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Summary

1. Summary

1.1. English Version

Microemulsions consist of water, oil and surfactémicontrast to ordinary emulsions, microemulsions
are transparent and thermodynamically stable phddesy appear to be macroscopic single-phase
systems but are, however, based on highly comm@ewstructures. From the scientific point of view,
the so far most studied and best understood miartséon systems consist of water, oil and either a
single non-ionic surfactant or an electrically @@t ionic surfactant. Both systems are signifigantl
different, for example in their phase behaviouerthal stability or their nanostructures. Systenth wi
ionic/non-ionic surfactant mixtures, however, haet yet been investigated intensely.

In this work, the phase behaviour of an anionicfiwomc surfactant mixture with different oils was
investigated. The phase diagrams exhibit two olyicesotropic microemulsion regions with
increasing oil content at constant temperaturesamthctant concentration, the so called single @has
channels. The two isotropic single phase channelsseparated by an optically anisotropic phase
region. The microemulsion channel below the anigtr region extends from the aqueous phase,
starting with increasing oil concentration and @asing mass fraction of the non-ionic co-surfadtant
the surfactant mixture to the middle of the phasgrdam and ends there. The upper single phase
channel runs through a steep minimum, with resgetite surfactant/co-surfactant ratio, continuously
from the aqueous to the oil-rich side of the phdisgram. In contrast to microemulsions with single
non-ionic surfactants, the microemulsion channetsigsothermal. The different single-phase regions
were examined with various physico-chemical methddee nanostructures could be identified by
measuring electric conductivity, SANS, PFG-NMR dmyg electron microscopy. While the lower
single phase channel consists of small oil droglets continuous aqueous phase, which swell with
increasing oil content, the nanostructure in theeughannel undergoes a complex structural transiti
The oil-free sample, which has a bicontinuous sposgucture, is transformed to a water-in-oil
polyhedral foam structure by solubilizing only awfepercent of oil. For this so far unknown
microemulsion structure, we introduced the termhhigernal phase microemulsion (HIPME) due to
structural similarities to the known high intermatiase emulsions (HIPE). This complex structural
transition could be observed by transient elediniefringence. The determined structural relaxation
times, which also determine the viscosity of thed$, run through a sharp maximum at the transition
point from the bicontinuous to the w/o-foam struets The observed HIPME structures are probably
caused by the presence of the electric charge eofttionic surfactant. The electric charge on the
surfactant monolayer leads to a comparably higkrfatial tension between the diluted aqueous
surfactant phase and the oil. Consequences of higis interfacial tension are oil continuous
polyhedral foam structures instead of bicontinuaisictures, which are obtained in similar
microemulsion systems with single non-ionic sudat$. By shielding the electric charges by the
addition of salt, the oil continuous HIPME struesirare disturbed what can be concluded from an

increased conductivity and mobility of the watexction, followed by NMR.



Summary

1.2. German Version

Mikroemulsionen bestehen im einfachsten Fall ausdaia Ol und Tensid(en). Es handelt sich dabei im
Gegensatz zu normalen Emulsionen um transparetigmodynamisch stabile Phasen. Diesen
makroskopisch einphasig erscheinenden Systemesmliegoch hoch komplexe Nanostrukturen zu Grunde.
Die in wissenschaftlicher Hinsicht bislang am besteuntersuchten und verstandenen
Mikroemulsionssysteme bestehen entweder aus WaSsamd einem einzigen elektrisch ungeladenen
nicht-ionischen Tensid oder einem elektrisch geladeionischen Tensid. Beide Systeme unterscheiden
sich grundlegend, unter anderem in ihrem Phasealierfy ihrer Temperaturstabilitat oder ihren
Nanostrukturen. Systeme mit Mischungen aus ionisaired nichtionischen Tensiden dagegen wurden
bisher kaum untersucht.

Im Rahmen dieser Arbeit wurde das Phasenverhalten @anionischen/nichtionischen Tensidmischung mit
verschiedenen Olen bei konstanter Temperatur undstaotem Tensidgehalt untersucht. Die
Phasendiagramme weisen jeweils zwei optisch isetRipasengebiete, so genannte Einphasenkanéle, mit
steigendem Ol-Gehalt auf. Die beiden MikroemulsiBigpphasenkanéle sind voneinander durch ein
optisch anisotropes Phasengebiet getrennt. Derogikulsionskanal unterhalb des anisotropen Bereichs
erstreckt sich von der wéassrigen Phase ausgehendianhsendem Ol- und nichtionischen Co-Tensid-
Anteil bis in die Mitte des Phasendiagramms undeeddrt. Der obere Einphasenkanal verlauft duroh ei
steiles Minimum, in Bezug auf das Tensid/Co-Tensitéltnis, durchgehend von der wassrigen zur
Olreichen Seite des Phasendiagramms. Im Gegengaltikcoemulsionen mit nichtionischen Tensiden
handelt es sich um isotherme Einphasenkandle.ibpda&sigen Gebiete wurden mit diversen physikalisch
chemischen Methoden untersucht. Mittels Leitfahigke SANS-, PFG-NMR-Messungen und
elektronenmikroskopischen cryo-TEM Aufnahmen konntdie Nanostrukturen identifiziert werden.
Wahrend im unteren Einphasenkanal die Strukturenkéeinen Ol-Trépfchen in einer kontinuierlichen
Wasserphase bestehen, welche mit zunehmendem Q@ltGehschwellen, kommt es im oberen
Einphasenkanal zu einer komplexen Strukturdndendfighrend der 6lfreien Probe eine bikontinuierliche
Schwammstruktur zu Grunde liegt, wandelt sich diesie bereits wenigen Prozent an Ol zu einer
polyedrischen Wasser-in-Ol Schaumstruktur. Flredigs Mikroemulsionen bislang unbekannten, Struktur
wurde der Begriff High Internal Phase MicroemulsigfiPME) eingeftihrt, aufgrund ihrer strukturellen
Parallelen zu bereits bekannten High Internal Ph&saulsionen (HIPE). Mittels transienter
Elektrodoppelbrechung konnte dieser komplexe gmreke Ubergang nachvollzogen werden. Die
ermittelten strukturellen Relaxationszeiten, welebhdem die Viskositat der Mikroemulsionen bestimmen
weisen ein deutliches Maximum am Ubergangspunktdesrbikontinuierlichen zur HIPME-Struktur auf.
Grund fir die beobachtete HIPME-Struktur ist verdimht der Anteil der elektrischen Ladung des
anionischen Tensids. Diese sorgt fur eine verghbgicihhohe Grenzflachenspannung zwischen der wéassrige
verdinnten Tensid-Phase und des Ols. Konsequengerdibohen Grenzflachenspannung sind
olkontinuierliche Schaumstrukturen anstatt bikamtnlicher Strukturen, welche man in vergleichbaren
Mikroemulsionen mit rein nichtionischen Tensideh&t. Durch Abschirmen der elektrischen Ladungen
mit Salz werden die HIPME-Strukturen gestort, wigk $n einem Ansteigen der Leitfahigkeit und einer

erhohten Mobilitat der Wasserphase auf3ert, welahBlIMR beobachtet wurde.
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2. Introduction

2.1. Microemulsions and their applications

Since their discovery by Hoar and Schulman, mictdsions were much in the focus of interest by
scientists in the field of colloid and polymer swe. In 1943, they described Nature “Transparent
Water-in-Oil Dispersions” as they observed trangphil-continuous systems at high soap/water
ratios at the presence of an alcohol, fatty agiina or other non-ionic amphipatic substant@ey
believed that the dispersed water is present innsiaboscopic micelles, consisting of a water-core
which is surrounded by a surface monolayer of staf#-ion-pairs which are interspersed with non-
ionic amphiphilic molecules. The hydrocarbon g of the surfactants are oriented outwards of the
micelle towards the continuous oil phase (Fig. .2Ih) addition, they estimated the size of the
“oleopathic hydro-micelle” by simple geometric calesations (core-shell model) to a few
nanometers, explaining the optical properties @& thspersion. They later introduced the term

“microemulsion” as optically isotropic transpar@hiases, consisting of oil, water and surfactants.

O emmmes S02D
.___ Alcohol, amire, ete.

Fig. 2.1 Model of the “oleopathic hydro-micelle” by Schulmand Hoar, consisting of ionic soap and a non-

ionic co-surfactant, forming an transparent watardil microemulsion.

In contrast to ordinary emulsions, microemulsioms thermodynamically stabfeThree different
main types of nanostructures can be distinguistmednicroemulsions, namely oil droplets in a
continuous water phase (o/w), water droplets inoatiouous oil phase (w/o) and bicontinuous

structure$.

L T. P. Hoar, J. H. SchulmaNature1943 152, 102-103.

2J. H. Schulman, W. Stoeckenius, L. M. PritePhys. Chem959 63, 1677-1680.
3 M. Gradzielski, H. Hoffmann]. Phys. Chert994 98, 2613-2623.

“ F. Lichterfeld, T. Schmeling, R. Strey, Phys. Chen1.986 90, 5762-5766.
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Introduction

However, microemulsions were already prepared abémtally before their discovery and used for
example since 1928 in domestic cleansing prodéctsicroemulsion prepared from carnauba wax,
water, oleic acid, sodium borate and potassium dxide for example was sold under the name
“AeroWax” and was used as floor polish solutfon.

An extensive research on microemulsions was finadlysed by the two oil crises in 1973 and 1979.
Water-surfactant mixtures were pumped into oil-g¢Hat were running dry (tertiary oil recovery).
By doing this, oil, which is left in the pores dfet rock, can be easily removed as a microemulsion
with an ultra-low interfacial tension. Of courséijst form of enhanced oil recovery needs a lot of
understanding of the phase behaviour of surfactdinés behaviour of the interfacial tension at the
water/oil interface and the formation of microens®

Today, microemulsions can be found in various fiedfl applications. E.g., microemulsions are used
in pharmaceutical science as drug delivery sysfefime small size of the microemulsion droplets
allows the drugs to penetrate into the blood cirbafore being digested in the stomach and thezefor
arriving faster their targets.

In textile industry, microemulsions can be usedasier for water insoluble functionalized silicone
oils that are used as fabric softeners for imprguime feel of textile§ The dispersion of the oil in
microemulsions allows any dilution by water andoptimal spreadability on the treated textile suefac
Products are also available that contain modifiidose oils in microemulsion solutions that are
applied on textiles to make the surface hydrophabat dirt repellent.

Another possible application of microemulsionshis tise as additive for fuels to reduce the emission
of soot® The water, solubilized in the fuel in form of aetmodynamically stable microemulsion,
accelerates the decomposition of the hydrocarbamsiduring the combustion of fuel due to radical
formation of water. Therefore, the exhaustion oftscan be reduced by 70-80%. In addition, the
enthalpy of the evaporating water decreases théastion temperature. This decreases the formation
of toxic nitrogen oxides (NQ).

A further large field of applications for microersidns is, of course, the cosmetic industry.
Microemulsion formulations that are used as skire gaoducts allow faster uptake of additives that
help to retain moisture, reduce impurities, remeweryday dirt, etc. Also many products with
“ultrafine emulsions” are established that are pref on the base of microemulsidfiOther
examples for applications can be found in food @ty agrochemical industry, environmental

detoxification, biotechnology and even mdte.

® H. Mollet, A. Grubenmann, irformulierungstechnik — Emulsionen, SuspensionesteFeormen Wiley-
VCH, Weinheim-Germany200Q

® C. Stubenrauch, ilMicroemulsions: Background, New Concepts, Applizetj PerspectivesViley-VCH,
2009

M. J. Lawrence, G. D. Reeddvanced Drug Delivery Revie@60Q 45, 89-121.

®D. Grabner, L. Xin, H. Hoffmann, M. Drechsler, Schneider,). Colloid Interf. Sci201Q 350, 516-522.
°L. Bemert, S. Engelskirchen, C. Simon, R. Stfay, Chem. Soc., Div. Fuel Che2009 54, 290-291.
2R, Miyahara, K. Watanabe, T. Ohmori, Y. NakathaDleo Sci2006 55, 403-411.

' B. K. Paul, S. P. MoulikCurrent Scienc@001, 80, 990-1001.
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2.2. Phase behaviour of surfactants

The existence of kinetically stable emulsions arttodynamically microemulsions would not be
possible without surfactants. If energy is added teater/oil system by stirring or shaking the rdixe
components, a very unstable dispersion of wat@ilior oil in water is the result. This state redax
quickly to the native state. By adding a surfactarthis mixture, the interfacial tension betweeatay
and oil is reduced what allows to establish maaelstdispersions of the componelitBepending on
the mixing ratios of the components and the typthefused surfactant, the results are either virater-
oil (w/0) or oil-in-water (o/w) emulsions.

All this is possible because surfactants have apmiié properties. This means in general, they are

composed of a hydrophilic and a lipophilic party(R2.2).

hydrophilic head group

lipophilic chain

Fig. 2.2 Simplified illustration of a surfactant with a hyghilic head group and a lipophilic chain.

There is an enormous variety of different surfattam the market. There are for example non-ionic
surfactants, anionic-/cationic surfactants, zwiitieic surfactarlf, double-chain surfactantor even
polymerizable surfactarifs

In dependence of the used surfactant type, surfactancentration, temperature or surfactant mixure
various nanostructures can form in aqueous solsitfon

Very often, micellar structures are found in ditligurfactant solutions. The aggregation of surfacta
molecules to micelles is steered basically on hykobic interactions. In agueous solutions, the
lipophilic alkyl-chains of the surfactants form timmer core of the micelle and are separated fitoen t
aqueous phase by the hydrophobic head groups.tiiietuse of the aggregates is determined by the
packing parameter'P

12| M. Prince, Ed., itMicroemlusions: Theory and PracticAcademic Press, New York977

13 A. Gonenne, R. Ernsfnalytical Biochemistry987, 87, 28-38.

“E M. Menger, J. S. KeipeAngewandte Chem200Q 39, 1906-1920.

> M. Summers, J. Easto&dvances in Colloid and Interface Scie@@3 100-102, 137-152.
®H. Hoffmann,Ber. Bunsenges. Phys. Cheti94 98, 1433.

173, N. Israelachvili, D. J. Mitchell, B. W. Ninhah, Chem. Soc. Farady Trans.1976 72, 1525.
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V,

t
a,
with V; = volume of the lipophilic chaine ¥ length of the lipophilic chain and & required space for

P=

the head group. Depending on the packing parantétemicelles can be spherical micelles, rod-like
micelles, disc-like micelles, worm-like micellesiarverse micelles. The micellar phase is described
literature as L. phase, the inverse micellar phase aphase.

When the surfactant concentration is sufficienilyhlh the molecules can also form double layers. In
the classic lamellar phase, the lipophilic surfatthains are arranged in the inner area of thellam
and the hydrophilic heads in the outside, facirgwiater phase. The lamellar phase is describeq as L
phase in literature. Characteristic for the lanigllaase is the occurring birefringence betweenses
polarizer foils (Figure 2.3). The birefringenceceused by the anisotropic properties of the phase,
the lamellas are highly ordered structures. Fos ti@ason they are also called liquid crystalline
phases® The dilution of the lamellar phase leads to arrdasing distance between the surfactant
bilayers. This sometimes results in the appearapicefascinating iridescent colours, as the
interlamellar distance is matching with the wavegih of visible light, leading to interference
effects’®

P
*"‘a":*t TS

08000008
=)

Fig. 2.3 lllustration of a classical lamellar phase and pbof a lamellar phase between crossed

polarizer foils.

The viscosity of lamellar phases is quite low, l#s inembrane double layers can easily slide against
each other under shear. This changes when thectanfadouble layers arrange to multilamellar

vesicles that are formed and arranged like the ekian onion. The highly viscous multilamellar

8 K. Fontell,J. Colloid Interf. Sci1973 44, 318-329.
19G. Platz, C. Thunig, H. HoffmanRrogr. Colloid Polym. Scil99Q 83, 167-175.

13



Introduction

vesicles also show birefringence between crosskdipers, but show a different texture compared to
the classical planar lamellar phaSe.

A phase that is closely related to the classicakléar L, phase is the bicontinuous phase. Because
of its unusual nanostructure, the highly dynamjphase is often described as sponge pHaiee Ls
phase shows low viscosity and no birefringence betwcrossed polarizers. Without detailed
investigations, it can easily be mistaken for arphase? L; phases are encountered wherphases
are made more lipophilic by changing a physicoclkaimparameter of the surfactant system. This is
most easily done by increasing the co-surfactariéistant ratio in non-ionic surfactant systéimsy
increasing the temperature in alkylpolyglycol sys$& or by increasing the salt-concentration in
mixed surfactant systems in which one compound ismic surfactarit.

At the beginning of the discovery of the hhase, there has been a big controversy abaostriksture.

For example, a model suggested that thpHase can be formed from the neighboring lamehase

by breaking up its bilayers into discrete disk-likiécelles that are randomly orientated and have the
same diameter as the interlamellar distance ofbtleyers of the | phase?®® This model allowed
simple calculations concerning like the scatteffiraipaviour or rotational diffusion coefficients and
explained the macroscopic viscosity. However, thagel turned out to be wrong, as freeze fracture
electron microscopy micrographs showed that theplhase consists of multiconnected but self-
avoiding folded bilayers. It also was shown tha bicontinuous sponge phase is formed, when the
lamellar phase becomes perforated by passagesamdare transformed from a classicalghase to

an Ls phase (Fig. 2.4Y.

Fig. 2.4 Transformation from L phase to bicontinuousszlphase by forming passages through the surfactant
bilayers of the lamellar phase.

