane and I-butanol. The originally planned food grade oil,
a medium chain triglyceride, is substituted by tetradecane because
tetradecane is available as a fully deuterated product, which is
necessary for some structural investigations. The investigated
system is solid at room temperature, but liquefies and structures
into a homogeneous microemulsion when heated to above 37°C.
The structural characterization of such microemulsions is the
aim of this work. The established methods for this purpose are
scattering methods, such as small-angle scattering of X-rays and
neutrons and dynamic light scattering. These scattering techniques
can be used to obtain valuable information on the size, shape, and
internal structure of colloids and complex fluids. We started our
investigation with the pseudobinary system SES, tetradecane and
I-butanol, varying the SES content. The scattering results show that
the sugar ester form inverse globular micelles in the oil phase. The
size of these micelles is about 6 nm. While the size is nearly constant
in a wide SES concentration regime (5 up to 40% surfactant),
the volume or aggregation number increases significantly with
SES. This is explained by an increasing replacement of I-butanol
molecules by sugar-ester molecules in the micelles formed. More-
over, it can be shown that these micelles strongly overlap. Their
center-to-center distance is about 3.8 nm at 40% SES at a micellar
diameter of 6 nm. The micellar overlap leads to a highly reduced
diffusion of the micelles as was found with dynamic light scattering.
When incorporating water in the micellar core, the micelles swell
up to about 10 nm and the shape of the aggregates becomes more
and more elongated with higher water content.  © 2001 Academic Press

Key Words: sugar surfactant; microemulsions; structural inves-
tigations; dynamic light scattering; small angle X-ray scattering;
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I. INTRODUCTION

are brought together by means of an appropriate surfactant
surfactant/co-surfactant mixture (1). The used surfactants ¢
be either charged (ionic surfactants) or uncharged (nonion
surfactants). Microemulsions, based on nonionic surfactan
have been extensively investigated, both from a formulatiol
i.e, phase behavior, and a structural point of view (1-7). In a
most all nonionic microemulsions the nonionic surfactants use
are ethoxylated surfactants, such as ethoxylated alcohols, ac
and fats, monoglycerides, and sorbitan esters. However, only
limited amount of work was conducted on the polyol type o
nonionic surfactants, such as glucoside ethers or sucrose es
of fatty acids (8—10). These surfactants are biodegradable a
formed from renewable sources such as fatty acids and suge
They can be manufactured with various HLB values (hydrophili
lipophilic balance), which provide various hydrophilic lipophilic
properties. The cosmetic industry is well aware of the possibil
ties arising from the use of sucrose esters for the preparation
nonionic microemulsions (9). For food science, however, suc
microemulsions are in the starting phase of investigations. The
systems can have advantages in applications such as topping
coatings of food products.

The physical properties of sucrose esters are somewt
unigue. Unlike the alkyl ethoxylates, the sucrose esters do n
significantly change their HLB with increasing temperature
Consequently, increasing the temperature does not induce
phase inversion in microemulsion systems based on sucrc
esters, as was observed in microemulsions based on all
ethoxylates. Temperature-insensitive sucrose-ester-based
croemulsions are described in the literature (8, 11, 12). In ma
cases a paraffinic oil phase was used and the surfactants w
mostly mixtures of ethoxylated alcohols and sucrose esters.

Kawaguchiet al. (13) studied the micellar structure (direct
micelles) of a homologous series of the fatty acid sucrose m
noesters, SE ( = 10, 12, 14, 16) by X-ray scattering tech-
niques. Parameters suchRgs maximum dimension of the mi-

Microemulsions are isotropic and thermodynamically stabf€!les, were calculated, and from the 150 scattering points th
solutions, in which two immiscible liquids, i.e., water and oildeducted that the micelles are not spherical. Other paramet

such as aggregation number and hydration ratio were also c

1 To whom correspondence should be addressed. Fax: +43 316 380 9850tained. It was concluded that the micellar shape was oblate f
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C10SE, G,SE, and G4SE but prolate for SE. X-ray scat- cane and I-butanol. The addition of the cosolvent (I-butanol) t
tering curves show the possibility that both types of ellipsoithe oil phase turned the oil phase into a better solvent and ¢
coexist in the solution of GSE at 20C. The polydispersity in lowed significant solubilization of the surfactant into the oil with
micellar size was found to be small. the formation of inverse micelles. The cosolvent is necessary b

Since the most common sucrose esters are hydrophilic it wamise of the hydrophilicity of the sucrose monostearate and h
not expected that these surfactants will form reverse micellesdyophobicity of the oil. It should be mentioned that I-butanol is
w/o microemulsions. However, recently, Gartal.(14) showed added to the oil phase. However, due to its amphiphilic charact
that the addition of a cosolvent/coemulsifier, such as short-ibwill redistribute also into the interface and must therefore b
medium-chain alcohols, induces the formation of reverse ndensidered also as a cosurfactantand notjustasacooil;i.e., it
celles and the solubilization of significant amounts of water intbe ability to participate in the self-assembly with the surfactan
the micellar core to form water-in-oil microemulsions. Up to The originally planned food grade oil, a medium-chain
60% of water could be solubilized in a system consisting of striglyceride (MCT, Migliol 818), is substituted by tetradecane
crose monoester of stearic acid/propanol/ MCT (medium-chdecause tetradecane is available as a fully deuterated prodt
triglyceride) at a weight ratio of 1/3/1 (14). which is necessary for SANS investigations.