203, Haas, H. Hoffmann, C. Thunig und E. HoinkisJloid Polym. Scl999 277, 856-867.

21 B. Schwarz, G. Ménch, G. ligenfritz, R. Stréangmuir2002 16, 8643-8652.

“2R. Beck, Y. Abe, T. Terabayashi, H. HoffmadnPhys. Chem. B002 106, 3335-3338.

%M. Jonstromer, R. Strey, Phys. Chenl992 96, 5993-6000.

24D. J. Mitchell, G. J. T. Tiddy, L. Waring, T. Bask, M. P. McDonald). Chem. Soc., Faraday Tran4383
79, 975.

% K. Fontell in:Colloidal Dispersions and Micellar BehavioACS Symposium Series No. 9; American
Chemical Society: Washington, DC975 p 270.

% C. A. Miller, M. Gradzielski, H. Hoffmann, U. Kréen, C. ThunigColloid Polym. Sci199Q 268, 1066-1072.
?’R. Strey, W. Jahn, G. Porte, P. Bassereangmuir199Q 6, 1635-1639.
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2.3. Microemulsions with non-ionic surfactants

Since the 80s of the 2@entury, there has been an increasing focus orettearch of the fascinating
nanostructures of microemulsions by various mettagiself-diffusion NME, small angle X-ray

and neutron scatterifijor transmission electron microscdpyAll these measurements helped to
establish the knowledge we have today about micatsoms.

Probably most investigated and mostly understoamiaaimulsion systems are those with a single non-
ionic surfactant of the type;E, where i = length of the lipophilic alkyl-chain df = number of the
hydrophilic ethylene oxide groups. When mixed withand water, these non-ionic systems show an
interesting feature in the phase behaviour, nambl existence of so called “single phase
microemulsion channels”. In such channels it issjiide to pass from the aqueous phase to the oll
phase without crossing phase boundaries at constafdctant concentrations (Figure 2.5). The
nanostructure in these channels changes continuai increasing mass fraction of oil from oil
swollen micelles (o/w microemulsion) to bicontinsagtructures at equal amounts of water and oil to

inverse micellar structures with oil forming thentiouous phase (w/o microemulsich).

multiphase i)
region AL

,:o ‘ ?ql i multiphase qg i"
° L& region it
ity M!
200 O il

mass fraction of oil

Fig. 2.5 lllustration of the single phase channel in a tgbi microemulsion system with a single non-ionic
surfactant of the type;E. Schematic overview of the nanostructure indicatethe channel, where the white

region indicates the water-rich and the grey shadezhs indicate the oil-rich domains.

8. Olsson, P. Schurtenbergeangmuir1993 9, 3389-3394.

2T, N. Zemb, S. T. Hyde, P.-J. Derian, |. S. BaresV. Ninham,J. Phys. Chenl987, 91, 3814-3820.
0T, Sottmann, R. Strey, S.-H. ChdnChem. Phy$997 106, 6483-6491.

3L R. StreyColloid Polym. Sci1994 272, 1005-1019.

%2F. Lichterfeld, T. Schmeling, R. Strey, Phys. Cheri986 90, 5762-5766.
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The changing nanostructures can be easily follolmed steady decrease of the electric conductivity
within the channel with increasing mass fractiomitfwhen little salt is added to the syst&m.

The occurrence of the single-phase channel has witti the change of the amphiphilic properties of
the non-ionic surfactant as non-ionic surfactantsthe type GE; become more lipophilic with
increasing temperaturéWith increasing temperature, the curvature of ahgphiphilic monolayer
changes from convex to flat and finally to concévig. 2.6). The reason for this lies in the shnmki

of the hydrophilic head-groups (EO-groups). At ltemperatures, the size of the surfactant head
group is larger than that of the hydrophobic chigading to an amphiphilic film curved around tlie o
By increasing the temperature, the size of the E@&dhgroup is shrinking, whereas the size of
hydrophobic chain increases due to the increasimgber of chain conformations and the increasing
penetration of oil molecules. These trends leaa goadual change of the interfacial curvatirgs a
consequence the microemulsion structures changs the water side, from small oil droplets in

water, to bicontinuous structures in the middi¢hef phase diagram, to w/o droplets on the oil side.

I
water
H<0
oil
water
H=0 T
oil
water
oil

Fig. 2.6 Mean curvature H of a non-ionic surfactant filmtae oil/water interface with increasing temperatur
The size of the hydrophilic EO-head group is shingkvhereas the size of the liphophilic chain isr@asing by

raising temperature.

The interfacial tension between the oil and theew# a sensitive parameter for the change of the

interfacial curvature. Optimum solubilisation of mi a system with non-ionic surfactants is obtdine

% M. Kahlweit, et. al,). Colloid Interf. SciL987, 118, 450.

% K.. ShinodaProceedings of the'5international Congress of Surface Activity, Bacrel, Spain, Vol. 21969
275-283.

% . Lyklema, in Fundamentals of interface and colloid scienceluvee V: Soft ColloidsAcademic Press Inc,
2005
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at the minimum of the interfacial tension of théutid aqueous surfactant solution against thé® oil.
For non-ionic surfactants, ultra-low interfaciah$éons against the oil-phase are observed thabean

as low as 18 mN/m. A typical curve for the change of the inéifl tension is shown in Fig. 2.7.
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Fig. 2.7 Ultra low interfacial tension of the diluted nonrig surfactant GE, against alkane oils with the chain

length k between 8 and 14.

Bicontinuous microemulsions are obtained in thearegf the minimum of the interfacial tension, as
low interfacial tensions allow non-spherical stures due to the equilibrium in the interfacial

curvature.

2.4. Microemulsions with ionic surfactants

The situation in microemulsion systems with ionigrfactant is very different compared to
microemulsions with non-ionic surfactants. The p@talp most investigated systems are those with
AOT (sodium di-2-ethylhexylsulfosuccinate), decadg) and DDAB (didodecyldimethylammonium
bromide), dodecane, ;8.3 "*®*The single phase regions in such systems are ysphitted in
triangular phase diagrams (Gibbs phase diagrams)example for such a phase diagram of the
system DDAB, dodecane 8 is shown in figure 2.8. The isotropic phase ragi@microemulsions) in

these triangle presentations are very differenttiose of non-ionic surfactaritsSystems with ionic

% T, Sottmann and R. Strey, Chem. Phys1997, 106, 8606-8615

3" M. Kotlarchyk, S.-H. Chen, J. S. Huang, M. W. Kifhys. Rev. Letl.984 53, 941-944.

¥ K. Fontell, A. Ceglie, B. Lindman, B. Ninharicta Chemica Scandinavica A4086 247-256.
%9 M. Kahlweit, R. StreyAngew. Chern. Int. Ed. Endl988 24, 654-668.
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surfactants, which have been studied usually, coritage isotropic regions in the middle of the
triangle while phase diagrams with non-ionic sudats are very different and contain narrow
isotropic channels. However, microemulsion systevith single ionic surfactants channels do not
have single phase channels that pass from the agusde without crossing a phase boundary

continuously to the oil side of the phase diagram.

dodecane

water DDAB

Fig. 2.8 Ternary phase diagram of the system DDAB, waterdoacane. The single phase microemulsion area

L, is indicated as yellow.

The nanostructures of microemulsions with ionidatants have been investigated in detail by SANS,
SAXS, electrical conductivity and finally imaged frgeze fracture electron microscoffyfhe results
showed that the morphology of the microemulsionmsefiual amounts of water and oil is completely
different to those of non-ionic surfactants. Ingted a bicontinuous microemulsion phase, there was
found a water-in-oil droplet structure. In Figure2two FF-TEM micrographs show the droplet
structure of the systems AOT-decangoHand DDAB-dodecane-f@. It is possible to dilute these
phases with oil without the droplets would changsize or structure. The droplet structure is cduse
by the electric charges of the ionic surfactant tlesult in higher interfacial tensions compared to
microemulsion systems with non-ionic surfactantsowever, it was shown by conductivity
experiments that the oil-continuous w/o-dropletictinres at equal amounts of water and oil can be
transformed to samples that have similar bicontisufeatures as microemulsions with non-ionic

surfactants by shielding the charge on the sunfiaéagers by excess sétt.

“0W. Jahn, R. Streyl. Phys. Chen.988 92, 2294-2301
“L\W. Sager, W. Sun, H.-F. Eickrogr. Colloid Polym. Scil992 89, 284-287.
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Fig. 2.9 FF-TEM micrographs of w/o-microemulsions with iosierfactants at equal amounts of water and oil.
Left micrograph: droplet structure of the systemTAQO wt %), decane and water, right picture: aggated

structure of deformed droplets of the system DDEBY wt %), dodecane and water. Scale bar = 200 nm.

In addition, microemulsions from ionic surfactaate less sensitive to temperature changes ane stabl
over a wider temperature range than microemulswitis non-ionic surfactants, which quickly can

drop out of phase when the temperature is not tatjusccurately by a few degrees.

2.5. Objectives of this thesis

Microemulsion systems with single non-ionic suréats and single ionic surfactants are investigated
in detail and well understood. However, there aily dfew studies of properties of microemulsions
with mixed surfactants. The behaviour of mixturathwdifferent surfactants is not easy to predist, a
the temperature effect on the solubility and thasghbehaviour of non-ionic and ionic surfactangs ar
very different’? It should be noted that some results on the infleeof ionic surfactants on phase
diagrams of non-ionic microemulsions have alreaerb published® It was observed that the
isotropic channels were widened by the influencmoic surfactants and that the surfactant efficyen
was increasedf Nevertheless, there is no information on the stnes of the isotropic channel, and

no detailed phase diagrams of a four-componenesystere established.

“2H. Kunieda, K. Hanno, S. Yamaguchi, K. ShinaglaColloid Interf. Sci1985 107, 129-137.
43 M. Kahlweit, B. Faulhaber, G. Busdsngmuir1994 10, 2528-2532.
4. A. Silas, E. W. Kalet,angmuir2001, 17, 4534-4539.
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As shown in 2.3, the evolution of the different memulsion structures in the single phase charinel o
non-ionic surfactants is based on the change oitleefacial curvature with temperature. It is kmow
that the interfacial curvature can also be corgtbhy the interfacial composition, when a hydraphil

surfactant is mixed with a lipophilic co-surfactdhSuch a situation is shown in Figure 2.10.

water
H<0
oil U Hydrophilic

surfactant

Hydrophobic
surfactant

FT - |5y,

oil

water

water

oil

Fig. 2.10Change of the mean curvature H by mixing a hydidaphiith a hydrophobic surfactant. The decrease
of H with increasing amount of the hydrophobic aatént in the composition of the interfadig is caused by

the smaller head group of the hydrophobic co-sudiaiccompared to the hydrophilic surfactant.

The aim of this work was to establish a microenmmssystem with a surfactant mixture based on an
anionic hydrophilic and a lipophilic co-surfactamd to prepare a phase diagram of a four-component
system at constant temperature. As it is well kndhat the increase of temperature makes ionic
surfactants more hydrophilic while non-ionic sutéatts become more lipophiffg it was hoped that
these both effects would compensate in such a enaugsion system and therefore result in a system
that is mostly independent to temperature variatidinis is of great interest for possible applmadi,

for example in the field of cosmetic industry ohet areas like enhanced oil recovery.

In addition, the similarities and the differencésach mixed systems compared to the basic now-ioni
or ionic microemulsion systems should be investidaby different physicochemical methods, as

conductivity, rheology, PFG-NMR and electron micagy.

4 J. Reimer, O. Sédermann, T. Sottmann, K. KlugeStRey,Langmuir2003 19, 10692-10702.
403, Ajith, A. K. RakshitJ. Phys. Chert995 99, 14778-14783.
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3. Synopsis

3.1. The surfactant system Ca(DSMg(DS), — IT 3

In the publication ,Microemulsions from siliconel @¥ith an anionic/non-ionic surfactant mixture®,
we first introduced a new surfactant combinatidat turned out to be an interesting choice for the
preparation of microemulsions. The main idea wasstablish a microemulsion phase diagram in the
style of non-ionic microemulsion systems, in whisbtropic microemulsion single phase channels
exist that run from the aqueous side of the phaagraim to the oil-side without passing a phase
boundary. Instead of varying the temperature ttuénfce the interfacial curvature of the surfactant
film, we wanted to establish such single phase mélanin an isothermal microemulsion system by
adjusting the mixing ratio of two different surfants, namely a hydrophilic and a lipophilic one.
Although the idea to use surfactant mixtures fa fineparation of microemulsions is not new, no
detailed phase diagrams with such a system haveibeestigated yet. As hydrophilic surfactant, we
chose calciumdodecylsulfate, as it was already knthat C&"-salt of SDS can form lamellar phases
and even sponge-like phases, when it is mixed s¥ithrt chain alcohols as co-surfactants. This is not
possible for normal SDS. As lipophilic co-surfadtar chose an industrial non-ionic surfactant ibat
based on a highly branched isotridecanol which tierdied with an average number of three
ethylene-oxide groups (isotridecyltriethyleneghatbker, abbreviated as IT 3). By mixing both
surfactants, we received a huge variety of diffe@rases, starting by a micellay phase with the
pure Ca(DS) going over to a large birefringent lamellar aveigh increasing mass fraction of the
lipophilic co-surfactant and finally ending with tevo-phase situation in that the IT 3 is forming
inverse micelles which are separating from the lfoagueous phase (Fig. 3.1). Rheological results
indicated that the lamellar structures change fromitilamellar vesicles to planar lamellas with

increasing mass fraction of the lipophilic co-satéant.

LR S

Fig. 3.1 Surfactant mixtures of Ca(DStwo upper rows) or Mg(Dg)lower row) with increasing mass fraction
x of IT 3. First row shows surfactant mixtures with(DS) in direct light. Second and third rows show samaple
with Ca(DS) and Mg(DS) between crossed polarizers. Samples preparedanitiial surfactant concentration

of 15% (w/w), phases observed at T =40 °C.
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An amazing feature of the surfactant mixture is¢kestence of an optical isotropig Eponge phase,
as Ls phases with charged surfactants are very rare.

When using the Ca(DSin the surfactant mixture, one has to considerghmples with high Ca(DS)
crystallize at room temperature due to its highfiKfeemperature of K= 60 °C. Therefore we also
used the Mg-salt of SDS, as it has a lower Kf 25 °C. Nevertheless, the surfactant phase seque
as well as the properties of the samples are thee,swhen replacing the Ca(B)y Mg(DS}.
Another important result in the publication is thigservation, that the surfactant mixture itself has
high interfacial tension in diluted aqueous solugi@gainst oil. For microemulsion systems with non-
ionic surfactants, ultra-low interfacial tensioms seported. The high interfacial tensions of threu
surfactant system are probably caused by an infkiesf the electric charges at the surfactant
monolayer. This turned out to have consequenceshomanostructure of the microemulsions that

were investigated later.

3.2. Solubilisation of oil into the surfactant mixtre

In a next step, we solubilized oil into the suréaxttmixtures to search for isotropic microemulsion
areas. As oil we chose the silicone oil hexametbjttkane, as no microemulsion phase diagram with
silicone oil has been established before. Nevesisel we knew from previous solubilisation
experiments, that hexamethyldisiloxane;JMhould behave similar as decane. In figure J, t
different phases of the surfactant mixtures wittréasing amount of oil in the solvent mixture are

summarized in a phase diagram.
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Fig. 3.2 Phase diagram of the system Ca(f%)3 — HO/M, with 15% (w/w) surfactant and 85% (w/w) solvent.
Phases observed at 40 °C. Abbreviation “ME” starfdr “microemulsion” and indicates area of isofric

microemulsion channels.
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All samples were prepared with a constant surfactancentration of 15% (w/w) and the phase
behaviour was investigated at 40 °C. Most importeedults are the presence of two isotropic
microemulsion single phase channels, which arerasgh by a birefringent anisotropic area. The
upper microemulsion channel extends from the aguemle of the phase diagram continuously to the
oil-side, while the lower single phase channel emdshe middle of the phase diagram at equal
amounts of water and oil.

As already mentioned, such microemulsion channsls exist in phase diagrams with single non-
ionic surfactants, where the hydrophilic-lipophili@lance is adjusted by raising temperature. An
example of such a phase diagram withEg as surfactant and tetradecane as oil is showiyumef
3.3%

26

0 01 02 03 04 05 06 07 08 09 10
weight fraction
C][.H:io

Fig. 3.3 Phase diagram of the systenpks; — H,O/Tetradecane with constant 16.6 wt % surfactant-\Water
continuous microemulsion, = oil continuous microemulsion, D = bicontinuous cntiemulsion, L.L.C =

lyotropic liquid crystalline.

In such systems the nanostructure on the microéonuthianges with increasing temperature and with
increasing oil content from oil-droplets in a conibus water phase to bicontinuous microemulsions at

equal amounts of water and oil and finally to watteaplets in a continuous oil-phase at the oil-rich

47U. Olsson, K. Shinoda, B. Lindmaipurnal of Physical Chemistr986 90, 4083.
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side of the phase diagram. The upper channel thes st the isotropic Lsponge phase at higher
temperature joins the lower channel in the firdt bbthe phase diagram.

An important difference between both shown phasgrdims is the fact, that the microemulsion
channels are not connected with each other in tkedhanionic-non-ionic surfactant system.

Although microemulsions from both channels are dpament and optical isotropic, samples in the
upper single phase channel are somewhat bluiststams some shear induced birefringence with up
to 40% of oil in the solvent mixture. This is asfiindication, that the nanostructures in both deén
must be very different. Conductivity experimentsafly gave evidence, that this is indeed the case.
While the conductivity values in the lower singlbage channel stayed about the same, there was
found an abrupt decrease of the electrical condtictin the beginning of the upper single phase
channel with only about 5% of oil in the solventxtare. At equal amounts of oil and water, no
conductivity could be detected any longer. We catet! from the results, that the nanostructureen th
upper channel might switch from a bicontinuous rhotpgy to a water-in-oil system, while the oil-in-

water structures in the lower channel remain tineesaith increasing oil-concentration.

3.3. Cryo-TEM imaging of the microemulsion system @DS)/IT 3 — H,O/M,

To verify the different nanostructures which weonduded from the experimental results that were
presented in the first publication about the newrog@mulsion system, we tried to image them directly
by cryogenic transmission electron microscopy (€FM) and discussed the results in a second
publication. In the cryo-TEM technique, a small glet of the sample is pipetted on a perforated
carbon film that is supported by a TEM copper gidth the help of a piece of filter paper, excess
liquid is blotted away until a thin liquid film wita desired average thickness of about 200 nnitis le
in the holes of the perforated carbon. After bhgitithe specimen is plunged into a suited cryogen f
vitrification. After vitrification, the specimen igransferred under liquid nitrogen into the eleatro
microscope. The specimen preparation can be pesfbrm a so called controlled environment
vitrification system (CEVS), in which both the atsphere as well as the temperature can be
controlled?® This point is very important for the specimen-gnegion of temperature sensitive
samples and/or samples that contain volatile comgsu

For the preparation of the water-continuous samplesused liquid ethane as cryogen as it provides
cooling-rates that are fast enough to vitrifyCHand no ice-crystals should disturb the image. The
imaging of the binary surfactant system could béopeed without major problems and the results
supported the rheological results. The cryo-TEMrogcaphs show a transition from multilamellar
vesicles to planar lamellas with increasing maastion of IT 3 in the surfactant mixture. We firyall
observed the transition from a lamellar structuce a bicontinuous network-structure of the

neighbouring b phase (Figure 3.4). As the cryo-TEM method onlypveh a two-dimensional

48y, Talmon in: “Seeing Giant Micelles by Cryogenic-Temperat@iransmission Electron Microscopy (Cryo-
TEM)”, in “Giant Micelles”, chapter § R. Zana, E. A. Kaler, Eds., CRC Press, New Y27, 163-178.
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projection of the various domains, the sponge-tikaracter of the phase is not as well visible dab wi
other methods as freeze fracture electron micrgsdbpt can reproduce better the three-dimensional
morphology’® That is why the structure seen on the cryo-TEMragaph could also be taken for a
network of thread-like micelles instead of a biGonbus sponge phase.

Fig. 3.4 Cryo-TEM micrograph of sample with 15% (w/w) sotéat Ca(DSYIT 3, x IT 3 = 0.77, prepared at
40 °C. Micrograph shows bi-continuous network-stuue of the k phase.

The imaging of the microemulsion phases with thieai oil was more challenging. Although we
tried to saturate the atmosphere in the CEVS, & fea example not possible to image clearly the
structure of the microemulsions in the lower singlese channel. Instead of tiny microemulsion
droplets, small unilamellar vesicles and also rartiellar vesicles were mostly imaged. The problems
with the sample preparation were obviously causeth® high volatility of the short chain silicon#, o
as relaxation experiments indicated. Hexamethytiane has evaporation rates which are
comparable to acetone. In such relaxation expetsn@ncertain amount of time is stopped after the
blotting-procedure during cryo-TEM specimen prefiara before the sample is plunged into the
cryogen. Thereby it can be investigated if the s&moture changes due to small changes in the
sample composition. In figure 3.5, two cryo-TEM noigraphs of the same sample from the lower
single phase channel with 15% of oil in the solveitture are shown. While the micrograph of the
quickly prepared specimen shows structures thatingenio oil-swollen micelles and some
multilamellar vesicles, the micrograph of the spemi that has been prepared with a delay of 30

seconds before the plunging shows collapsed stestand large (multilamellar) vesicles. The

“9H. Hoffmann, C. Thunig, U. Munkert, H. W. Meyer,. \Richter,Langmuir1992 8, 2629-2638.
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conclusion is that the composition of the origimalcroemulsion must have changed to the

neighbouring lamellar phase by loosing some oil.

Fig. 3.5 Cryo-TEM micrographs of sample with 15% (w/w) aatnt Ca(DS)IT 3, x IT 3 = 0.4, x M= 0.15,
prepared at 40 °C. Left picture: quick specimenpamation, tiny droplets with size of ~ 12 nm and
multilamellar vesicles; right picture: micrograpt same sample, but prepared with 30 seconds rataxéme,

collapsed irradiated structures and some huge lesic

For the oil-continuous microemulsions from the upgleannel, we had to change the cryogen from
liquid ethane to liquid nitrogen for the cryo-TENdeximen preparation, as the ethane would have
dissolved the off’ Nevertheless, the cooling rate of liquid nitrogersufficient to vitrify the oil. In
Figure 3.6, two cryo-TEM micrographs from the uppengle phase channel are shown. The
micrograph of the sample with 5% oil in the solvenixture shows a fascinating bicontinuous
structure, in which the water-domains are encirddgdtwisting surfactant layers. Undeniably, the
bicontinuous structure with 5% oil looks very difat in comparison to the fishing-net-like struetur

of the oil-free I3 phase that is shown in figure 3.4. Obviously, ¢hisra major structural transition,
when some oil is solubilized between the surfachillatyers of the bk phase. This also explains the
drastic decay of the conductivity in this regios,the constraints for the transport of the ionstrbes
much larger than in theslphase. The cryo-TEM micrograph of the microemusample with equal
amounts of water and oil doesn’'t show a bicontisustiucture anymore. Instead, there can be seen
densely packed water droplets in a continuoustailsp. Some droplets seem to have black cores on
the micrograph. All these particles are crystalizteewhich is formed during the rapid cooling prege

As liquid nitrogen had to be used as cryogen, ti@ing rate was not sufficient to vitrify the water
Thus, the small water domains freeze into crysialiexagonal ice. These nano-crystals are randomly
oriented with respect to the electron beam, so timy a few satisfy Bragg's law for electron

L. Belkoura, C. Stubenrauch and R. Stilegngmuir2004 20, 4391-4399.
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diffraction, and those appear dark. The ice crgdtat do not diffract the electrons appear ligieyg
The successfully imaged water-in-oil microemulsdnoplets confirmed the conclusions that were
drawn from the conductivity results. The sizes loé imicroemulsion droplets are consistent with
simple geometric considerations. Obviously, theditral changes within the microemulsion channels
are different in our anionic/non-ionic surfactanixiare compared to microemulsion systems with a
single non-ionic surfactant where bicontinuous oeenulsions dominate the area in the phase
diagram with equal amounts of water and oil. Thesepbed water-in-oil-structure in the new
microemulsion system with the mixed surfactantesysis probably caused by the electric charges of
the anionic surfactant Ca(D:SPne has to mention that water-in-oil structurea atater:oil ratio of

1:1 were already found in microemulsions with theoaic surfactant AOT, water and decahe.
Nevertheless, no continuous microemulsion singkesphchannel region exists in such a system that
reaches from the aqueous to the oil-rich sidepifase diagram at constant surfactant concentration.
In this respect, the situation in the new mixedoait/non-ionic surfactant system is somewhere
between, as it combines the features of a contmgmgle phase channel that can be found in non-

ionic systems with the presence of water-in-oilnoénulsions at equal amounts of water and oil that

are found in microemulsions with the anionic AOT.

Fig. 3.6 Cryo-TEM micrographs of samples in the upper snghase channel with 15% (w/w) surfactant, left
picture: Ca(DSYIT 3, x IT 3 = 0.65, x M= 0.05, sponge-like structure; right picture: x 8= 0.9, x M = 0.5,
densly packed water droplets in continuous oil-ghas

*LW. Jahn and R. Strey, Phys. Chen1988 92, 2294-2301.
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3.4. Dynamic properties of microemulsions in the sgle phase channels

3.4.1. Introduction of the microemulsion system MdpS),/IT 3 — H,O/decane

Although the initially investigated microemulsiogsgem showed some new interesting properties, we
had to modify the system for more detailed invegians. First problems in experiments with the
initially investigated system occurred becausehef high Krafft-temperature of the Ca(D%round

60 °C. Microemulsions with higher mass fractionsGd(DS) in the lower single phase channel
suffered from precipitation of the surfactant atmotemperature. We therefore investigated the phase
diagram at 40 °C to compensate this problem. Initiadd the high volatility of the silicone oil made
other experimental investigations of the microemomis more complicated, as the cryo-TEM
micrographs already indicated. The high temperatti®® °C even increased the problem of volatility.
This made rheological or electric birefringence exxpents impossible, as small amounts of the
silicone oil evaporated during the measurements. the modified system, we first replaced the
Ca(DS) by Mg(DS), as it has a lower Krafft-temperature of 25 °CeHilicone oil was replaced by
the less volatile hydrocarbon oil n-decane, as m@nkfrom initial solubilisation experiments that n-
decane behaves similar like,MTo prevent freezing artefacts in planned freeaetlire electron
micrographs, we prepared all samples with 20% gtegbl in the aqueous fraction. All these
modifications made it possible to establish a phdiagram at room-temperature that didn’t suffer
from evaporation of oil. This modified microemulsisystem was introduced in the third publication

“Dynamic Properties of Microemulsions in the SinBlease Channels”.
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Fig. 3.7 Phase diagram of system Mg(R8Y 3- H,O/decane at 15% (w/w) surfactant and 25 °C, 20%egjin
in H,O, x IT 3 = mass fraction of IT 3 in the surfactanixture, x decane = mass fraction of decane in the
solvent mixture. “ME” indicates isotropic microensidn area, and J.indicates area of anisotropic lamellar

channel.
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The phase diagram of the new microemulsion systéigufe 3.7) shows more or less the same
features as the phase diagram with the silicondNewWertheless, there are some minor differencas th
are worth emphasising. In contrast to the microsiool system with the silicone oil that was
investigated at 40 °C, the upper single phase @iaffrthe new system doesn’t run completely to the
oil-side of the phase diagram. The microemulsioanciel only extends to about 80% of oil in the
solvent mixture. Obviously, the co-surfactant ITis3not lipophilic enough to solubilize more than
80% of oil at room temperature. This can be charmedsing the temperature from 25 °C to again
40 °C. Another difference is related to the singlease lamellar region that separates both
microemulsion channels. In the new system, thisarapic region is notably larger and extends from
0% to 90% oil. Such large anisotropic single phaggons do not exist in the phase diagrams of non-
ionic microemulsions. Moreover, all phases withiis tanisotropic region are temperature stable from
10 °C to at least 40 °C.

To check, if the nanostructures in the single phasannels are the same as in the previously
investigated microemulsion system, the conductiviilues were measured again to distinguish
between water- and oil continuous microemulsionsil®Vthe conductivity values in the lower
channel remained on high values and only changglatlsi with the surfactant composition, the decay
of the conductivity within the upper single chanmehs even more drastically compared to the
previously investigated system. With only about 10Psil, the conductivity decreases three orders of

magnitude (Figure 3.8).
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Fig. 3.8 Plot of conductivity in the upper single phase nmgenulsion channel; conductivity values (red dots)

and IT 3 content (grey triangles) against masstfoacof decane in the solvent mixture.

Again, the nanostructure must go through a drastitsition from a bicontinuous to an oil-continuous

system. Small angle neutron scattering experimahigwed, that the interlamellar distance is
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increasing from about 20 nm in theg jhhase to about 40 nm in the microemulsion with ¥gane.

By raising the oil-concentration to 30% decane,ititerlamellar distance doesn’t change much. This
indicates that the main structural transition mostbetween 0% and 10% of oil. Freeze fracture
electron micrographs confirmed again, that thecsane in the upper channel changes from a
bicontinuous sponge phase to globular particleslevthe micrographs for the lower channel showed

this time well-defined tiny oil droplets in a camtious water phase.

3.4.2. Electric birefringence and rheology measureents

To study the dynamic behaviour of the microemulsjadhe samples were investigated by the electric
birefringence method. This method is based onabethat an electric field can cause an orientatfon
colloidal particles in solution if the particlesveaa permanent dipole moment or an anisotropy ef th
electric polarisability. As a result of this oriatibn, the solution becomes optically anisotropic o
birefringent® The intensity of the birefringence is detected ayhotomultiplier and the signal
recorded in dependence of time. The basic prodessoh an orientation and the resulting signal of a

simple system are illustrated in Figure 3.9.
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Fig. 3.9 Particles with the length L get orientated in thlectric field. The anisotropic orientation causas
increase in the signal intensity. The maximum amnnidi /n indicates an equilibrium state of the oriented

particels. By turning off the electric field, thigisal decays with the relaxation time

When the electric field is turned off, the partgleith the length L randomize by loosing their
anisotropic orientation. This causes an exponendaly of the birefringence signal which can be
fitted with a single time constant The time constantis called relaxation time and is proportional to
the third power of the particle length £ L®). This means that the electric birefringence ieesy
sensitive method to detect very small changesdrsite of particles.

In Figure 3.10, the design of the electric birejence device is drafted. The light beam of a 3.5 mW
HeNe laser is polarized linearly by a Glan prisnlageer and traverses the sample cell (Kerr cell).

Having passed the cell, the light beam enters angepolarizer which is set in crossed positionht® t

2 H. Hoffmann, W. Schorr). Phys. Chenl981, 85, 3160-3167.
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first polarizer. The light that emerges from them® polarizer is detected by a fast photomultiplie
The output voltage of the photomultiplier is recmutoby a fast transient recorder (Voltcraft DSO-
2090) and directly imaged with a computer. Thediam recorder is connected to a high voltage pulse
generator. After a trigger impulse, an electriddfis produced in the Kerr cell by applying rectalag
voltage pulses of short rise and fall times (~2btaghe electrodes. The pulse length can be atjust
from 50 ns to 10 ms, the maximum voltage is 2.5 kV.

\ ‘ Photomultiplier

Polarizer Polarizer

recorder

) Trigger Transient

High Voltage -
Pulse Generator

Computer

Fig. 3.10Design of the electric birefringence device.

Electric birefringence measurements are usuallyiezhrout on colloidal systems to determine the
dimension of particles and their optical anisotrdp@ood results were also obtained by measuring the
signals of |5 phases? The signals are caused by the deformation of it@nbnuous structures in the
electric field. The structural relaxation time cah$ the macroscopic dynamic properties of the @has
Electric birefringence measurements were madel@tigathe microemulsion single phase channel to
determine these structural relaxation times. Wihikesignal for the 4 phase is a simple signal where
both the build-up as well as the decay of the bitgénce can be fitted with a single time constt,
signal becomes very complicated, when more thafo 5 oil are solubilized in the dphase. An
example for the signal of a sample of the upperoeinulsion channel that contains 6% of decane is
shown in figure 3.11. When the electric field isneed on, there is a superposition of three separate

processes with three different relaxation times.eWwthe field is turned off, all processes are V@sib

>3 W. Schorr, H. HoffmanrPhysics of Amphiphiles: Micelles,Vesicles and Meonallsions: Proceedings of the
International School of Physi¢s/. Degiorgio, M. Corti, Eds.; North-Holland: Anesdam,1985 pp 160-180.
> C. A. Miller, M. Gradzielski, H. Hoffmann, U. Kraen, C. ThunigProgr. Colloid Polym. Scil991, 84, 243.
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again. The final process is the longest with axaian time of 14 ms. Similar complicated signals
have been observed for electric birefringence measents on dispersion of clay particles. The
complicated signals in these systems are due ttathehat a fraction of the particles align paeitb

the electric fields, whereas another fraction aligarpendicular to the fiefd.
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Fig. 3.11 EB-signal for a microemulsion of the upper singlease channel with 6% decane in the solvent
mixture. a) signal shown with time sweep of 2 misgsjgnal with time sweep of 100 msec, longesixeglonz,

=14 msec. The signals identify three differenaixakion processes. Duration of electric pulse =dem

*5Y. Yamaguchi, H. HoffmanrColloids Surf. AL997, 121, 67-80.
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As the longest relaxation times of the final dechyhe signal dominate over the shorter times, they
were called main structural relaxation times. Sigimaere recorded all along the upper channel aad th
main relaxation times determined by analyzing tkgoeential decay of the final process. In addition,
there was measured the zero-shear viscosity ofnttueoemulsions. An overview of the main

structural relaxation times and the zero shearogisies in the upper single phase channel can be
found in figure 3.12.

—— 111 +—1—+—1—— 500

In*| [mPas]

' — ; ;
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
X decane

€@ Relaxation time T [msec]
® Zero-shear viscosity [mPas]
Fig. 3.12 Plot of the longest relaxation timeand the zero shear viscosity of microemulsionthen

upper single-phase channel against the mass fractia@ecane in the solvent mixture.

The relaxation time increases three orders of nage@iand shows a maximum around 6-10% decane.
At the same time, the zero shear viscosity incege orders of magnitude. With further increasing
mass fraction of decane, the relaxation time aedvibcosity decrease again. The structural relomati
times around the maximum that were determined éstiét birefringence also could be determined by
rheology.