Only limited work dealing with the investigation of the mi- The microemulsion system used is solid at room temperatur
crostructure formed in sucrose-ester-based w/o microemulsidms liquefies and structures into a homogeneous microemulsit
has been done so far. Bolzinger-Theveeiral. (10) attempted when heated above 3Z. The solid—liquid transformations at
to characterize the single-phase region (Winsor 1V) of systerhiggh water solubilization fraction, together with heat resistanc
consisting of sucrose monolaurate and sucrose dilaurate, dietrieperties, make it possible to immobilize water soluble ma
lene glycol monoethyl ether, water, and alkyl esters as the t@fials and preserve activity or stability of active matters suc
at fixed surfactant- cosurfactant/oil weight ratio of 40/60. Theas enzymes, aroma molecules, and volatile oxidation-sensiti
microstructure has been probed along a single water dilutioompounds. The solid-liquid transition is an important featur
line using freeze fracture electron microscopy and small-angleusing microemulsions as microreactors.
neutron scattering. In this dilution line, up to 40 wt% water can The problems for the use of these model systems for foc
be solubilized. The authors postulated that the microemulsigrade microemulsions are: (1) cosurfactants (alcohols) are ne
mixture along this path (20 to 45 wt% water) has a bicontinuoessary to make microemulsions with sucrose esters, (2) the
microstructure. The system behaves quite particularly and da@ee low availability and high costs of sucrose esters, (3) sug
not reflect a behavior of classical water-in-oil microemulsiongsters are not approved for use in foods in many countries, a
The authors did not study the ternary mixtures ofpisurfac- (4) there is a lack of sufficient characterization and purificatiol
tant + cosurfactant and did not explore in detail the areas since most commercial sucrose esters are complex mixtures
low amounts of solubilized water. The paper is aimed mainly taono-, di, and polyesters of mixed fatty acids. Therefore on
demonstrate the existence of bicontinuous areas. important step to overcome some of these disadvantages is |

Recently, Gartiet al. (14) and Fanuret al. (15) also mea- structural characterization of such microemulsions, which is th
sured quite particular features in another sucrose-ester-baain of this work. We started our investigation with the pseu
w/o microemulsion: While in nonionic alkyl ethoxylate-basedobinary system (SES in the mixture of tetradecane/l-butanc
w/o microemulsions the viscosity increases with increasing., no water present) and studied the structural evolution
water content in the system, in the sucrose monostearate-baséanction of the sucrose-ester content. Then we analyzed t
system the viscosity decreases with increasing water contesttuctural evolution as a function of the water content, keepin
Moreover, the electrical conductivity increases only slightly abe ratio of sucrose ester to (tetradecanbutanol) constant at
a function of the water content and does not show the typic&d/60.
bicontinuous percolation behavior.

In the present work, the structural properties of w/o sucrose- 1. MATERIALS AND SAMPLE PREPARATION
ester microemulsions will be investigated in more detail by
means of SAXS (small-angle X-ray scattering), SANS (small- The food grade sucrose monostearate S-1570 (in the follo\
angle neutron scattering), and DLS (dynamic light scatteringiig denoted as SES) was received from Mitsubishi-Kagaku Foc
These scattering techniques can be used to obtain valuableGorp. The other reagents used were purchased in the highest
formation on size, shape, internal structure, and diffusion diainable grade from Merck (I-butanolyD) or Aldrich (tetrade-
namics of colloids and complex fluids. Especially their use faane). The deuterated tetradecane and I-butanol were recei
the characterization of self-organizing amphiphilic systems likeom CDN isotopes; the tetradecane was deuterated to 98
microemulsions has proven to be very effective (16). and the I-butanol to 99.5%. The solvents for the neutron me:

The sugar ester used is a commercial sucrose monoesteswweEments were deuterated (tetradecane, I-butanol, and wa
stearic acid (S-1570, denoted as SES, HERDS, at least 70% and for the X-ray measurements protonated. Deuterated cher
monoester) in a mixture with di- and polyesters of stearic amals were needed for the SANS experiments in order to redu:
palmitic acids. The oil phase consists of a 1:1 mixture of tetradite incoherent scattering and to have increased contrast. T
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SES iments, SAXS data were not measured on absolute scale anc

100 o s b all data are presented in arbitrary units. _ _
SANS and SAXS were used to obtain information on the siz

2/ \eo 37°C of the micelles and on their internal structure. Only the pols

headgroups and water regions are visible with SAXS exper

_____ 2 ments due to the fact that their electron densities are higher th
"‘%‘ the electron density of the surrounding oil. The complete prot
% 2 nated surfactant layer and the@core is visible with SANS in
Ko % deuterated oil.