As conductivity data already implied, there must &ecomplex transition mechanism from the
bicontinuous k phase to a water-in-oil structure with only aro@ti0% oil. The complicated signals
for microemulsions with low oil content are obvibuselated with this transition mechanism and
show that several microstructures exist in thedflwihich are in equilibrium with each other. For
higher oil content above 10% oil, EB-Signals becdess complicated again. This indicates that the

structural transition is complete. The structuelbxation time then is decreasing again due to the
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decreasing droplet size of the w/o droplets wittreasing oil content. The viscosity maximum is also
the result of a switch in the nanostructure fromowa viscous flexible k phase to a densely packed
w/0-HIPE structure. Obviously, the structural relaan time controls the viscosity of the fluid.

In the lower single phase channel, simple eletiirefringence signals were found that are caused by
the deformation of droplets in the electric fielthis indicates that the nanostructure doesn’t cang
much in this channel. With increasing mass fractwnoil, the main structural relaxation time
increases with the viscosity, as the droplet simreiases (Figure 3.13). The initial decay of the
viscosity is due to the transformation of worm-likecelles in binary surfactant mixture to spherical

micelles by solubilizing oil.
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Fig. 3.13Results of electric birefringence in the lower #nghase channel. a) EB-signal of a microemulsion
from the lower single phase channel with 20% dedanie solvent mixture. b) Overview of main stuuak

relaxation time and zero shear viscosity with imgieg oil content in the lower single phase channel
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3.5. Cryo-TEM of microemulsions with a High Interna Phase Microemulsion (HIPME)
structure

As the conductivity and electric birefringence tesshowed the presence of an oil-continuous high
internal phase droplet structure with less then 1%il, cryo-TEM experiments were performed to
image these new microemulsion structures direTthe results were published in a fourth manuscript.
Unfortunately, oil continuous phases with lineadtocarbons like n-decane cannot be investigated by
cryo-TEM. Linear hydrocarbons tend to crystallizeen they are quenched into the liquid cryogen
during the specimen preparation. Branched hydrocexbhowever, can be vitrified and do not
crystallize. Therefore, we tried to add some istaoe to the decane in order to stay as close as
possible to the decane system and hoped that thiddwhelp to prevent the crystallization process.
Good results cryo-TEM results of phases with lingits that were mixed with branched compounds
serving as cryoprotectants are already repdfted.

Cryo-TEM experiments with pure decane/iso-octangtumes failed, it was not possible to gain
pictures of clean vitrified oil-films. Instead, gntark crystal structures of the oil could be indge
that were sensitive to the electron beam and fdféiom irradiation damage. As a consequence, we
gave up the idea to use a mixed oil. A cryo-TEMnomgraph of such structures is shown in figure
3.14. The ratio of n-decane/iso-octane was 7/3.

Fig. 3.14Cryo-TEM micrograph of n-decane/i-octane, ratio fA8w), prepared at RT, cryogen: liquid nitrogen.

In another study, the sponge structure of a binaotis microemulsion with a single non-ionic

surfactant was already successfully imaged by Giybt. The sample was prepared with the

% D. Danino, R. Gupta, F. Satayavolu, Y. TaimdnColloid Interf. Sci2002 249, 180-168.
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surfactant GEs, iso-octane, kD and had a water/oil ratio (w/w) of 7/3. The mgnmaphs clearly show

a sponge structure with typical dimensions of watet oil domains around 0.2 pm.

Microemulsions of the new mixed surfactant systherdfore were prepared with pure iso-octane for
cryo-TEM investigations instead of decane. Fortelyatthe microemulsion samples from the upper
channel showed the same properties as samplesdeitane. The same abrupt decrease of the
conductivity as well as the maximum of the visgpsitound 6-10% of oil was found. Moreover, it
was not necessary to adjust the surfactant/coarfaratio to obtain single phase microemulsions,
the phase composition was about the same.

While the cryo-TEM pictures of thes;Lphase without oil showed the well-known bicontinsio
network-structures, the situation changes dragtieghen only 6% of iso-octane are solubilized into

the phase. In Figure 3.15, micrographs of the mitnadsion from the upper channel with 6% of iso-

octane in the solvent mixture are shown.

Fig. 3.15Cryo-TEM micrographs of a microemulsion from th@epsingle phase channel with 15% surfactant
Mg(DSY/IT 3, x IT 3 0.62, x iso-octane 0.06, quenchedhf&tb °C.

They clearly show a densely packed w/o-dropletcstine, which look like a “polyhedral foam” that
has thin films with a thickness of about 3 nm. Temeter of the water domains is about 50 nm. The
thin film was obviously made of the surfactantshwilie hydrocarbon in between the two monolayers,
and the water inside the polyhedra. The structloek very much like the structures found in high
internal phase emulsions (HIPE). HIPEs are conatgdrsystems with a large volume of the dispersed
phase. Those high volume fractions result in thierdeation of droplets into polyhedra, which are
separated by thin films of the continuous phassukh situations the size of the structures arallysu

in the range of several um and can easily be sedighi microscopy. Both o/w and w/o-systems of
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HIPEs are known’ Based on that, we call the newly found microenamsstructure HIPME (High
Internal Phase Micro-Emulsion). Such structuresehs/far only been observed in real emulsions that
are, like any other emulsions, thermodynamicallgtable®® In the microemulsion sample with the
HIPME structure, the water domains are not conueai¢h each other. This can be concluded from
the fact that the ice-crystals in dark have theesaize as the ice crystals in grey. In spite of thaall

oil content, the HIMPE phases have a conductivigt {s about 3 - 4 orders of magnitude lower than
the conductivity of the 4 phase. The thin surfactant films are practicatipénetrable for the transport

of ions, explaining the low conductivity of the galsn Microemulsions with a HIPME structure were

imaged successfully all along the upper single pltasinnel (Fig. 3.16).

Fig. 3.16 Cryo-TEM micrographs of a microemulsion with a HIBMtructure. Left: sample containing 30% of
iso-octane, right: sample containing 50% of isoana in the solvent mixture.

The HIPME structures are obviously the result of #lectric charges in the surfactant layers,
contributed by the anionic Mg(DS)They cause high interfacial tensions, leading tbespal
structures instead of a bicontinuous morphologis likely, that transitions to bicontinuous stiurets
can be provoked by shielding the electric doubjeda in ionically charged systems by excess salt.

>"N. R. Cameron, D. S. Sherringtakgv. Polym. Scil996 126, 163-214.
8 H. Hoffmann, G. EbertAngewandte Chemik988 27, 902-912.
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3.6. PFG-NMR self diffusion measurements

To underline and to verify the previously obtainessults, the microemulsion channels were
investigated by pulsed-field gradient nuclear mégneesonance spectroscopy (PFG-NMR). This
method is a special technique, based on nucleanaetiagesonance spectroscopy (NMR). In contrast
to normal NMR measurements, inhomogeneous magfielic are used. With the help of additional
magnetising coils, liner field-gradients are getemtaand thus locally changing magnetic fields. This
allows performing spatially resolving NMR experintenin which local information can be obtained
like the position or the movement of particles, ethare visible for NMR. Therefore, PFG-NMR can
give detailed information about the structure,dityi and emulsion type but also indications abbet t
interaction between surfactant and co-surfactanbatinterface. More details about the PFG-NMR
method can be found in literatu¥en a fifth publication, the results of PFG-NMR exjment in the
microemulsion single phase channels are reportecdtition, the influence of excess salt to the
system was investigated by interfacial tension,doetivity and NMR-measurements, as we tried to
transform a high internal phase microemulsion tbi@ntinuous microemulsion by shielding the

electric charges of the anionic surfactant.

3.6.1. PFG-NMR self diffusion measurements in thargyle phase channels

The PFG-NMR analysis is focussed on those spewgabns which can either be clearly assigned to
single system constituents (water and decane) thretanixture of the surfactants (Mg(R8) 3). The
integrals of these three spectral regions strodglyend on the strength of the gradient pulse, ereb
indicating the average displacement of the cormedipg system constituents during the period
between the pulses which was set to 50 ms. In agildhe logarithmic signal intensity vs. the
parametey2G33(A-6/3) (withy being the gyromagnetic ratio of protons, G thergith of the gradient
field, 6 andA the duration of and the spacing between the twdignt pulses), the slope is equal to
the negative apparent self diffusion coefficienttld given component in the heterogeneous system
(Stejskal-Tanner plot). If the component is locaitedwo different environments leading to clearly
different self diffusion properties, the plot wihow two sections with clearly different slopesthié
component is encapsulated in very small droplet® motion within the droplets becomes
undetectable. In this case, the observed slopectsfithe velocity of the Brownian motion of the
droplets.

In Figure 3.17, a Stejskal-Tanner plot for wated &éme surfactant in theslphase is shown. The water
signal follows a steep decay, corresponding tolfadgéusion constant that is just slightly loweran

the value for free bulk water. This indicates thater forms a continuous phase that is only skghtl
affected by phase boundaries of the surfactantdaye contrast, the signal for MDS/IT3 follows a

relatively flat decay. This means there is onlgstricted mobility of the Mg(D$)ynd IT3 molecules.

*¥P. Heitjans, J. Karger, eds., Diffusion in condensed matter: methods, materiaisgels Springer Germany,
2005 421.
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Fig. 3.17Stejskal-Tanner plot for water and the surfactantthe L; phase.

The situation changes significantly when decarsglded to the system. The mobility of water is much
reduced. In contrast, the diffusion rates for decarhibit values which come close to the bulk
diffusion rate of decane. In this situation, th# défusion constant for the water fraction is temall

to be assigned to bulk water in a continuous phHsis. shows that the observed water molecules are
encapsulated in small droplets which undergo Brawmnotion in the continuous decane phase.

In Figure 3.18, the diffusion constants ofHin the upper single phase channel are summawzéd

increasing decane content.
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Fig. 3.18Self diffusion constants of,8 in the upper microemulsion channel as a functibthe decane content.
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The data for the self diffusion coefficients of eashow a clear correlation with the corresponding
conductivity plot that was shown in Fig. 3.8.

In contrast to the results for the upper chanrted, variations between the PFG-NMR results of
different positions in the lower channel do notitade dramatic structural changes. The data regembl
those of the upper channel in absence of decah@ all, the data are clearly in accordance witlv o

microemulsions.

3.6.2. Influence of excess salt to the microemulsigystem

As already mentioned in 3.1, our mixed anionic/imrie surfactant system has a very high interfacial
tension against the oil phase. In case of the miotdsion system with decane, the minimum
interfacial tension of 2.5 mN/m is reached at afasant/co-surfactant ratio of 1:1. In non-ionic
microemulsion systems, ultra low values @031 mN/m are reached. We assumed that by shielding
the charge of the anionic surfactant by adding &xsalt would lower the interfacial tension. Simila
effects were already reported for the anionic stiafa diethylhexyl sodium sulphosuccinate (AOT),
where ultra-low interfacial tensions against oireveeached with additional Na€l.

Nevertheless, the interfacial tension couldn’t bevdred significantly in our system, no ultra-low
interfacial tensions were detected when excess MaSladded to the surfactant mixtures. However,
the upper and lower borders of the single phasemsare shifted to lower x IT 3 values by x IT 3 ~
0.07 when NaCl is added to the Mg(R®) a molar ratio of 1:1. The shift to lower x ITV&lues
means that the system in total becomes more lifiophts less amount of the lipophilic co-surfactant
IT 3 in the surfactant mixture is needed to solabithe oil. By measuring the electric conductiify

a microemulsion with 30% of decane with increasiali concentration, it was checked if the shift of
the phase boundaries might also accompanied byaagehin the internal nanostructure of the
microemulsion sample. A plot of the conductivity tire single phase region with increasing NacCl
concentration is shown in figure 3.19. The conditgtifrom the NaCl-free to the microemulsion with
a molar ratio of Mg(DS)NaCl = 1:1 increases about three orders of magdeiftom a low value of 3
puS/cm to ~ 1000 uS/cm. The conductivity increasessigmoid curve with an inflection point around
50% NaCl and not linearly with increasing NaCl ocemization. At first look it seems like the

nanostructure changes from a w/o-HIPME systemiic@ntinuous-like nanostructure.

®R. Aveyard, B. P. Binks, S. Clark, J. MeddChem. Soc. Faraday Trans1386 82, 125-142.
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Fig. 3.19 Plot of conductivity in the single phase regionaoficroemulsion with x decane 0.3 and increasing

NaCl concentration at 25 °C. 100% NacCl correspotula molar ratio of Mg(DS)2:NaCl = 1:1.

To proof this, we compared two microemulsions wditierent salt concentrations by PFG-NMR. The
first sample without NaCl had the composition d3 0.7 and x decane 0.3. The second sample had
the composition of x IT 3 0.615, x decane 0.3, gnedmolar ratio of Mg(DS)2:NaCl = 1:1 (Fig. 3.20).
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Fig. 3.20 Stejskal-Tanner plots for decane and water of eroeimulsion from the upper single phase channel

with 30% decane in the solvent mixture. a) plotrfacroemulsion without excess NacCl, b) plot witbems NaCl.

The mobility of water is much reduced in the sanpithout NaCl. When NacCl is added to the system,
the mobility of water is increasing. Neverthele$® diffusion rate is much slower compared to the
bicontinuous k phase (Fig. 3.17) where it is close to bulk walédre diffusion behaviour of decane
doesn’'t change with NaCl. Therefore we concludat the main structure still is present as HIPME-
phase.
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Although the conductivity would indicate a transitifrom a HIPME structure to a bicontinuous
structure by adding salt to the microemulsion, loag to reconsider precisely the conductivity valtie
the transformed microemulsion with NaCl that is@bactor 10 lower than it would be for the same
NaCl concentration in pure ,B. Considering the conductivity values and the NMBults, we
assume that the morphology is not a true bicontisusponge-like structure as it is the case for
microemulsions with a single non-ionic surfactdnis conceivable that the charge on the surfactant
monolayer with the anionic surfactant is shieldgdHz addition of NaCl and thus the repulsion ferce
are decreased. Consequently the system becomdy tiygiamic. This might allow the water-domains
to fuse together and form passages, in which the @an be transported in the aqueous phase and
therefore increase the conductivity of the syst€herefore we assume the nanostructure with NaCl to
be a HIPME-structure with some defects. It is wanntioning that these phases are very temperature
stable (at least from 5 °C to 80 °C).

All in all the NMR results are in good agreementhwéonductivity data and the cryo-TEM pictures
that are shown in 3.5. The question, if the nameostre with NaCl is present as a pseudo-bicontiauou
HIPME structure with defects, can surely be ansdidre cryo-TEM or FF-TEM. The discrepancy
between the comparably high conductivity values #red slow mobility of water is, however, still

unclear.

3.7. Outlook

This work has shown that microemulsions with aroait/non-ionic surfactant mixture have indeed
different properties compared to microemulsioneyst with either a single non-ionic or a single goni
surfactant. The situation in such a system is sdmesvin between both situations. The discovery of
the HIPME phases with very low oil content mightdfémportant interest for industry, like cosmetics
Applications of transparent sun lotion are thinkabh which a few percent of UV-absorber are co-

solubilized in the oil-phase, for example.

Nevertheless, some questions are still open andlgHme further investigated. We think that the
results we found are of general importance. Thaukh however, be verified with other surfactant
combinations. Mixtures of surfactants like AOT, DBAr alkyl ether sulfates in combination with
non-ionic surfactants are conceivable. It shouldédner be noted that preliminary results with anothe
surfactant combination were already very promisamgl are now further examined Bhiseido

company. The phase behaviour of the surfactant cmhbn was identical to the combination that

was used in this study and the HIPME structuress@ present in this system.
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In addition, the influence of the used oil shoukd farther analysed. First experiments showed, that
even iso-hexadecane can be easily solubilizedanmestigated microemulsion system without any
problems. For this case, the lower single phasargiseven reaches to 60-70% of oil in the solvent,
while the conductivity still stays at high levelsis likely that this phase can be described &mei

water HIPME. Also the temperature dependency insihgle phase channels should be checked in

detail.

Another point that should be further investigatedthe temperature stable aniosotropic lamellar
channel, that reaches from 0 — 90% of oil in theade-system. It should be tried to identify the
nanostructures in this channel, either directhciyo-TEM or by FF-TEM. PFG-NMR measurements
are also possible. This channel also might be tafréist for various applications, as the phases are
more or less transparent and have a yield strdss. means, small particles could be dispersed in
these phases that stay in solution without sediatient It would also be interesting to know, if eth

oils can be solubilized inside this liquid crystadl channel.

In addition, it should be possible to thicken olifgghe microemulsion by introducing polymers into
the continuous water or oil phase. Even the dusetof polimerizable surfactants might be effegtive

which could be directly used for the formation ah&roemulsion.
All in all, this work has shown that there arel stilot of fascinating properties of microemulsighat

have not been known before and there are surelg mtegresting results in the field of microemulsion

and surfactant science, which will be revealediinre.
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Microemulsion phases have been prepared for the first time from the silicone oil “M,”
(hexamethyldisiloxane) and a surfactant mixture of a nonionic surfactant “IT 3”
(isotridecyltriethyleneglycolether) and an ionic surfactant Ca(DS), (calciumdodecylsulfate).

For such a surfactant mixture the hydrophilicity of the system can be tuned by the mixing ratio
of the two components. With increasing IT 3 content, the surfactant mixtures show a L;-phase,
a wide L,-region and a narrow L; sponge phase. For constant temperature, two single phase
channels exist in the microemulsion system. The lower channel (low IT 3 content) ends in the
middle of the phase diagram with equal amounts of water and oil, the upper channel begins with
the Ls-phase and passes all the way to the oil phase. Conductivity data show that the upper
channel has a bi-continuous morphology up to 40% oil while the lower channel consists of oil
droplets in water. In contrast to previous studies on nonionic systems, the two single phase
channels are not connected and microemulsions with equal amount of oil and water do not have

a bicontinuous structure.

Introduction

Microemulsions (ME) are thermodynamically stable fluids
that consist of oil, water and a few percent of surfactant.!
They usually are low viscous, more or less transparent and
optically isotropic liquids. Microemulsions are used in many
applications because of their fascinating properties. One of the
reasons for their usefulness is that both polar and apolar
compounds can be dissolved in microemulsions. They are
therefore used for agrochemical, cosmetic, pharmaceutical
and other industrial formulations where it is necessary to
bring two components in a fluid together which normally are
not miscible. Detailed investigations on microemulsions over
the last 40 years have shown that the components of the fluids
are not dispersed with each other on a molecular level like in
miscible solvent mixtures but the fluids are highly structured
on a scale of 1-100 nm. Domains of oil and water, with well
defined interfaces from surfactants, alternate with each other.
These domains are in equilibrium with each other and are very
dynamic in behaviour. They constantly change their shape and
size on a time scale of micro- to milliseconds. Today, the basic
behaviour of nonionic microemulsions is well understood on
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pictures for the established phase diagram. See DOI: 10.1039/
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the basis of theoretical models in which the mean curvature of
interfaces,! the bending constants of surfactant monolayers’
and the interfacial tension between oil and water’ play
a central role. Depending on the composition of the fluids
the structures in the fluids can be oil swollen micelles
(o/w-microemulsions), bicontinuous structures or water swollen
inverse micelles (w/o-microemulsions).

Microemulsions can be prepared either from nonionic or
from ionic surfactants.”>™®

The single phase regions in systems that consist of oil, water
and surfactants are usually plotted in triangular phase
diagrams.

The isotropic phase regions (microemulsions) in these
triangle presentations are very different for ionic surfactants
and for nonionic surfactants.”® Systems with ionic surfactants,
which have been studied usually, contain large isotropic
regions in the middle of the triangle while phase diagrams
with nonionic surfactants are very different and contain
narrow isotropic channels.® For constant surfactant concen-
tration, these channels usually pass from the aqueous side
without crossing a phase boundary continuously to the oil side
of the phase diagram.

Detailed phase diagrams with many different systems in
which the oil and the surfactants were varied have shown that
two channels exist in microemulsions with nonionic surfactants
and with variable temperature.'® The two channels are
connected with each other in the middle of the phase diagram
and the phase region in between the channels contains an
L,-phase. Small angle neutron scattering measurements have

3248 | Phys. Chem. Chem. Phys., 2011, 13, 3248-3256
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shown that the micellar structures in the low temperature
channel evolve from globular o/w structures, transform to
bicontinuous structures in the cross-over region and change
continuously to globular w/o structures in the high temperature
channel."" The structures in the upper channel are of a
bicontinuous nature right from the aqueous side.'?

The goal of this investigation was to prepare microemulsions
from the highly volatile silicone oil hexamethyldisiloxane
(M;), water and a nonionic/anionic surfactant mixture.

Microemulsions from several silicone oils and nonionic
surfactants have already been published.!® But as far as we
know, a phase diagram with the silicone oil M, had not yet
been prepared and investigated in detail. It was known
however that M, behaves similarly in solubilisation experiments
as decane.'® Viscoelastic solutions with wormlike micelles are
transformed to low viscous micellar solutions with the same
molar amount of decane or of M,. The saturation concentration
for both oils is also about the same. It could therefore be
expected that microemulsions from M, can be formed and the
phase diagram with M, should look similar for decane for the
same surfactant system. To achieve our goal, a mixed non-
ionic/anionic surfactant system was used. This system had
to be optimized for the temperature region at which the
microemulsion was to be prepared.

Surfactants for the formation of microemulsions can be
optimized by interfacial tension measurements.'> Maximum
solubilisation occurs when the interfacial tension of a dilute
surfactant solution has its lowest interfacial tension against the
oil phase.'® Furthermore it is known that low interfacial
tensions are observed for surfactant systems which form
liquid crystalline L,-phases or Ls;-phases at low surfactant
concentrations of a few percent.'” Ideal surfactant systems for
the formation of microemulsions can therefore be recognised
based on their phase behaviour.'®

Ionic surfactants like sodiumdodecylsulfate are very
hydrophilic and do not give L,-phases when mixed with water
soluble nonionic surfactants. The situation is improved when
Na"-ions are replaced by bivalent Ca®*-ions. Previous
investigations had shown that in mixtures of SDS and tetra-
decyldimethylaminoxide the L;-phase could be transformed
to a L,-phase simply by substituting the Na'-ions by
Ca®"-ions."” Solutions of Ca(DS), on their own are still
L;-phases in which wormlike micelles are present.”® If such
solutions are mixed with nonionic compounds that are
generally used as co-surfactants one obtains L,-phases in a
wide composition region. As a co-surfactant the nonionic
surfactant IT 3 (isotridecyltriethyleneglycolether) was used.
It is commercially produced and is worldwide available under
the name “Marlipal O13/30” as other well-known nonionic
surfactants like “Triton X 100”.>! The compound is a highly
branched isotridecanol, etherified with average 3 EO-groups.
Despite its polydispersity, it acts mostly like a pure surfactant
for the observed phases.

In a general sense the optimum condition for micro-
emulsions for a particular temperature can be adjusted by
mixing a hydrophilic surfactant that forms a L;-phase and a
lipophilic surfactant that is not soluble in the aqueous phase
but forms its own L,-phase.?” The used surfactant mixture in
our study thus consists of an ionic surfactant that is just a bit

too hydrophilic to form a L,-phase and a co-surfactant that is
a bit too lipophilic to form a L,-phase on its own. The
combination of the two surfactants forms a L,-phase over a
wide surfactant composition. For the aim of this project, we
used this surfactant-system which could form L,-phases and
hopefully would form microemulsions of silicone oils.

It should be noted that some results on the influence of ionic
surfactants on phase diagrams of nonionic microemulsions
have already been published.*

It was observed that the isotropic channels were widened by
the influence of ionic surfactants. There was however no
information on the structures of the isotropic channel.
As far as we know, our investigations on the described
microemulsion results are really the first with a detailed phase
diagram that had been established with a nonionic/ionic
surfactant mixture. Some of the results turned out to be
surprising and could not have been expected on the basis of
previous results. The main novel features are: an Ls-phase with
an anionic/nonionic surfactant mixture, a microemulsion with
equal amounts of oil and water that cannot have a bicontinuous
structure and two isotropic channels that are not connected.

Results and discussion
The surfactant mixtures

In Fig. 1, samples of mixtures of two surfactants are shown
that fulfil the criteria described in the Introduction. The
surfactants are Ca- or Mg-dodecyl sulfate (Ca(DS),, or
Mg(DS),) and isotridecyltriethyleneglycolether IT 3. The
Ca- or Mg-salts can be easily prepared from sodiumdodecyl-
sulfate, and IT 3 is commercially available. Ca(DS), has a high
Krafft-temperature of K7 = 50 °C and can therefore only be
used at higher temperatures or at room temperature, when
the Krafft-temperature has been reduced by the second
component to room temperature.’* Mg(DS), has a lower
Krafft-temperature of K7 = 25 °C. Fig. 1 shows three rows
of samples of the surfactant mixtures.

The first two rows contain samples of Ca(DS), with increasing
mass fraction of IT 3. The total concentration is constant at
15% (w/w) and temperature is at 40 °C. The lower row of the
two shows the same samples between crossed polarizers and a
third row shows samples with Mg(DS), and IT 3 again with
polarizers.

The Ca(DS),/IT 3 mixtures contain crystalline precipitates
up to a mass fraction of x IT 3 = 0.4. The samples from
x IT 3 = 0.5 to 0.75 are birefringent and contain a highly
swollen L,-phase. The sample with x IT 3 = 0.8 is optically
isotropic and has a low viscosity. It is a Ls-phase. The L;-phase
can be recognised based on its microstructure from cryo-TEM
measurements.”> Surprisingly, the samples with an even higher
mass ratio of IT 3 contain two phases with a L,-phase as the
larger volume fraction. For normal behaviour of hydrophilic
and lipophilic mixtures one would have expected to find
multiphase regions without an L,-phase.?® It is conceivable
that the two components are no longer miscible in bilayers
and phases are formed with different mixing ratios. It is
noteworthy to mention that in the combination of Ca(DS),
and IT 3 a sample with a two phase L,/L;-situation could not
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0 | 0.1 ‘ 0.2 ‘ 0.3

Fig. 1 Surfactant mixtures of Ca(DS), (two upper rows) or Mg(DS), (lower row) with increasing mass fraction x of IT 3. First row shows
surfactant mixtures with Ca(DS), in direct light. Second and third rows show samples with Ca(DS), and Mg(DS), between crossed polarizers.
Samples prepared with a total surfactant concentration of 15% (w/w), phases observed at 7 = 40 °C.

XIT 3
0.75 | 0.76 | 0.77

Fig. 2 Surfactant mixture Ca(DS),/IT 3 with x IT 3 0.75-0.77, 15%
surfactant (w/w), shown at 40°C between crossed polarizers.

be observed when the composition of the samples was varied
in small steps. This is shown in Fig. 2. Even for the condition
when the composition was varied stepwise one percent by one
percent the samples were within the single L,-phase region
or in the single Lj;-phase region. The samples with the
Mg(DS),/IT 3 mixtures form more or less the same phases
as the Ca(DS), mixtures.

The mixtures with x IT 3 = 0.1 and 0.2 are viscous single
phase regions of an optically isotropic L;-phase and the
sample with x IT 3 = 0.3 is a L;/L, two phase sample.
The samples with x IT 3 = 0.8 show again a L;-phase, and
the sample with x IT 3 = 0.9 contains a two phase region with
one phase being a L,-phase. It is remarkable that the mixtures
with ionic surfactants form a Ly-phase.?’” Many investigations
have shown that neutral L;-phases are transformed to
L,-phases when small fractions of the surfactants are replaced
by ionic surfactants.?® The existence of the Ls-phase in the
investigated system is probably linked to the fact that the
bi-valent metal-ions bind strongly to the dodecylsulfate and
the surfactants show only weak dissociation. These surfactants
behave therefore very similar like nonionic surfactants.

While the existence of the Li-phase in the used system
at x IT 3 = 0.76 is unexpected, it is noteworthy that such a
phase had also been observed in the phase diagram of Ca(DS),

with octanol or lower chain length alcohols.®* In this
investigation it was furthermore shown that the Ls-phase
disappeared when 10% of the Ca(DS), was replaced by
SDS. What was even more surprising was the appearance of
a L,-phase for co-surfactant ratios well above the existence
region of the Ljz-phase. These observations show that the
observed sequence of phases for the present system cannot
be due to the fact that the used co-surfactant IT 3 is not a pure
and single component but must be caused by the bivalent
counter-ions. The experimental behaviour furthermore points
out that the theoretical understanding of multicomponent
systems leaves much to be desired. More experimental results
in combination with theoretical models are necessary to come
to a better understanding of such complex systems.

Surface and interfacial tension measurements

The samples with the highest solubilisation capacity should be
samples with the lowest surface or interfacial tension values.
These parameters were therefore measured for a 0.5%
surfactant solution as a function of the mixing parameter.
Plots of the surface tension measurements are shown in
Fig. 3A for the Ca(DS),/IT 3 system, and in Fig. 3B for the
interfacial tension values for the Mg(DS),/IT 3 system against
the silicone-oil hexamethyldisiloxane.

The lowest surface tension (¢ ~ 26.4 mN m™") is obtained
at x IT 3 = 0.55 while the lowest interfacial tension is obtained
at x IT 3 = 0.4 with y 4 mN m~"'. These measurements
confirm that the samples, that have a composition in the range
of a L,-phase, have indeed low ¢ and y values. It should be
noted however that the interfacial tension between the oil and
water phases in the presence of nonionic surfactants, that
results in the formation of microemulsions, is usually in the
range of 1 x 107° mN m~'? That is three orders of
magnitude lower. It is conceivable that this difference comes
from the fact that the used surfactant mixture contains an

3250 | Phys. Chem. Chem. Phys., 2011, 13, 3248-3256

This journal is © the Owner Societies 2011

52


http://dx.doi.org/10.1039/c0cp00062k

11,00

10,00

9,00

7,00

v |[mN/m]|

6,00

T
5,00 1

4,00

0:4 0:5 0.'6 0:7 (}:S 0:9 1
xIT3

Fig. 3 Surface tension of the surfactant system Ca(DS),/IT 3 (A) and

interfacial tension of the surfactant system Mg(DS),/IT 3 against

silicone oil hexamethyldisiloxane (B), measured at 25 °C, surfactant

concentration 0.5% (w/w).
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ionic surfactant and the charges were not shielded by excess
salt. Surfactant phases with an ionic surfactant and excess salt
can have extremely low interfacial tension against the oil phase
as observed by C. A. Miller er al.*® The interfacial tension of
double chain surfactants, which have been used for the
preparation of microemulsions, against oil is also in the range
of 0.1-1 mN m~".3! It is conceivable that the higher interfacial
tensions of the charged surfactant systems are the reason
for the different behaviour of the investigated system from
microemulsions with nonionic surfactants.

Rheological results

The phases with different mixing ratios of the two components
have different rheological properties. The pure Mg(DS),-
solution is already a viscous “‘shear thinning solution”. The
L,-phases are viscoelastic phases with a yield stress value.
They have already a weak gel-character. The Ls-phase finally
is a low viscous Newtonian solution. Rheograms of samples in
the L,-region at 40 °C were measured and are shown in Fig. 4.

At a mass fraction of 0.5 (Fig. 4A), the storage modulus G’
runs above the loss modulus G” at a level of 100 Pa and is
independent of the frequency f at a shear stress of t = 5 Pa.
With increasing mass fraction of I'T 3, the level of G’ first keeps
constant at 100 Pa at x IT 3 = 0.6, and then drops to ~8 Pa at
x IT 3 0.7 at 7 0.1 Pa, but is still independent of
f (Fig. 4C). The decay of the storage modulus G’ with
increasing mass fraction of IT 3 and the fact that G’ breaks
in at lower shear stress 7 show that the L,-phase looses its gel-
like character with increasing x IT 3. At x IT 3 0.75,
measured at T ~ 0.2 Pa (Fig. 4D), G’ increases in the double
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Fig. 4 Rheograms of samples in the L,-region, surfactant system Ca(DS),/IT 3, surfactant concentration 15% (w/w), measured at 40 °C. (A) x IT
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log plot with a slope of 2 while G” increases with a slope of
one, indicating that the L,-phase lost most of its gel-like
character. By reason of the rheological results, we assume a
structural change in the L,-phase from multilamellar vesicles
to planar lamellas with increasing x IT 3.

The change of the rheological properties from the L, to the
Ls-phase by a very small change of the binary surfactant
mixture is one of the most startling effects in surfactant
science. In the present situation, the difference of the
properties of the two phases is especially large because one
of the components is ionically charged. But even for systems
with nonionic surfactants and co-surfactants the differences
between the two phases are remarkable.'® It should be
mentioned that both phases consist of bilayer structures.
The origin of the huge change in the rheological and other
properties lies in the formation of passages between adjacent
bilayers when the L;-phase is approached.*?

Solubilisation of hexamethyldisiloxane (M,) in the different
surfactant mixtures

The surfactant mixtures with 15% (w/w) of surfactant and at
different mixing ratios were used to solubilise increasing
amounts of oil. Photos of test tubes of samples between
crossed polarizers can be seen in the ESI.f The phase behaviour
of the samples was plotted in a phase diagram (Fig. 5). The
special features of the diagram are two isotropic phase
channels, a lower channel that begins at the water side at
x IT 3 = 0.1 and a higher channel that begins around

x IT 3 = 0.8, the mass fraction of the Ls-phase. The upper
channel first decreases with increasing oil content and then
increases slowly with further increase in oil content to the oil
corner. The lower channel increases smoothly and seems to
end in the middle phase region. In between the two channels
are single phase L,-regions or multiphase regions with one
phase being a L,-phase. The phase diagram shows that it is
possible in surfactant mixtures to observe single phase
channels for a constant temperature to reach from the water
side to the oil side. Such channels have not yet been observed
for one component surfactant systems. Under such conditions
the temperature has to be changed to observe the single phase
channel. While the co-surfactant content in the lower phase
channel is increasing with increasing oil content, it is the other
way around for the upper phase channel. In this case the
co-surfactant content passes through a minimum.

An interesting consequence of this behaviour is that the
single L3-phase, where the channel begins, is transformed over
a multiphase region with increasing oil solubilisation into the
upper phase microemulsion with 30% of oil. It is noteworthy
that preliminary results with decane as oil have shown a
similar behaviour. The shape of the channel for isothermal
conditions is thus a consequence of the used surfactant
mixture and not of the oil. Of general interest on the phase
diagram is also the fact that with increasing solubilisation of
the oil into the L,-phase, the widest extension of the L,-phase
is in the middle of its existence region. At this composition the
L,-phase can solubilise more than its own weight of oil, before it
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L3 0,8 T
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0’7 1 single phase 3-phase area
channel
0,6 -
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H,0 XM, — M,

Fig. 5 Phase diagram of the system Ca(DS),/IT 3-H,0/M, with 15% (w/w) surfactant and 85% (w/w) solvent. Phases observed at 40 °C.
Abbreviation “ME” stands for “microemulsion” and indicates area of isotropic microemulsion channels.
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breaks down. The high content of oil in a L,-phase is however
not a special feature of the used oil or the surfactant mixture.
Other microemulsion phase diagrams have been reported with
L,-phases that contain more oil than surfactant and where the
surfactant is a nonionic surfactant. It is however interesting to
note that such L,-phases exist that consist of two monolayers of
surfactant that encloses the oil in between the monolayers and
the whole package is like a sandwich.