The scattering curves were interpreted in real space in terr
of their pair distance distribution function (PDDF) (18, 19). The
X PDDFp(r) is the Fourier transform of the angle-dependent sca

S e s T Y TD + BuOH (11) teri_ng intensity (), q is t_he length ofthe_z scattering vector and is
2 40 " 0”6" 80 100 defined byg = (4 /1) sind/2, wherex is the wavelength, and
° 0 is the scattering angle. A quantitative numerical analysis

FIG.1. Phase diagram for the four-component system a€3¥ntaining properly pretreated data (after correction of instrumental broa
SES (sucrose monoester S-1570), tetradecane/1-butanol, and watep fehe  ening from slit smearing in the block collimation system of the
gion sh(_)\{vs the microemulsion region, and the circles mark the experimer}@atky camera and wavelength smearing for neutrons) invol
compositions. ing model-independent inverse Fourier transformation provide

information not available elsewhere. The PDDF represents ah

ram of distances inside the particle weighted with the sce
g length density differences and goes to 0 at the maximu

) i article dimension. So one can directly read out the diamet
63.3 for SES (all values are in units of 1§ cm™2). ?rom this function. For globular micellesywith constant contras

A”. compounds are chemically pure and uged without f“”h‘a‘}e PDDF is a bell-shaped function with its maximum at abot
purification. The samples are prepared, equilibrated for gt Ieﬂﬁ‘if of the diameter. The area under the PDDF is proportional |
24 h'. and_ meagured at 7. Throughout, th? concentrationy, forward-scattering intensity and so to the aggregation nur
are given in we|g_ht per(_:ent (Wt%).' The quality 9f the samplebser_ In order to allow the comparison of results from differen
is routinely examined with dynamic light scattering. The pha?:%ncentrations or volume fractiors, the scattering data must

behavior of the system (see F'g' 1) did not Ch""_r?ge when USKinormalized t@. Under these conditions the PDDFs are iden
deuterated chemicals. All experimental compositions werein €21 if there is only an increase in the number of micelles wit

clear one-phase reginte. We did not check for small changescb and no change in aggregation number or shape.

in the boundaries of the, phase_ due to thg high price of the The PDDF is closely related to the convolution square (sp:
deuter.ated. substanpes. The region that adjoins to the One'pl?%?%orrelation function) of the excess scattering length densi
L2 regime is a coexistence of excess water and §iphase. distribution Ap(r). The radially averaged density distribution
across the micelle can be obtained by deconvolution of the PDL
(20-23) assuming spherical symmetry.

The measured samples are in a concentration range where
conventional evaluation technique cannot be used. The interz

SAS, in particular, SANS and SAXS, probe the pertinent cdlion of the particles in solution must be taken into account du
loidal length scales of 1-100 nm and therefore are the methadgshe high weight fractions. In the case of interacting globu
of choice for determining the size, shape, and internal structlae particles the scattering intensityq) can be written as the
of colloidal particles. In addition, because the two kinds of scgtroduct of the particle form factd?(q) and the structure factor
tered radiation are sensitive to different physical properties 8fq). S(q) describes the interparticle interference. For ideall
the scattering particle, these techniques can be used in parallklted solutionss(q) is a constant. The scattering curves shov
to obtain a rich variety of information. The scattering intensitthe development of a structure factor with a pronounced ma
depends on the different scattering length densities of the pantium for increasing concentrations, superposed on the partic
cles and the solvent. The scattering length is a complex functifamm factor. The evaluation of such concentrated solutions
of the atomic number for SANS and must be determined expemisw possible with the recently developed “generalized indire
mentally. For SAXS the scattering length density is proportionkburier transformation” (GIFT) (24-27). With this technique
to the electron density, which is a linear function of the nunit is possible to determine simultaneously the form factor an
ber of electrons. Consequently, SAXS is particularly useful féhe structure factor. This method is model free in respect to tt
investigating the interfacial region of aggregates composedfofm factor and is based on a hard sphere model for the stru
surfactant molecules (17). However, at the time of these expture factor and, strictly speaking, it is only valid for spherical

100
H,0

to
coherent scattering length densities for the chemicals used
653.1 ford-butanol, 681.3 fod-tetradecane, 638.2 for,D, and

I11. METHODS

Small-Angle Scattering (SAS)
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homogeneous, and uncharged particles. However, recent apptius the time dependence of the scattering intensity, represen
cations have shown that the GIFT method can be used far beytwydts correlation function, provides information on the motion
this theoretical limit (26), so the technique can be used for infthe scatterer. If all particles are of the same size the correlatic
homogeneous, nonglobular, and polydisperse systems. It is,fiamction is a single exponential function. Its decay is governed k
instance, possible to follow sphere-to-rod transition of binathe diffusion coefficient. Average hydrodynamic radii for poly-
and ternary systems (26, 28). A version for charged systertisperse samples can be obtained by the method of cumulal
is under development (29). The common feature for all theg&l). Briefly, in this method the correlation function is expandet
applications is the fact that the particle form factor can be detém-a power series. The expansion coefficients (cumulants) cc
mined without any model while a rather simple model is used tespond to the moments of the intensity distribution. The firs
describe particle interactions represented by the structure factommulant gives the meaa-@verage) of the diffusion coefficient
The typical parameters for the structure factor model are meBnand the second the variance (width) of its distribution. Thu
interaction radius, volume fraction, and polydispersity. The mofstr small particles in highly diluted solution the free particle
important parameter that is determined in these calculationgrianslational diffusion coefficieridy, which is related through
the mean hard sphere interaction radiyg. It is half the center- the Stokes—Einstein equatiddy = kT/6rnRy to the hydro-

to center distance between two micelles at closest contact. Tymamic radiusRy, the size of an equivalent compact sphere
charge can be determined for ionic systems if the molarity wfherek is the Boltzmann constant, is the absolute tempera-
the salt is known. For further details the reader is referred to theae, andy is the viscosity of the solvent can be obtained. It is

original literature. well known that the diffusion coefficient of particles in solution
_ depends on the concentration due to interparticle interactior
Small-Angle Neutron Scattering (SANS) These interactions lead to correlations in particle positions ar

SANS measurements have been performed with the D22 fAotions. In a two-component system composed of rigid part
es and liquid (32), three types of forces act on a particle: Tt

strument of the Institute Laue Langevin (ILL), France. The rangt . . e . X
0f0.03 < g < 4.75 nnT* was covered for the scattering vector irst one is the Brownian force arising from collisions with ther-
by two sample-to-detector distancels£ 2 and 18 m). The neu- mally agitated liquid molecules. The second force arises fror

tron wavelength was 0.6 nm for all experiments. The wavelendfif€Ct interactions between particles, which is, in the case
uncharged particles, a simple excluded volume or hard-sphe

resolution was 10% (full-width at half-maximum value). All ex- a = el -
periments were done with a 39-cm detector offset. The sampf@gce' The third interaction is due to hydrodynamic interaction

were kept in stoppered quartz cells (Hellma, Germany) with3iSing from the coupling between particle motions transmit
path length of 1 mm. The raw spectra were corrected for badgd indirectly by the flows they induce in the liquid (32). This
ground from the solvent, sample cell, and electronic noise B{Pe Of force becomes important for highly concentrated solt
conventional procedures. The two-dimensional scattering spHens- Because of this complex situation in nonideal solution
tra were azimuthally averaged and corrected for detector H}€ measured diffusion coefficient is no longer the free particl
ficiency by dividing with the incoherent scattering spectra ¢fiffusion coefficienDo butis replaced by the so-called effective
pure water. Data were not placed on absolute scale. diffusion coefficienDe¢ While the corresponding hydrodynamic
radius is replaced by an apparent hydrodynamic raBiygp.

Small-Angle X-ray Scattering (SAXS) Even thoughRy app is just proportional to the inverse @fey, it
is helpful to determine both quantitieBes describes without

SA)éE experiments were performed using an X-ray generaigty model the diffusion behavior whily app gives at least a
M18X>*= (Bruker AXS) operating at 35 kV and 250 mA with g it in terms of a dimension that can be related directly to t+
a rotating Cu anodeK(, wavelength of 0.154 nm). A Kratky gag results.
compact camera (slit collimation system) was equipped 'With 2 the so-called hydrodynamic regirge< gm, where 2 /G
thermostated sample holder (Anton Paar KG, Graz, Austria) 84he most probable interparticle spacing within the hard-sphe
an image plate detector (Fuji BAS-1800) (30). MI&l mirror el we can use simple virial expansions to describe tt
was used as monochromator and collimator, satheadiation o centration dependence of the effective diffusion coefficier
was separated from th€, radiation and from the hard X-rays. Det = Do(1 + 1.560) with @ being the volume fraction (32).
Data were not placed on absolute scalg and depicted in the rafgg expression is, however, valid only in the case of low vol
0f 0.102 < q < 5.0 nn1* for the scattering vectors. ume fractions and hard spheres. We are not aware of theoreti
models that can describe the problem of diffusion hindrance ¢
overlapping inverse micelles.

DLS measures the relaxation time of any fluctuation in re- DLS measurements were carried out at a scattering anc
fractive index occurring within the length scale defined by thef 90° and at a temperature of 3Z. The laboratory-built go-
scattering vectoq. Forq x Ry « 1 with Ry being the radius of niometer is equipped with an Argon ion laser (Spectra Physic
gyration, the fluctuation arises from the random diffusion of thmodel Beamlok 2060A-5S, = 5145 nm) and an ALV-5000E
particles and the light scattered by them fluctuates in intensitprrelator (ALV, Langen, Germany). The effective power of

Dynamic Light Scattering (DLS)
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the primary beam was about 1 W. The intensity autocorrelbeth systems—the pseudobinary and the pseudoternary—it
tion functions were analyzed using a second-order cumulargcessary to mention that only the sugar headgroups of t
analysis (31), yielding an apparent diffusion coeffici@ys. SES molecules and, to a certain extent, the OH groups of t
From Def the hydrodynamic radiuBy appWas calculated using 1-butanol molecules associated with the micelles are visible

Ry,app = kg T /677 Desr. the SAXS measurements. The electron density of the solve
(tetradecane/l-butanol) is nearly the same as that for the lol

IV. RESULTS AND DISCUSSION hydrocarbon chains of the surfactant. Therefore the maximu

dimension visible in the PDDFs of the SAXS data are onl

Small Angle X-ray Scattering (SAXS) related on the one hand to the hydrophilic sucrose groups f

the pseudobinary samples and on the other hand to the sucr

The investigated samples are in a concentration range fr%%ups with the water core for the pseudoternary systems.
5 up to 46 wt% SES surfactant for the pseudobinary systemis.

We have also investigated by SAXS the 30 wt% pseudobinaryPseudobinary systemFigure 2A shows the experimental
system with varying tetradecane to 1-butanol ratio (2:1, 1:4¢attering curves of the pseudobinary system after subtracti
and 1:2). For the pseudoternary systems up to 30% water af¢he blank scattering and the solvent. The interaction peak d
added to the 40 wt% pseudobinary solution (see Fig. 1). For tteethe increasing concentration is increasing significantly up
evaluation of such concentrated samples it is essential to t#iewt% SES in solution. The samples with lower concentratio
the effect of the interparticle interference into account. Thershow a very weak scattering signal due to the absence of ful
fore all measurements are evaluated with the GIFT method. Flmveloped globular micelles. This fact is also shown in Fig. 2|

>

p(lo [a.u.]