The multiphase region between the two channels

The multiphase region between the two isotropic channels is very
large and dominates the phase diagram. It extends to 45% of oil
on the oil axis. Other phase diagrams for microemulsions with
nonionic surfactants do not have such a large multiphase region.
In the surfactant composition region between x IT 3 = 0.2 and
0.55 the two phase regions are the L,/L,-region. The L,-phases
on the water side are transformed with increasing amount of oil
into two phase regions and finally into the single phase channel.
The amount of oil that is necessary to destroy the L,-phase
increases with the mass fraction of IT 3 in the surfactant mixture.
It is interesting to note that the surfactant phase with x IT 3 =
0.55 can accommodate more than its own weight of oil before
some of the L,-phase is transformed to a microemulsion phase.

Close to the upper channel, the situation is more
complicated.

Most interesting are the sequence of phases in the surfactant
composition between x IT 3 = 0.6 and 0.7. With x IT 3 = 0.6,
the L,-phase is transformed with 5% of oil into the two phase
L,/ME region and with 20% of oil the system re-enters the
single L,-phase. For higher oil ratios the system approaches
the lower single phase channel in a two phase L,/ME region.
With x IT 3 = 0.65, the phase diagram becomes even more
complicated. With 5% oil, the L,-phase is transformed into
the upper isotropic channel. In the oil region between 20% and
40%, a two phase region with the L,-phase and an isotropic
phase exists, in which the L -phase first increases with the oil
content and then decreases again (see tube pictures of samples
in ESI¥). It is likely that the isotropic phase in the two phase
region first is a ME from the upper phase channel while it is a
ME from the lower phase channel in the second region.

An even different situation is observed with x IT 3 = 0.7.
The pure L,-phase is again transformed with little oil into the

L3

xIT3 ‘ 0.65

0.675 ‘ 0.7 ‘ 0.725 ‘ 0.75

bi-continuous channel. With more oil, multiphase regions are
observed that have no L,-region.

The search for a connection of both single phase channels

We were surprised not to find a connection between the lower
and the upper single phase channel as would have been expected
from known phase diagrams with nonionic surfactants. The
reason for this could have been that the composition of the
investigated samples was not close enough to detect the
connection. To search for a possible connection between both
single phase channels, more samples between both channels were
investigated. Fig. 6 shows a row of samples that have been
prepared by mixing directly a sample from the end of the lower
single phase channel with a sample from the upper single phase
channel.

The first mixed sample with a composition of x IT 3 = 0.675
and x M, = 0.46 is already a two phase sample with a lower
L,-phase and an upper isotropic phase. While we did not
analyse the upper phase, it looked like it consists of pure M.

This result is a strong indication of existing tie lines between
the L,-phase and pure M,. It would mean that an isotropic
channel cannot exist in between the lower and the upper single
phase channel.

In the following samples, the volume of the L,-phase decreases
and the volume of the upper phase increases, a sign that the
distance of the composition of the sample is increasing from the
L,-phase and decreasing from the upper phase. With the sixth
sample with the composition x IT 3 = 0.775 and x M, = 0.5, the
situation changes completely. The sample clearly consists now of
three phases, a lower L,-phase, a middle bluish microemulsion
phase and an upper oil phase. This three-phase area is followed
by a two phase area with a decreasing lower L,-phase and an
upper bluish microemulsion phase. With x IT 3 = 0.85 and x M,
= 0.53, the sample reached the upper isotropic single phase
channel. More samples with this three phase situation were
found and drafted as a triangle in the phase diagram (Fig. 5).
This three phase area indicates that there cannot be a connection
of both single phase channels.

The properties of the samples in the single phase channels

It is evident from visual inspection of the samples that the
structure of two samples with the same amount of oil but at
different surfactant ratios is not the same. An overview of

0.775 ‘ 0.8 0.825

0.85 ‘ 0.875 ‘ 0.9

x M, ‘ 0.45

| 0.46 ‘ 0.47 ‘ 0.48 ‘ 0.49 ‘ 0.5 ‘ 0.51 ‘ 0.52 ’ 0.53

‘ 0.54 ‘ 0.55

Fig. 6 Mixtures of a sample from the lower and upper single phase channels of the system Ca(DS),/IT 3-H,O/M, with x M, = 0.45 and
x M, = 0.55. Upper row shows samples without crossed polarizers, lower row shows samples in between crossed polarizers at 40 °C.
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xIT3

x M,

xIT3

x M, ‘ 0,1

0,15 ‘ 0,25 ‘ 0,35 | 0,45

Fig. 7 Overview of selected samples in the upper (A) and lower (B) single phase channel of the system Ca(DS),/IT 3-H,O/M, at 40 °C.

samples in the upper and lower single phase channels with
increasing amount of oil is shown in Fig. 7.

Samples from the upper phase channel (Fig. 7A) are
somewhat bluish and the scattering intensity of the samples
increases from the water corner to samples with 65% of
oil. Samples with larger oil content scatter less. All samples
from the lower phase channel scatter much less (Fig. 7B).
Samples from the upper channel show flow birefringence up to
40% oil, while the samples from the lower channel do not
show flow birefringence. These features are a first indication
that the upper channel has a bi-continuous structure while
the lower channel consists of oil droplets in a continuous
water phase. The structures of the microemulsions in the
channels are now already reported®® and the physicochemical
properties like their rheology and their structural relaxation

A7

times will be given in another manuscript. It also will be
shown that the obtained phase diagram changes only little
if M, is replaced by decane. The obtained results are thus
typical for microemulsion phase diagrams with mixed
nonionic/ionic surfactant mixtures. The temperature stability
of the samples in both channels hasn’t been investigated
in detail, but it was observed that the samples in the lower
single phase channel were less sensitive to temperature
changes than the samples in the upper single phase channel,
especially close to the Ls-phase. This can be explained by the
higher mass fraction of a temperature sensitive nonionic
surfactant in the upper channel. Nevertheless, all samples
are stable in a wider temperature range than samples with
nonionic surfactant mixtures that are only stable within
around £1 °C.
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Fig. 8 Conductivity measurements in the upper (A) and lower (B) single phase channel of the system Ca(DS),/IT 3-H,O/M, at 40 °C.
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Conductivity measurements

For conductivity measurements, all samples have been
prepared with 10 mM NaCl. A plot of the conductivity in the
two channels against the weight fraction of oil is given in Fig. 8.
Note that the conductivities in the lower channel (Fig. 8B) are
much higher at the water corner than those in the upper channel
(Fig. 8A). The reason for this is that the Ca(DS), concentration is
much higher in the lower channel. If the conductivities are
normalized to the same Ca(DS), concentration they are about
the same. The conductivities decrease linearly with the oil content
to the middle of the phase diagram, which is where the channel
ends. The reason for the decrease is mainly the decreasing mass
fraction of Ca(DS),. The conductivities therefore indicate that
the microstructure in the lower channel does not change and that
the channel consists of a continuous water phase in which oil
droplets are dispersed.

The situation is different in the upper channel. In this channel
the conductivity drops for a few percent of oil (5%) to only about
18% of its value in the Lj;-phase even though the fraction of
Ca(DS), is increasing from 23% to 35%. For higher mass
fraction of oil the conductivities remain about constant and drop
to zero for x M, = 0.4. The conductivities thus indicate a
dramatic change in the microstructure of the bi-continuous
channel with solubilisation of small amounts of oil into the
L;-phase. Obviously the constraints in the microemulsion for
the transport of the ions must be much larger than those in the
L;-phase. This means that the water channels in the ME-phase
must be much smaller than those in the L;-phase where the
conductivity is only about 2/3 of the value of the normal aqueous
phase without a surfactant. The complete break-down of the
conductivity for oil fractions larger than 0.4 means that the
system changes from a bi-continuous structure to a w/o-structure.
Conductivities in the isotropic channels of microemulsions from
nonionic surfactants have been reported in the literature.>* In the
upper channel the reported conductivities decrease continuously
with increasing oil content. These measurements have helped to
establish the view which we have today from the structures in the
upper channel. With increasing oil content the bicontinuous
L;-phase swells with the solubilised oil between the bilayers
and is finally transformed at high oil content to a w/o system.
With equal amount of oil and water both SAXS-data and
conductivities show that this phase is still a bicontinuous
phase.* Our conductivity measurements unambiguously show
that the structures in the upper channel of the investigated
system are different from the structures of known systems with
nonionic surfactants. We find a rather abrupt transition
from the Ls-structure to another bicontinuous structure with
swollen aqueous channels at around 10% of oil and another
abrupt transition at 40% of oil to a w/o structure.

The microemulsion with equal amount of oil and water does
not have a bicontinuous structure. In the meantime, this has
been confirmed by cryo-TEM images, which show clearly a
wj/o-structure.®

Finally, at the end of the discussion we would like to
draw attention to several experimental observations which
have been made during this investigation and which to our
knowledge are not theoretically understood and need further
scouting. To mention here are the existence of the Ls-phase in

the anionic nonionic surfactant mixture, the occurrence of a
second L,-region after the existence of the Ls-phase and a
structural transition in the bi-continuous upper phase channel.

Conclusion

The ternary phase diagram of the silicone oil hexamethyl-
disiloxane M,, water and a surfactant mixture of the ionic
surfactant Ca(DS), and the nonionic surfactant isotridecyl-
triethyleneglycolether IT 3 has been established as a function
of the mass fraction of IT 3.

Two isotropic single phase channels occur in the system with
increasing oil content x M,. The lower channel, that is the one
with the lower x IT 3 value, begins at the phase boundary of
the L;-phase toward the L,-phase. This channel increases with
increasing x M, and ends in the middle of the phase diagram at
x IT 3 = 0.65. This channel contains oil droplets in a
continuous water phase (o/w-system). The upper channel
begins at the Ls-phase and passes with increasing oil content
through a shallow minimum to the oil side. It has, like the
L;-phase, a bi-continuous structure until 40% oil, and then
switches to a w/o structure to the oil side. The microemulsion
with equal amount of water and oil does not have a bicontinuous
structure. Phases of bicontinuous structure show a strong flow
birefringence. Samples from the o/w and the w/o channel are
transparent and show no flow birefringence.

In contrast to phase diagrams with one component, surfactant
mixtures with surfactants can form channels that pass from the
water to the oil side at constant temperature. The amphiphilic
properties for the channels can be adjusted by changing the
composition of the surfactant mixture instead of the temperature.

The upper channel and the lower channel are not connected
with each other. It is likely that the non-connectivity is due to the
influence of the ionic surfactant and the high interfacial tension of
the surfactant system against oil, which promotes the formation
of globular structures instead of a bicontinuous topology.

In total, the investigation has shown that microemulsion
phase diagrams, that are established with mixtures of an
anionic and a nonionic surfactants, differ from the phase
diagram that can be produced with ionic or with nonionic
surfactants. We propose that the situation in our system is
somewhere between and of general importance.

Experimental
Materials

Sodiumdodecylsulfate (SDS, cryst. research grade) was
purchased from the Serva Co., Heidelberg. The nonionic
surfactant isotridecyltriethyleneglycolether, in the following
text abbreviated as IT 3, was obtained from the Sasol Co.,
Hamburg (product name Marlipal O13/30). MgCl,-6H,O and
CaCl,-2H,0 were purchased from the Griissing Co., Filsum.

The silicone oil hexamethyldisiloxane, abbreviated as M,
was obtained as a gift from the Wacker Co., Miinchen.

Preparation of Ca(DS), and Mg(DS),

For the preparation of Ca(DS), and Mg(DS),, 400 mM SDS-
solutions were mixed with either 200 mM CaCl, or MgCl,
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solution under stirring. The bi-valent counter ions Ca>" and
Mg>" bind strongly to the dodecylsulfate than the sodium-ion,
leading to a precipitation of Ca(DS), in solution below its
Krafft-temperature of 50 °C and Mg(DS), below its Krafft-
temperature of 25 °C. The solutions were heated up to 60 °C
for the solution with CaCl, or warmed up above 25 °C for the
solution with MgCl, to get a clear solution and then cooled
down to 20 °C. After precipitation, Ca(DS), and Mg(DS),
were washed several times with de-ionised water to remove
excess salt. The purity was checked then by measuring the
conductivity of the flow through. The washed Ca(DS), and
Mg(DS), were dried several days in a cabinet dryer at 50 °C
and used without further purification.

Preparation of samples

All samples were prepared by weighing in directly the components
in test tubes, first surfactant and co-surfactant, H,O, and as
the last component M, due to its high volatility. The test tubes
have been sealed with a teflon tape, tempered at 40 °C in a
water bath and vortexed several times thoroughly. This
temperature was necessary to prevent the crystallization of
Ca(DS), in microemulsions with a mass fraction of x IT
3 < 0.5. All samples have been incubated at least 3 days at
40 °C before being investigated for their phase behaviour. For
the phase diagram, the samples below the mass fraction of
x IT 3 = 0.3 had to be prepared with Mg(DS), instead of
Ca(DS), to avoid problems with precipitation of Ca(DS),. The
surfactant concentration of 15% (w/w) was necessary to find
the single phase channels. In general, the phase diagram has
been scanned with a resolution of 5% in the composition of
the mass fraction of IT 3 and M,. More detailed steps have
been investigated in the beginning of the upper single phase
channel and in between the two single phase channels to find a
possible connection of both channels. The multiphase samples
were viewed without and in between crossed polarizers.

Surface/interfacial tension measurements, conductivity and
rheology

The surface and interfacial tensions were measured with the
help of the volume-drop tensiometer TVT1 from the Lauda
Co., Konigshofen. For conductivity measurements, the
Microprocessor Conductivity Meter LF2000 from the
WTW Co., Weilheim was used. The rheology was measured
with the cone-plate rheometer RheoStress 600 from the Haake
Thermo Scientific Co., Karlsruhe.
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We report the nanostructures in a novel microemulsion system of silicone oil, water and a surfactant
mixture of an anionic and a nonionic surfactant. The phase diagram of the investigated system exhibits
two isotropic single-phase channels for constant temperature. The upper channel, that is the channel
with the higher mass fraction of nonionic surfactant, starts with an Ls-phase at the water side, and
passes through a minimum continuously to the oil side. The channel with the lower mass fraction of
nonionic surfactant starts with an L;-phase at the water side, and passes with increasing oil content and
increasing mass fraction of nonionic surfactant to the middle of the phase diagram and ends there. No
connection between the two channels was detected at a surfactant concentration of 15%. The two
channels are separated by a single L,-phase and multiphase regions. In contrast to the results from
microemulsions with nonionic surfactants, cryo-TEM micrographs on this system show that the upper
phase channel has a bicontinuous structure from zero to only about 35% of oil. At higher oil content the
channel contains water droplets in a continuous oil phase. At a water/oil ratio of 1 : 1, the structure
looks like a polyhedral foam structure or a high internal phase emulsion (HIPE) structure, and not like
the usual bicontinuous structure, as generally assumed. Nevertheless, the dimensions of the imaged
bicontinuous and water-in-oil-structures were consistent with the theoretical consideration for
nanostructures in microemulsions. The lower channel with its o/w-structure could not well be imaged
with the cryo-TEM method. Instead of small droplets, small vesicles were imaged, that obviously were

formed by the loss of oil in the thin film during the specimen preparation process for cryo-TEM.

Introduction

Microemulsions are thermodynamically stable phases of oil,
water and surfactants.! Two types of microemulsions can be
distinguished on the basis of the used surfactants, ionic surfac-
tant microemulsions and nonionic surfactant microemulsions.
Only a few microemulsion systems of ionic surfactants, where the
ionic charge has not been shielded by excess salt, have been
studied.>® The best known system is probably the one of
dodecane, water and didodecyldimethylammoniumbromide
(DDAB). In the triangular phase diagram the system contains
a large single-phase area. Surfactant concentrations of more than
10% are needed to produce single-phases from equal amounts of
oil and water. The single-phase region has been studied in detail
by different techniques. It contains regions with different
macroscopic properties, e.g. viscous and non-viscous, conduct-
ing and not conducting regions.** In this system it is not possible,
at constant surfactant concentration, to pass from the single
aqueous phase to the oil phase without crossing phase bound-
aries. The situation in that respect is very different from micro-
emulsions of nonionic surfactants.*” Those systems usually
contain a single-phase channel which reaches from the water side
to the oil side of the phase diagram.? However, the temperature
has usually to be varied to remain in the single-phase channel.
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These types of systems have been well studied, and their behav-
iour and the microscopic structures in the single-phase channel
are known and well understood.” The occurrence of the single-
phase channel has to do with the change of the amphiphilic
properties with temperature. With increasing temperature the
curvature of the amphiphilic monolayer changes from convex, to
flat, to concave. As a consequence the microemulsion structures
change, from the water side, from small oil droplets in water, to
bicontinuous structures in the middle of the phase diagram, to
w/o droplets on the oil side. The interfacial tension between the
oil and the water is a sensitive parameter for the change of
curvature.® Optimum solubilisation of o0il in an aqueous surfac-
tant solution is obtained at the minimum of the interfacial
tension of the surfactant.