I(q) [a.u.]

p(r) [a.u.]

r [nm]

FIG. 2. (A) Experimental X-ray scattering curves after subtraction of the background and solvent scattering for the pseudobinary samples (SES
tetradecane/1-butanol), 5%; A, 10%,; <, 20%; [, 30%; V, 40% surfactant in the oil mixture. (B) The pair distance distribution functions (PDDFs) for tt
pseudobinary system from the SAXS measurements; the height of the PDDFs is normalized by the volume fraction of the samples. Same symbols :

(C) PDDFs of the 30 wt% SES sample with varying tetradecane to 1-butanol @ti@s:1;1, 1: 1; andV, 1: 2. The area under the PDDF (aggregation number
increases with decreasing 1-butanol content.
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where the corresponding pair distance distribution functions fsamples are not able to solubilize water in a sufficient amour
the pseudobinary system are plotted for the whole concentiide forming of water-rich microemulsions is only possible with
tion series normalized by the volume fraction of the samplasiore than 20 wt% SES in the solution.

The area under thp(r) function is increasing with increasing Pseudoternary systemin the following figures the SAXS
concentration. The overall size of the inverse surfactant micellgf;‘attering functions and PDDFs are shown for the pseudotern:
increases only gradually with a maximal dimension of abody;stem (microemulsions) with increasing water amount added
3 nm. Both facts together give the evidence that the aggregatifig pseudobinary sample with the highest concentration (40 wt
number Of the SES molecules in the mice”es iS grOWing W|thS in the oil mixture)_ Figure 3A shows the experimenta
increasing surfactant concentration. Nothing can be said abghttering curves for the pseudoternary system with interactic
the number of I-butanol molecules in the micelles due to thgieaks shift to smalleyvalues with increasing water content, and
negligible contribution to the scattering signal. Fig. 3B shows the corresponding PDDFs for the pseudoterna
The p(r) functions for the solutions with lower concentrasystem. The(r) functions show an increasing overall size with
tion ShOW a Shape Othel’ than that Of those W|th h|gher Conceﬁcreasing water amount in the Samp'es_ The maximum dime
tration. The PDDF for the 5 wt% solution shows a peak fokijon is increasing from 3 nm for the samples without water up t
lowed by a shoulder, which represents a mixture of monomegsm for the sample with 30 wt% water added. In addition to thi:
and oligomers of SES in the mixed micelles. The peak withfgct the shape of the micelles is also changing. The surfacta
maximum at 1 nm can be related to very small structures likgicelles without water are close to a compact globular structui

monomers, the shoulder to larger structures like oligomers, i.gyt with increasing water amount the structure becomes mo
micelles with very low SES aggregation numbers, formed in this

concentration range. These first micelles can be understood as
aggregates, formed by only a few SES molecules and seveAal
I-butanol molecules. Compared with the DLS measuremer
where the 5 wt% sample gives a very weak scattering sign 51
this is again a strong indication that the critical micellar conce!
tration cmc is somewhere in the concentration range of ab0Ue
to 10 wt%. The expression cmc is not perfectly correct inth 3 3
situation. We use it for the concentration of SES, where the fixSs
mixed micelles with a measurable amount of SES molecules s@
formed. A similar wide concentration range for the building 0™~ |
micelles is known for other synthetic surfactants like tribloc
copolymers (Pluronics or Synperonics) (33). At higher conce 91
trations I-butanol is increasingly replaced by SES and globul
micelles are formed inthe samples. From10to 40wt%theagg ¢ 1 2 3 M s
gation number increases by a factor of 4, the ratio is even higt
for the 5 wt% solution, but could not be determined with reliable
accuracy due to the low signal. No quantitative estimation of thg
aggregation numbers was possible as the data were not measi
on absolute scale. Increasing the surfactant concentration tow
the phase boundary (43 and 46 wt%) indicated a further incree
of the aggregation number but did not show any drastic chan¢=
in the size or in the shape of the micelles (data not shown).
In order to investigate the replacement of I-butanol by SES
detail, we studied the 30 wt% pseudobinary solution for thre%
different compositions of the oil phase. We varied the ratio ¢
tetradecanetol-butanolfrom1:2tol1:1and2:1. Theresultse
in full agreement with the above findings: the higher the ratio ¢
SES to I-butanol, the higher the SES aggregation number (al
under the PDDF) and the larger the size of the micelles (s
Fig. 2C). Taking the 1: 1 mixture as a reference, the aggregati r [nm]
number decreases in the |-butanol-rich sample (1:2) by 25%

while it increases in the I-butanol-lean sample (2 . 1) by mc)reFIG. 3. (A Exper'imental X-ray scattering curves for the pseudoternary
than 60% system after subtraction of the background and solvent scattering, water adc

’ . . to the pseudobinary sample with highest concentration (40%Y0 water added
The different behavior of the systems with lower concentrgzoo, pseudobinary sample); 10% water addeds, 20% water added, 30%

tion (5 and 10 wt%) is visible in the phase diagram (Fig. 1). Thegater added. (B) The corresponding PDDFs for the pseudoternary systems.

6=
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FIG.4. The structure factoi§(q) determined from the SAXS measurement:
shown in Fig. 3A.

and more elongated or polydisperse (this growth is documen
by the increase of the ratio between maximum dimension
position of the maximum imp(r)). It is not possible to distin-
guish between these two possibilities using only SAS data. T
structure factor§(q) for the pseudoternary samples are show
in Fig. 4. The height of the oscillations is almost the same fi
all samples, but the position of the first maximum is shifted 1
smallerq values. This is also good evidence that the size of tl
particles in the samples is growing.

Small Angle Neutron Scattering (SANS)

In the following figures the same data as for SAXS ai
shown for the neutron scattering experiments. The solve

(tetradecane/l-butanol) and the water are fully deuterate..,
whereas the sucrose ester is protonated to getan adequate scﬁter-

ing contrast. The variation of the tetradecane to I-butanol mixi
ratio was not measured by SANS. The data are evaluated |
the SAXS data (GIFT).

Pseudobinary systemFigure 5A shows the experimental

A

Again it is necessary to take the interparticle interaction int
account. Although expecting that the inverse micelles intera
rather like soft spheres than like hard spheres due to the hyd
carbon chains onthe micellar surface we could use the evaluati
technique GIFT, which models the interaction as polydisper:
hard spheres. All data could be fitted within their error band
with this model. Taking into account the micellar size of abou
6 nm, found from the form factor, it is however interesting tc
see that the hard-sphere interaction radius increases with c
centration and is about 1.9 nm for the 40 wt% sample. The sar
interaction radius was found independently from the SAXS dat
which is to be expected as the particle interaction and thus t
mean spatial arrangement do not depend on the local contre
This small interaction radius indicates an overlap of the oute

Joart of the SES alkyl chains of neighboring inverse micelles. S

we find a micellar diameter of about 6 nm, a center-to-cente

1

0 1 2 3 4 5

i
0.50 -

data of the SANS measurements with the best fit resulting fro
the application of the GIFT technique. The data for the sampleg
with 10 and 20 wt% SES are not shown in the figure because &
experimental problems during these measurements. In Fig. !
the corresponding PDDFs are plotted normalized by the vc
ume fraction of the samples. The overall size is again near
the same for all pseudobinary solutions with a maximum d
mension of about 6 nm. In the SANS data the whole surfacta

0.25

molecule is visible because the sucrose ester is protonated i ¢ §
oil, I-butanol, and water are deuterated. Therefore the maximu 0

dimensions for the particle size are larger than in SAXS whe
only the hydrophilic part is visible. Again it is evident that the

r [nm]

sample with lower concentration gives a PDDE with a different FIG.5. (A) Experimental neutron scattering data for the pseudobinary sy

shape. The same behavior was found for the SAXS data. This
be understood when considering that this sample is close to
cmc and the SES aggregation number is very low.

tems (symbols©O, 5%; ], 30%;V, 40% surfactant in the oil mixture) and the

%@Q fit (full line). (B) The corresponding PDDFs for the pseudobinary systen

the sans measurements, where the height of the PDDFs is normalized by t
volume fraction of the samples.
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0.25 «

p(r) [a.u.]

r [nm]

FIG. 6. Schematic model of the interacting micelles for the pseudobianry F|G. 7. The PDDFs from SANS measurements of the pseudoternary sy
system at40% SES concentration. Builiding elements are the SES and the Bugiis, where water (D) has been added to the pseudobinary sample witl

molecules. The thin full line represents the core radius (headgroups), determifgghest concentration (40%yY., 0% water;<>, 10% water;A, 20% water;O,
by SAXS, the dotted line the hard-sphere interaction radius, and the dasheges, water added.

dotted line the overall radius determined by SANS.

) ] . . ) seudobinary micelles becomes more elongated with increasi
distance (twice the interaction radius) of about 3.8 nm, andygier amount.

headgroup diameter of about 3 nm. This situation is describedyne additional figure is shown for the neutron data. Th
qualitatively in Fig. 6 where the SES and BUOH molecules agppFs of the pseudoternary samples at lower water content ¢
depicted as building units together with the three differnet radfieconvoluted under the assumption of spherical symmetry
the headgroup radius (determined by SAXS), the hard-sphggg the internal radial structure of the microemulsion. The ave
interaction radius (SAXS and SANS), and the radius of the Migeq scattering length density profile across the microemulsi
celles (SANS). The strong overlap is also manifested in their yroplets was obtained by deconvolution of the PDDF. In Fig.
drodynamic behavior, i.e, reduced diffusion, found by the DL§e geconvolution results for the 0% water sample (40 wt% pse
measurements. dobinary sample) and for the samples with 10 and 20 wt% wati

The picture of the micelles given in Fig. 6 is of course highlgre shown. The zero level is defined by the scattering leng
schematic. The effective radius of the headgroup area is cleqjg/nsity of the deuterated oil mixture. The only uncertainty o
larger than their bare size. This is due to the fact that becauseghe evaluation technique is the overall sign of the scatterin
headgroups are not perfectly fixed in space, we measure a tifgyth density profiles. This sign can be fixed, taking into ac
averaged distribution. A similar situation, i.e., a broadening @fnt the fact that the protons of the surfactant molecules ha
the headgroup area with a parallel decrease of the mean dengityegative scattering length, whereas the deuterated water ¢
has also been found for micelles of the ganglioside GM3 (34h55 a positive one and is close to the deuterated oil phase. .