A change of the interfacial tension of a surfactant can also be
brought about by adding a co-surfactant to the surfactant
solution. In the present investigation we chose therefore
a binary mixture of a hydrophilic surfactant with a lipophilic
surfactant. We hoped that by changing the mass fraction of two
molecules it would be possible to find a single-phase channel for
constant temperature. For the ionic surfactant we chose Ca** or
Mg?**-salts of SDS, and for the lipophilic co-surfactant we used
iso-tridecyl-triethyleneglycolether (IT 3). It is commercially
produced and is worldwide available under the name “Marlipal
013/30” like other well-known nonionic surfactants like Triton
X 100." The compound has a polydisperse distribution of
EO-groups with average 3 EO-units.

By changing the mass fraction of the two molecules in the
surfactant solution, it turned out to be possible to pass from an

This journal is © The Royal Society of Chemistry 2010

Soft Matter, 2010, 6, 5367-5374 | 5367

61


http://dx.doi.org/10.1039/c0sm00049c

L;-phase with only Ca(DS), over an L, and an Ls-phase with the
surfactant mixtures to an L,;/L, two phase situation for the
solution with pure IT 3.' Some nonionic surfactants show the
same sequence of phases with increasing temperature.

Results and discussion
Phase diagram of Ca(DS),/IT 3-H,0O/M,

The plot of the surfactant mixture against the mass fraction x of
oil between x = 0 and x = 1 is shown in Fig. 1. As oil, we chose
the short silicone oil hexamethyldisiloxane (M2). The total
surfactant concentration was kept constant at 15% (w/w), and
the temperature at 40 °C (for details see ref. 12).

The phase diagram contains two isotropic single-phase chan-
nels, a lower one and an upper one. The upper one begins on the
axis with the mass fraction of IT 3 at the Ls-phase. With
increasing oil concentration, the channel first shifts to a lower
IT 3 ratio and then again to a higher IT 3/Ca(DS), ratio for
higher oil ratios. It ends on the oil side with pure IT 3.

The lower channel begins at the water side on the phase
boundary to a two phase L,/L,-region, and ends in the middle of
the phase diagram at an IT 3 ratio of 0.65. We did not find
a connection of the two channels.

For an IT 3 ratio of 0.7 we found two isotropic samples with
increasing oil, one at 2% of oil and one at 25% of oil.

It is furthermore noteworthy that the L,-phases of the
Ca(DS),/IT 3 mixtures can solubilise large amounts of oil
without breaking down. With the mass fraction of IT 3 x = 0.55
in the surfactant mixture it is possible to solubilise the same
amount of oil as surfactant. Samples with x IT 3 = 0.55 and
increasing amount of oil are shown in Fig. 2.

The L,-phase, which is stable up to 15% of oil, is transformed
with 20% oil into a two-phase system, and with 30% of oil finally
into the single microemulsion phase.

The microemulsions in the lower channel are transparent
phases with low viscosity, which show no flow birefringence

0.9
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0.5
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0.4 1 multiphase region,
lower Phasa L,
0.3 1 "
multiphase region,
lower Phase ME,
upper phase excess oll
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01 | muliphase region

Ca(Ds), i

0 01 02 03 04 05 06 07 08 09 1
XMQ M,

Fig. 1 Phase diagram of system Ca(DS),/IT 3-H,O/M, at 15% (w/w)
surfactant and 40 °C. x is the mass fraction, the abbreviation “ME”
stands for “microemulsion” and indicates area of isotropic single-phase
channel.

XM,

0.05 | 0.1 | 0.15 I 0.2 | 0.25 | 0.3

Fig. 2 Samples with constant 15% (w/w) surfactant mixture
Ca(DS),/IT 3, mass fraction x IT 3 = 0.55, and increasing mass fraction x
of silicone oil M, in the solvent at 40 °C, photographed in between
crossed polarisers. Single L,-phases are seen up to 15% oil in the solvent;
transparent microemulsion with low viscosity is seen with 30% oil.

under shear. The samples in the upper phase channel have
somewhat different properties. The samples are not as trans-
parent as samples from the lower channel. The samples look
somewhat bluish, and their scattering intensity increases
continuously from the water side to the middle of the phase
diagram. For higher oil content the samples are transparent
again. Pictures of samples from the lower and upper single-phase
channel are shown in Fig. 3.

The different apparent macroscopic properties in the upper
and lower phase channel for the same amount of oil are an
indication that the structures in the two single-phase channels are
different. The conductivity measurements in both single-phase
channels, which are shown in Fig. 4, underline this assumption.
For the lower channel (Fig. 4B), the conductivities decrease
linearly with the oil content to the middle of the phase diagram,
which is where the channel ends. The reason for the decrease is
mainly the decreasing mass fraction of Ca(DS),. The conduc-
tivities therefore indicate that the microstructure in the lower
channel does not change, and that the channel consists of
a continuous water phase in which oil droplets are dispersed. The
situation is very different in the upper single-phase channel
(Fig. 4A), where the conductivity drops for a few percent of oil
(5%) to only about 18% of its value in the Ls-phase, even though
the fraction of Ca(DS), is increasing from 23% to 35%. The
conductivities there indicate a dramatic change in the nano-
structure of the bi-continuous channel with solubilisation of
small amounts of oil into the L3-phase. Obviously the constraints

0.975

XM, | 0.05 I 0.15 | 0.25 | 0.35 0.95

0.45 | 0.55 | 0.65 I 0.75 | 0.85

Fig. 3 Samples with 15% (w/w) surfactant mixture Ca(DS),/IT 3 at
40 °C and increasing mass fraction x of IT 3 and M,, shown without
polarisers. (A) Selected samples from lower single-phase channel. (B)
Selected samples from upper single-phase channel.
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Fig. 4 Conductivity measurements in the upper (Fig. 4A) and lower
(Fig. 4B) single-phase channel of the system Ca(DS),/IT 3-H,O/M,
at 40 °C.

in the microemulsion for the transport of the ions must be much
larger than in the L3-phase.

This means that the water channels in the ME-phase must be
much smaller than in the L3;-phase where the conductivity is only
about 2/3 of the value of the normal aqueous phase without
surfactant. For higher mass fraction of oil, the conductivities
remain about constant and drop to zero for x M, > 0.35. The
complete breakdown of the conductivity means that the system
changes from a bi-continuous structure to a w/o-structure. The
conductivity results differ a lot from conductivity measurements
on microemulsions with nonionic surfactant, in which the
conductivity decreases continuously with increasing oil concen-
tration.'®

In many previous publications of microemulsions it was
assumed that the nanostructures in the single-phase channel
varied from o/w droplets to bi-continuous structures, to w/o
structures.'* The properties discussed above demonstrate that the
situation in the present system must be different and more
complicated.

In the following sections we show by cryo-TEM that this is
indeed the case. It should, however, be clear that the situation in
nonionic and in ionically charged systems may be somewhat
different. Although the effect of ionic surfactants on the phase
behaviour of microemulsions with nonionic surfactants already
was investigated,'s our system is the first detailed system with an
ionic/nonionic surfactant mixture, for which the ionic charge was

not shielded by excess salt, that forms an isotropic channel from
the water side to the oil side at constant temperature.

Cryo-TEM micrographs in the upper channel

The phase diagram of this investigation was constructed with
15% surfactant. This is a high concentration to obtain high-
resolution micrographs, because the bilayers are close together.
It is likely that several structures are superposed in the thin film.
Thus the structures are probably not as well resolved as they
would be in more dilute samples.

The micrograph in Fig. 5 was prepared with 15% (w/w)
surfactant with x IT 3 = 0.77, without oil and quenched from
40 °C. The micrograph shows a bi-continuous structure in which
the dark lines are the folded bilayers of the Lz-phase, and the
lighter grey areas are water. The thickness of the bilayers, as
determined from the micrograph, is about 3 nm. The dimension
of the water domains is about 10-20 nm.

As we know for sure, the direct imaging of a bi-continuous L;-
phase with a high surfactant concentration by the cryo-TEM
method is very rare, but similar structures were already
reported.’®

The micrograph of Fig. 5 looks very different compared to
micrographs from L;-phases that are typically prepared with the
FF-TEM technique. The most obvious difference is that in
FF-TEM micrographs one observes that both the white and grey
areas cover about 50% of the area while in the cryo-TEM
micrographs the white area is much larger than the grey area.
During preparation of the sample with the FF-technique the
fracture follows the midplane of the bilayers because this is where
the sample breaks most easily.'” The result of the fracture process
is a surface that is half formed from the frozen water phase and
half covered by the midplane. This situation is independent from
the surfactant concentration in the samples. No fracture is
produced with the cryo-TEM method and the structure in the
thin films is directly imaged on the micrograph. The grey and
white areas reflect therefore the surfactant water ratio of the
sample. In total, the three dimensional nature of the water phase

Fig. 5 Cryo-TEM micrograph of sample with 15% (w/w) surfactant
Ca(DS),/IT 3, x IT 3 = 0.77, prepared at 40 °C. Micrograph shows bi-
continuous network-structure of the Ls-phase.
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is not so clearly seen in the cryo-TEM preparation as the three
dimensional nature of the bilayer network. The cryo-TEM
micrograph in Fig. 5 actually looks somewhat like a two
dimensional projection of a three dimensional polyhedral foam.
The Ls-phase is formed only in the very narrow composition of
the samples with x IT 3 = 0.76 to 0.77. In the neighbouring
L,-phase with a composition of x IT 3 = 0.75 the structures are
very different.

For comparison with the microstructure of the Ls-phase,
micrographs are shown in Fig. 6 of a sample with a slightly
different composition, namely with x IT 3 = 0.75.

The micrographs show the typical pattern of a L,-phase in
which the bilayers are perpendicular to the surface of the thin
film (Fig. 6A). The interlamellar spacing is of the order of
10-15 nm and the bilayer thickness is about 3 nm. The micro-
graphs of the Ls-phase and the L,-phases are very consistent with
each other. On close inspection of the micrographs of the
L,-phase one is able to see defects in some regions (Fig. 6B).

Fig. 6 Cryo-TEM of samples with 15% (w/w) surfactant Ca(DS),/IT 3, x
IT 3 = 0.75, prepared at 40 °C. (A) Typical pattern of L,-phase; (B)
L,-phase with defects, shown by white arrows.

These defects are indicated on the micrographs of Fig. 6B with
white arrows.

One notes situations where two adjacent bilayers seem to be
connected by bridges. These could be the structures that have
been theoretically predicted.’ It is noteworthy that the micro-
graph in Fig. 6A looks like a fingerprint with a much larger scale.
It is somewhat surprising that the bilayers in the thin films are all
perpendicular to the film surface. From optical microscopy, in
contrast, it is known that the bilayers are very often aligned
parallel to the film surface, what is known under homeotropic
alignment. The reason for the different situation that is shown in
Fig. 6 may be a result of the film thickness. In the holes of the
polymer films the thickness of the surfactant phase varies. On
parallel alignment the bilayers would have to form different
numbers of bilayers at different positions in the thin film in order
to keep the interlamellar distance the same. Such defects cost
energy and the film might therefore prefer the perpendicular
alignment.

The structures in L,-phases with a lower IT 3 content
(x IT 3 = 0.65) are somewhat different (Fig. 7).

Large multilamellar vesicles (MLVs) are now seen in which the
spacing between the bilayers is much larger than in the micro-
graph with x = 0.75. The larger spacings are probably the result
of applying high shear rates to the MLV during the blotting
procedure.'®

Cryo-TEM micrographs of samples with increasing amount of
oil are shown in Fig. 8. The first two micrographs (Fig. 8A and B)
show similar network-like structures to the micrograph of the
Li-phase without oil (Fig. 5). It is generally assumed that the
L;-phase is a symmetric phase, where the inside and outside
volume of the three-dimensional tubular structure is the same. It
is likely that this symmetry is lost by the solubilisation of oil, and
the microemulsion is an asymmetric phase. This can be
concluded from the abrupt conductivity change that occurs

Fig. 7 Cryo-TEM image of sample with 15% (w/w) surfactant Ca(DS),/
IT 3, x IT 3 = 0.65, prepared at 40 °C. Large squeezed-together multi-
lamellar vesicles are seen.
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Fig. 8 Cryo-TEM micrographs of samples with 15% (w/w) surfactant Ca(DS),/IT 3, prepared at 40 °C: (A) composition x IT 3 = 0.65, x M, = 0.05,
sponge-like structure; (B) composition x IT 3 = 0.65, x M, = 0.15, sponge-like structure; (C) composition x IT 3 =0.9, x M, = 0.5, densely packed water
droplets and (D) composition x IT 3 = 0.975, x M, = 0.75, less densely packed water droplets.

around x M, = 0.05. Indeed, the observed bi-continuous struc-
tures by the TEM micrographs of samples with solubilised oil
look somewhat different from the micrographs of the L;-phase
without oil. However, some micrographs also show typical
structures of L,-phases or MLV phases. It is likely that these
structures result from evaporation of M; in the thin film. M, is an
extremely volatile compound. In order to decrease the evapora-
tion as much as possible, the atmosphere in the preparation
chamber had to be saturated with the microemulsion solution
and the preparation had to be carried out as quickly as possible.
The samples with the highest oil content (Fig. 8C and D) have
different structures. In both samples globular particles are
observed that are in a lighter grey than the background.

Obviously, the structure has now changed from the
bi-continuous structure to w/o droplets. At 50% oil the droplets
are densely packed while in the sample with 75% oil the droplet
are more dispersed. The droplets have about the same size in the
two samples. The diameter of the droplets varies from 20 to 30
nm. Similar globular particles already have been observed in the
system AOT-n-decane-D,O by FF-TEM."

The micrographs with 50% and 75% oil show some interesting
details that are worth emphasizing. In Fig. 8C some of the small
globular particles are very dark in comparison to the light grey
for most of the other droplets. These particles make up a few
percent of the total number of particles. All those particles are
crystalline ice, formed during the rapid cooling process. The
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Fig. 9 Cryo-TEM micrographs of sample with 15% (w/w) surfactant
Ca(DS),/IT 3, x IT 3 = 0.4, x M, = 0.15, prepared at 40 °C. (A) Small
unilamellar vesicles with diameter from 13 to 40 nm. (B) Small uni-
lamellar vesicles and multilamellar vesicles.

cooling rates achievable by liquid nitrogen, used here to avoid oil
dissolution, are insufficient to vitrify water (but are sufficient to
vitrify the oil!). Thus, the small water domains freeze into crys-
talline hexagonal ice. These nano-crystals are randomly oriented
with respect to the electron beam, so that only a few satisfy
Bragg’s law for electron diffraction, and those appear dark. The
ice crystals that do not diffract appear light grey. The micro-
graphs show that the ice particles could only grow to the size of
the droplets, because the droplets were not connected to
surrounding droplets.

Micrographs, Fig. 8A and B, with an oil fraction of 0.05 and
0.15 seem to represent situations that are in between the L;-phase
and the microemulsion situation with 50% of oil. For both
samples the crystalline ice structures are somewhat larger than
the water domains. These results are in agreement with
conductivity measurements in the channel, which show a transi-
tion from the conductivity of the Ls-phase to a lower

conductivity at an oil content of 5%, and finally to loss of
conductivity at 40% oil. The development of the structures can
therefore at best to be represented by a HIPE like (High Internal
Phase Emulsion) structure with varying connectivity between the
water domains. In some of the micrographs one can actually
observe that some of the droplets are deformed to polygonal
structures. Besides the apparent polyhexagon the micrograph
also shows that some of the droplets have coalesced with the
neighbouring structures, and have formed larger structures. All
these details demonstrate that the original droplets are very
dynamic species. When the equilibrium conditions are changed,
they can quickly adjust to the new conditions. In contrast to the
micrograph of the sample with 50% oil, the micrograph with 75%
oil shows practically no irregularities. Only very few droplets
seem to have formed doublets, while the large majority of the
small droplets is randomly distributed in the oil matrix. All in all,
clean micrographs of a w/o-microemulsion by cryo-TEM are
astonishing and rare, as it had been often assumed, that oil-rich
samples cannot be imaged directly,? as the oil gets dissolved in
the regularly used cryogen liquid ethane, or the alternative
cryogen liquid nitrogen would not provide the sufficient cooling-
rate to vitrify the specimen.?!

Cryo-TEM micrographs in the lower channel

The lower single-phase channel has a large slope with increasing
oil concentration. In addition, the channel is very narrow. As
a result of these two conditions it is difficult to obtain good
micrographs from the structures in the channel. As it is obvious
from the channel, the structures in the channel could change, and
the original structures are no longer in equilibrium with their
surroundings, when the samples of the channel lose a few percent
of oil by evaporation. This is indeed the case, as is demonstrated
in Fig. 9, where two micrographs are shown that were obtained
from a sample with x IT 3 = 0.4 and 15% oil. One micrograph
(Fig. 9A) shows only small unilamellar vesicles with diameters
ranging from 13 to 40 nm. The other micrograph (Fig. 9B) also
shows uni- and multilamellar vesicles with interlamellar spacings
that are consistent with the surfactant concentration of 15%.

In addition, both micrographs show long lines that separate or
surround large domains of different shades. Those represent an
encapsulation of small vesicles by larger ones.

Model for the calculation of the microemulsion droplet size

Dimensions for the water or oil droplets in the microemulsions
can easily be calculated with the core-shell model and with the
help of the oil-surfactant or water—surfactant ratio.

With the volume of the core

3
Ve =<1T
3

and the volume of the shell which is equal to the volume of the
surfactant,

vg = 4mtr’d

one obtains the simple equation
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and r = R3d.

In this equation d is the thickness of the surfactant monolayer,
namely the thickness of the shell. The thickness d can experi-
mentally be appreciated from the cryo-TEM micrographs of the
L,-phase or can be estimated from the number of CH,-groups in
the surfactant molecules. In an exact calculation, the different
lengths of the two surfactant molecules and their different mole
ratios in the upper and lower channel have to be considered.