Pseudoternary systemThe p(r) functions for the pseu-
doternary systems (Fig. 7) show an increasing overall size with
increasing water (BD) amount. At the same time the overall _ o.24
contrast decreases for the samples with increasing water amo 3 ¢.10 4
indicated by the decrease of the area undepthdunction. The 0.08 4
scattering length density difference of the protonated surfacta 0.6 4
against the deuterated oil is negative, whilglDs very close
to the deuterated oil phase (see also the section Materials ag 0021
Sample Preparation). So the addition of water leads to a situ® o.00
tion of shell contrast. The maximum dimension is in the range ci 0.02 4
6 nm for the water-free sample and up to 10 nm for the solutio.& 0041
with 30 wt% water. The structure factors (not shown) presenttr@ 061
same behavior as that for SAXS. The height of the oscillation§ 008
is almost the same for all samples, but the position of the fire ™ 01
maximum is shifted to smalley values, which also indicates
the particles are growing.

Again a structural change is found similar to the results ofg g, 8, The scattering length density profiles resulting from the deconvo
the SAXS measurements. The rather spherical shape of lhien techniquev, 0% water:>, 10% water,A, 20% water added.

y [a

den

0.04 4

r [nm]
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ideal spherical shell would result in a triangularly shapédg fe10 4 7
function. .
This assignment of the overall sign is used in Fig. 8. Ther. %" |, )
dius for the sugar-ester micelle is about 3 nm. For the samp _ . 8
with D,O added the inhomogeneity of the microemulsion be~§ Se-tt H 8
comes visible. The innermost part of the density profile is vel ™ 2 g |* :
poorly defined (resolution limit), but one can see that the ne® *™ L
ative part (SES shell) moves to highevalues with increasing |, E
water content. The zero crossing of the scattering length dens %™ / s
distribution can be used to estimate the radius of the water cc
which is in the range of about 1 nm. The width of the surfactal  ° ¢ 3 1 1 20 20 w0 s w0 "°
area is about 3 nm due to the size of the SES molecule. T wt% SES

scattering length density of the protonated surfactant molecules

does not end in a sharp step function but is a slow approacﬁ'G- 9. DLS results for the pseudobianry system; the sgrfagtant il
to the background level because of the decaying radial den#i'. tanol/tetradecane (50/50 per wt). Shown_are the effective diffusion coe

. . . ictent Deft (—O—), the apparent hydrodynamic radiB§, app (--01-), and the

of the surfactant tails and due to the intercalation of the Wa‘iﬁ{egrated intensity (-A—) in arbitrary units as a function of the surfactant
molecules into the headgroup area. For the sample with the higbncentration. The connecting lines are shown as guides to the eye.

est water content (30 wt%) the deconvolution does not work any

more because the assumption of the spherical symmetry is no

longer valid due to the elongation of the structures. Therefore . . Lo |
no radial profile can be determined for this composition. Thl(%uahtatlvely there are three possible situations that could e

breakdown of the deconvolution technique is direct evidence%1a|nthe.featurelofdecreasuﬁlm: assuming repulsive excludeq
volume interactions, one must suggest strong concentratic

induced micellar growth that more than compensates for the i
teraction effects, resulting in decreadeg: values. However, as
already mentioned above, SAS clearly indicates that the agg
Pseudobinary systemDLS experiments were carried out forgates do not show micellar growth. The second possible explar
varying total concentrations ranging from 5 wt% surfactant up tin is attractive interaction for particles witindependent size,
40 wt%. For the 5 wt% sample the intensity was extremely lowhich qualitatively would lead to a decreasdxf; with increas-
(less than 30,000 counts/s at a laser power of 1 W). This sigimal volume fraction. Looking at the corresponding static sigha
led to a very poorly defined autocorrelation function that did nthe measured integrated intensity, one would indeed expect
indicate the existence of SES micelles (results not shown). Tinerease due to the increasing concentration as well as due to
contrast (ratio of refractive indices) of I-butanol in tetradecarteactive interaction effects. Both effects together should result|
is too low to detect micelles without or with negligible SES very strong intensity increase. Instead of this expected beh:
content. The same holds for the SAS results, indicating that tioe we observe only a very weak increase of the intensity at lo
cmcislocated at relatively high concentrations of 5 to 10 wt%, &slume fractions, which even reaches a plateau at higher cc
already discussed in the SAS section. The SAS results indicasmtrations. A value of 0.94 for the transmission of the highe
mixed micelles are formed by only afew SES molecules togethmncentration investigated ensures that multiple scattering c
with some I-butanol molecules. This can explain the low lighie neglected and is not the reason for the low intensities at higt
scattering signal. concentrations. Anyway, also SAS experiments do not show a
Starting with the 10 wt% sample we see an essential increaseéication of attractive interactions between the micelles.
in the light scattering intensity, which levels off above 20 wt%. The third possible and most probable case-isdependent
This increase is much stronger than to be expected for micelize, excluded volume effects arising from simple hard spher
growing only in number with concentration taking into accourihteractions, and a change in the friction coefficient of the sc
the excluded volume effect (see Fig. 9). Thisis in full agreemelattion, which has consequences on the diffusion behavior. Th
with the SES results showing an increase of the SES aggregasoanario could qualitatively explain the weak concentration ds
number in the micelles. pendence of the integrated intensity. The radius of the particl
A strong decay of the effective diffusion coefficient measuredetermined with SAS is about 3 nm, while the calculated harc
with increasing surfactant concentration is observed (see Fig.§)here interaction radius is 1.9 nm both for SAXS and for SAN
Based on the results of the SAS experiments we expect relativekperiments. This indicates that the long alkyl chains of neigl
small and globular micelles that hardly increase in size with itvoring inverse micelles can overlap to a high degree witho
creasing concentration. According to the diffusion coefficienexcluded volume effects (see Fig. 6). This strong overlappir
measured with increasing concentration the apparent hydrodydst cause a steric hindrance and increasing friction, resultil
namic radiusRy app iNcreases. For hard spheres one would eis strongly decreasing values f@es while the mean spatial
pect a decrease @ app following Ry app~ Ru/(1+ 1.56®). arrangement, determined by the SAS experiments, can still

the nonsphericity of the particles.

Dynamic Light Scattering (DLS)
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described excellently by excluded volume interaction. So wmrticles. So with increasing swelling the mutual penetration c
can understand from these results that there is a kind of dige hydrophobic regions by different micelles may decrease, r
namic entanglement of the interpenetrating micelles that leagidting in a decreasing steric hindrance of the diffusive motior
to a slowing down of the diffusion but not to the formation off his fact together with the hard-sphere interaction may explal
stable, large aggregates that would have been detected bythigancrease dDgs With increasing water content despite slightly
SAS experiments as well as by the integrated intensities of tinereasing micellar size. Between 20 and 30 wt% a change
DLS measurements. the micellar shape from globular to cylindrical particles take:
Another point that we have neglected so far is thplace, leading to even more complicated dynamic propertie
concentration-dependent partitioning of 1-butanol. 1-Butandle can observe a strong decay of thg; and at the same time
has also amphiphilic properties and will partly dissolve inta significant increase of the scattered intensity, both indicatir
the surfactant aggregates, which would result in a change of thieellar growth without a distinct modification of the friction
solute away from the 1:1 1-butanol/tetradecane mixture ax@mpared to the 20 wt% solution due to only small changes |
function of surfactant concentration, which of course gives rigee curvature.
to different values for the viscosity and the refractive indexes. To summarize one can say that DLS is a fast method for ol
Thus obviously the unusual behavior of the DLS data cannot taéning information on the size of the particles in relatively sim-
understood with simple assumptions like hard-sphere intergde and dilute systems, but in the case of the complex solutiol
tion and can only be explained with the help of the SAS resuligyestigated here it would not be possible to qualitatively in
but there is finally no conflict between SAS and DLS data. terpret the respective results without the additional informatio

Pseudoternary systemFurther DLS experiments were car{rom static experiments. So DLS and SAS are complementa
ried out for the 40 wt% surfactant sample with additiondfchniques and the results support each other. Nevertheless
amounts of water, up to 30 wt%. Recalling the SAS experimerfi¥tract quantitative information on dynamic measurements
the static data show that the added water obviously partitiopldC complex mixtures and to fully understand the resuits w
into the micelles, resulting in an increasing micellar size. Up ¥§ould need much more a priori information on these systems

20 wt% water the swollen micelles are approximately spherical.
With 30 wt% water content thgr) function indicates cylindrical
rather than globular particle shape. In addition this is supported

by the fact that the function cannot be deconvoluted any more. gas methods are used to obtain valuable information abo

Up to 20 wt% water DLS measurements show an increasifigs sjze, shape, and internal structure of microemulsions, cc
Derr and slightly decreasing values for the corresponding intejigs, and microemulsions. For SAXS all components were use
sities (Fig. 10). Simultaneously with the growth of the mice"eﬁrotonated because this technique depends on the difference
the hydrophobic shell of the particles qualitatively changes dys ejectron density between particles and the surrounding
to the different curvature of the monolayer. The larger the pajj; Thep(r) functions calculated from the SAXS data show
ticles, the lower the curvature and the more closely packed §ntinuous changes with concentration even though they

hydrocarbon chains, which of course has its effect on the extepmajized to the volume fraction:; i.e., if the aggregates woul
of the overlap of the hydrophobic regions between ne|ghbor|ﬂgst increase in number but not change in composition or shag

thep(r) functions would be identical in this presentation. In re-

ality we see two effects. At lower concentrations (5 and 10%

go-11 4 - 200 we see not only an increase in the area under this functio
which corresponds to an increase of the SES aggregation nu
ber within the mixed SES-I-butanol micelles, but we see also
pronounced change in its shape, which indicates the transitit
from SES monomers or SES oligomers in the mixed micelle
to micelles, where the SES molecules have such a high agg
gation number that they are continuously distributed all ove
the surface of the globular micelles. This interpretation is als
supported by the very low signal (scattering intensity) for thes
samples. The(r) functions for concentrations between 20 anc
0 0 Lo 40% have a very similar shape with the indication of a sligh
T increase of the overall size, i.e., the micelles grow (increasin
aggregation number), while remaining globular. These resul

FIG.10. DLSresults for the 40 wt% surfactantin the 1-butanol/tetradecar&:\an be understood as a concentration-dependent growth of
(50/50 per wt) sample with different amounts of water; shown are the effective.

diffusion coefficientDegr (—O—), the apparent hydrodynamic radiapp micelles, where especially the aggregation number of the SE
(-01-), and the integrated intensity (A—) in arbitrary units. The connecting Molecules increases essentially. The dependence of this agc

lines are shown as guides to the eye. gation number on the relative amount of SES vs |-butanol we

V. CONCLUSION
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