The assumed d value, the volume ratio of the core and shell
vclvs, the calculated diameters D.,;=2r + 2d of the droplets and
the experimentally determined diameters Dey, from the cryo-
TEM images are given in Table 1.

Table 1 Overview of the calculated diameters D, and experimentally
determined diameters Dy, of the microemulsion droplets from the lower
and upper single-phase channel

Size of droplets in lower channel

x M, dinm velvs r/nm D /nm Deyp/nm
0.15 1.5 1.12 5 13 13-40
Size of droplets in upper channel

x M, x H,O dinm velvs r/nm Dy/nm Deyp/nm
0.5 0.5 1.5 2.83 12.8 29 36+6
0.75 0.25 1.5 1.42 6.4 16 25+ 6

For the calculation of vc/vs, the density of the surfactant
mixture was estimated to 1 g cm~3, for the volume of the oil, we
used the density of 0.76 g cm* for M.

The agreement between the calculated and experimental
determined diameters in the lower channel are not very good.
The micrograph of the microemulsion with x M, = 0.15 from the
lower channel shows a large variety of small vesicles with
diameters from 13-40 nm, which does not agree with the model.

In contrast to the lower channel, the measured size of the
droplets from the upper channel differs only little from the
calculated values. Although the droplets show a certain variety in
size distribution, the experimental determined diameters are in
good agreement with the core-shell model, considering the
difficult conditions for sample preparation as the high volatility
of the silicone oil and the high temperature.

Conclusion

The nanostructures in the two isotropic channels of a micro-
emulsion of the silicone oil hexamethyldisiloxane (M,) and
a surfactant mixture of the anionic surfactant calcium dodecyl
sulfate Ca(DS,) and the nonionic surfactant iso-tridecyl-trie-
thyleneglycolether (IT 3) have been determined by cryo-TEM.
Contrary to microemulsions with a pure nonionic surfactant, the
channels can be formed in this system at constant temperature by
adjusting the mass fraction of the two surfactants. The channel
with the higher mass fraction of nonionic surfactant begins with
the L;-phase on the water side, and runs with a shallow slope to
the oil side, when the mass fraction is plotted against the oil

content. Conductivity results and cryo-TEM micrographs indi-
cate that bicontinuous structures exist in this channel from the
water side to a microemulsion with a 65/35 water oil ratio. The
micrographs show that the structure in the bi-continuous region
changes from an L;-type structure to a HIPE-type structure.
Water droplets in the oil matrix exist from the middle of the
phase diagram until the oil side. This differs from the nano-
structures of microemulsions with nonionic surfactants, where
elements of bicontinuous microstructures, even at high oil
contents, are reported.”* The sizes of the w/o-droplets in the
upper channel are consistent with simple geometrical consider-
ations. They increase, as expected, with an increasing mass
fraction of water.

The lower channel begins on the water side with an L,-phase
and reaches with increasing oil concentration to the middle of the
phase diagram. The channel contains o/w droplets in a contin-
uous water matrix. No connection was found between the two
channels. Because of the high volatility of the oil, the droplets in
this channel were difficult to image with the cryo-TEM method.
Small vesicles were obtained in many preparations, instead of the
droplets. The vesicles were obviously formed in the thin cryo-film
in the time between forming and fixation by temperature
quenching. Therefore, we are trying to improve the design of our
CEVS to allow us work with more highly volatile solvents such as
M,, with even smaller concentration changes. We are also
looking for a microemulsion system based on a lower-volatility
oil, that gives a similar phase diagram.

Experimental
Materials

The nonionic surfactant iso-tridecyl-triethyleneglycolether,
abbreviated as IT 3, was obtained from Sasol, Co., Hamburg
(Marlipal O13/30). Sodium dodecyl sulfate (SDS, cryst. research
grade) was purchased from the Serva Co., Heidelberg. MgCl, x
6H,0 and CaCl, x 2H,O were purchased from the Griissing
Co., Filsum. The silicone oil hexamethyldisiloxane, abbreviated
M,, was purchased from the Wacker Co., Miinchen, n-decane
was obtained from the Merck Co., Darmstadt.

Preparation of Ca(DS), and Mg(DS),

For the preparation of Ca(DS), and Mg(DS),, 400 mM
SDS-solution were mixed with either 200 mM CaCl, or MgCl,
solution under stirring. The bivalent counterions Ca>" and Mg**
bind stronger to the dodecyl sulfate than the sodium-ion, leading
to a precipitation of Ca(DS), in solution below its Krafft-
temperature of 50 °C, and Mg(DS), below its Krafft-temperature
of 25 °C. The solutions were heated up to 60 °C for the solution
with CaCl,, or warmed up above 25 °C for the solution with
MgCl, to obtain a clear solution, and then cooled down to 20 °C.
After precipitation, Ca(DS), and Mg(DS), were washed several
times with de-ionised water to remove excess salt. The purity of
the filtered surfactant thus could be checked by measuring the
conductivity of its flow through. The washed Ca(DS), and
Mg(DS), were dried for several days in a cabinet dryer at 50 °C,
and later used without further purification.
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Preparation of samples

All samples were prepared by weighing in directly the compo-
nents in test tubes, first surfactant and co-surfactant, H,O, and,
as last component, M,, due to its high volatility. The test tubes
were sealed with Teflon tape, tempered at 40 °C in a water bath,
and vortexed several times thoroughly. All samples were incu-
bated at least 3 days at 40 °C before being investigated for their
phase behaviour. For the phase diagram, the samples below x IT
3 0.3 had to be prepared with Mg(DS), instead of Ca(DS), to
avoid problems with precipitation of Ca(DS),. In general,
a phase diagram was scanned with a resolution of 5% in the
composition of the mass fraction of IT 3 and M,. Finer steps
were investigated in the beginning of the upper single-phase
channel, and in between the two single-phase channels to find
a possible connection of both channels. The multiphase samples
were viewed and imaged without and in between crossed polar-
isers, to visualise the birefringence of lamellar regions.

Cryo-Transmission Electron Microscopy (Cryo-TEM)

The specimens for cryo-TEM were prepared in a controlled
environment vitrification system (CEVS) and plunged into liquid
ethane at its freezing point.?®* For oil continuous samples, the
specimens were plunged into liquid nitrogen in order to over-
come problems with solvent dissolution.>* The CEVS was kept at
40 °C and the atmosphere either saturated with H,O for the
samples without oil, or directly with the investigated micro-
emulsion solution for samples containing oil. Due to high vola-
tility of the silicone oil, the specimens were prepared as quickly as
possible. Specimens, kept below —178 °C, were examined in an
FEI TI2 G? transmission electron microscope, operated at 120
kV, using a Gatan 626 cryoholder system. Images were recorded
digitally in the minimal electron dose mode by a Gatan US1000
high-resolution CCD camera, with the Digital Micrograph
software package.
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ABSTRACT: We have studied the dynamic and rheological
properties in the single-phase channels of a microemulsion
system with a mixed anionic/nonionic surfactant system and
decane from the aqueous to the oil phase. One isotropic
channel, called the “upper” channel, begins at the L; phase
(sponge-like phase) of the binary surfactant mixture on the
water side and passes with a shallow minimum for the surfactant
composition to the oil side. The other “lower” single-phase
channel begins at the micellar L; phase and ends in the middle
of the phase diagram. Both isotropic channels are separated by a
huge anisotropic single phase L,, channel that reaches from the water side to 90% of oil in the solvent mixture. The structural
relaxation time of the viscous fluids could be measured with electric birefringence (EB) measurements, where a signal is caused by
the deformation of the internal nanostructure of the fluids by an electric field. For the L3 phase, the EB signal can be fitted with a
single time constant. With increasing oil in the upper channel, the main structural relaxation time passes over a maximum and
correlates with the viscosity. Obviously, this time constant controls the viscosity of the fluid (17° = G’ - 7). It is remarkable that the
longest structural relaxation time increases three decades, and the viscosity increases two decades when 10% of oil is solubilized into
the L; phase. Conductivity data imply that the fluid in the upper channel has a bicontinuous structure from the L; phase to the
microemulsion with only 10% oil. In this oil range, the conductivity decreases three decades, and the electric birefringence signals are
complicated because of a superposition of up to three processes. For higher oil ratios, the structure obviously changes to a HIPE

.| Signal of Electric Birefringence

01 02 03 04 05
t[msec]

(high internal phase emulsion) structure with water droplets in the oil matrix.

B INTRODUCTION

Microemulsions are thermodynamically stable phases from
oil, water, and surfactants." The phases contain well-defined
structures, such as oil droplets in a continuous water phase, water
droplets in a continuous oil phase, and bicontinuous structures.
The detailed structures depend on the composition of the system
in the ternary phase diagram. Usually, the structures change with
a change in the composition of the samples. For many years,
microemulsions with ionic surfactants were in the focus of
interest.” More recently, microemulsions with nonionic surfac-
tants have become the center of interest.® As a consequence, we
now have a good understanding of microemulsions. It is known,
for example, how the phases can be optimized for as little
surfactant as possible and how the surfactant can be optimized
for a given oil. Of fundamental importance for the understanding
of the systems is the value of the interfacial tension of a micellar
solution against an oil phase.* For a high solubilization of an oil in
a micellar solution, the interfacial tension has to be minimized.®
One of the most fascinating features of nonionic microemulsions
is isotropic single-phase channels that pass from the aqueous
micellar phase continuously to the oil phase for constant
surfactant concentration.’ Because of SANS and SAXS, we have
a good understanding of the structures in these channels. Many
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systems have been investigated that have two channels from
the water to the oil side, one at lower temperature and one at a
higher temperature, and a single channel in the middle of the
phase diagram that is connected with the two channels at both
sides.” Today, there is a good theoretical understanding of the
structures in the isotropic channels and about the thermo-
dynamics of microemulsions with nonionic surfactant. However,
very few investigations have been carried out on the dynamic
behavior of the microemulsions, and no systematic investigation
has so far been made in a channel from the water side to the
oil side.

In this investigation, we therefore will study the dynamic
properties of microemulsions in the single-phase channels by
rtheology and the electric birefringence method. The measure-
ments were carried out on a system with an anionic/nonionic
surfactant mixture that was similar to one that was previously
studied and from which we knew the position of the single phase
channels.®
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B EXPERIMENTAL SECTION

Materials. The nonionic surfactant iso-tridecyl-triethylengly-
colether, abbreviated as IT 3, was obtained from the Sasol
Company (Hamburg, Germany) (“Marlipal 013/30”). This
compound has a polydisperse distribution of EO groups
with an average of three EO units. Sodium dodecyl sulfate (SDS,
cryst. research grade) was purchased from the Serva Company
(Heidelberg, Germany). MgCl, -6 H,O was purchased from the
Griissing Company (Filsum, Germany). N-Decane (analytical
grade) was obtained from the Merck Company (Darmstadt,
Germany).

Preparation of Mg(DS),. For the preparation of Mg(DS),,
400 mM SDS solution was mixed with 200 mM MgCl, solution
under stirring. The bivalent counterion Mngr binds stronger to
the dodecyl sulfate than the sodium ion, leading to a precipitation
of Mg(DS), in solution below its Krafft temperature around
25 °C. The solution was heated above 25 °C to obtain a clear
solution and then cooled to 20 °C. After precipitation overnight,
Mg(DS), was filtered and washed several times with deionized
water to remove excess salt. The purity of the surfactant thus
could be checked by measuring the conductivity of the flow
through of the filtered Mg(DS),. The washed Mg(DS), was
freeze-dried with the freeze-drying device Alpha 1-4, Christ
Company (Osterode, Germany), and used without further
purification.

Preparation of Samples. All samples were prepared by
weighing the components directly in test tubes on an analytical
balance. The test tubes were sealed with Teflon tape, tempered at
25 °C in a water bath, and vortexed several times thoroughly. All
samples were incubated at least 3 days at 25 °C before being
investigated for their phase behavior. In general, a phase diagram
was scanned with a resolution of 5% in the composition of the
mass fraction of IT 3 and decane. Finer steps were investigated in
the beginning of the narrow upper single-phase channel. The
multiphase samples were viewed and imaged without and in
between crossed polarizers to visualize the birefringence of lamellar
regions.

Freeze-Fracture Transmission Electron Microscopy (FF-TEM).
The microemulsions, prepared in presence of 20% (w/w)
glycerin in the aqueous phase were stored at room temperature
(25 °C) and quick-frozen from RT using the sandwich technique.
A small amount of the samples was sandwiched between two
copper profiles (BAL-TEC/Balzers, Liechtenstein) as used for
the double-replica technique and frozen by plunging these
sandwiches immediately into a liquefied ethane—propane mix-
ture (v/v 1/1) cooled in liquid nitrogen. Fracturing and replica-
tion were performed at —150 °C in a BAF 400T freeze-fracture
device (BAL-TEC/Balzers, Liechtenstein) equipped with elec-
tron guns and a film sheet thickness monitor. For replication, at
first, Pt(C) was evaporated under an angle of 35° (thickness:
2 nm), followed by C under 90° angle (thickness 20 nm). The
replicas were placed on electron microscopic copper grids (Mesh
400), cleaned by chloroform —methanol mixture (v/v 2/1), and
examined in an EM 900 electron microscope (Zeiss, Oberko-
chen, Germany).

Conductivity and Rheology Measurements. For conduc-
tivity measurements, we used the microprocessor conductivity
meter LF3000 from the WTW Company (Weilheim, Germany).
The rheology was measured with the cone—plate rheometer
RheoStress 600 from the Haake Thermo Scientific Company
(Karlsruhe, Germany). All samples were investigated at 25 °C.
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Electric Birefringence Measurements. The electric birefrin-
gence device is a self-made device with a 632.8 nm He—Ne laser,
crossed polarizers, aperture plates, a Kerr cell with temperature
control, and a photomultiplier. For the generation of an electric
pulse, there was used the Cober “high power pulse generator”
model 606. The signal of the photomultiplier was recorded with
the Voltcraft DSO-2090 USB-oszillograph. Data were processed
and evaluated with the computer software “Origin”.

SANS Measurements. For SANS measurements, samples
were prepared with D,0O instead of H,O. By replacing H,O by
D,0, the phases in the single-phase channels are slightly shifted.
To obtain transparent isotropic phases, we had to adjust the
surfactant composition by increasing the mass fraction of IT 3 by
~2%. SANS data were obtained with the SANS device D11 at the
Institue Laure-Langevin in Grenoble, France. Samples were filled
in 1 mm quartz cuvette (Helma), and temperature was set to
25 °C.

Evaluation of data (background detection, subtraction of
signal intensity, scaling of data) was performed with standard
computer software.

B RESULTS AND DISCUSSION

Phase Diagram Mg(DS),/IT 3—H,0/n-Decane. On micro-
emulsion systems with a single nonionic surfactant, it is not
possible to pass from a single aqueous phase to a single oil phase
at constant temperature. The interfacial tension of nonionic
surfactants changes with temperature, and thus the single-phase
regions of microemulsions are temperature-dependent. The
amphiphilic properties of surfactants can also be changed by
adding a cosurfactant to the surfactant solution. In the present
investigation, we therefore chose a binary mixture of a hydro-
philic surfactant with a lipophilic surfactant. For the ionic
surfactant, we chose the Mg” salt of SDS. Mg(DS), is more
lipophilic than SDS, reduces the surface tension more effectively,
and is known to form liquid crystalline L, phases when mixed
with suited cosurfactants.® As lipophilic cosurfactant, we used
iso-tridecyl-triethylenglycolether (abbreviation IT 3, = C3E;).
By changing the mass fraction of the two molecules in the
surfactant solution, it turned out to be possible to pass from a
micellar L; phase with only Mg(DS), over lamellar L, and an L;
phases (sponge-like phase) with the surfactant mixtures to an L,/
L, (L, = inverse micellar phase) two phase situation for the
solution with pure IT 3. The phase sequence of the binary
surfactant mixture is shown in Figure SI1 of the Supporting
Information, and detailed rheological investigations can be found
in Figure SI2 of the Supporting Information. Some nonionic
surfactants show the same sequence of phases with increasing
temperature.

The plot of the surfactant mixture against the mass fraction x
of the oil decane in the solvent mixture between 0 and 1 is shown
in Figure 1. The total surfactant concentration was kept constant
at 15% (w/w), the temperature was kept at 25 °C, and samples
were prepared with 20% glycerine in H,O for possible FE-TEM
investigations to prevent freezing artifacts.

The phase diagram contains two isotropic channels, a lower
one and an upper one. The upper one begins on the surfactant
axis at the region of the L3 phase. With increasing oil, the channel
first shifts to a lower IT 3 ratio and then again to a higher IT 3/
Mg (DS), ratio for higher oil ratios. It ends on the oil side at 80%
decane and pure IT 3 as surfactant. The lower channel begins at
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Figure 1. Phase diagram of system Mg(DS)z/IT 3—H,0/decane at
15% (w/w) surfactant and 25 °C, 20% glycerin in H,O X IT 3 = mass
fraction of IT 3 in the surfactant mixture, x decane = mass fraction of
decane in the solvent mixture. “ME” indicates isotropic microemulsion
area, and L, indicates area of anisotropic lamellar channel.

the L, region and ends in the middle of the phase diagram at an
IT 3 ratio of 0.57.

Both channels are separated by a huge single-phase birefrin-
gent L, region that extends from 0 to 90% decane with slightly
increasing mass fraction of IT 3. All samples in the L,, channel
behave like gels. However, the storage modulus G’ is decreasing
constantly with increasing oil content, indicating that the gels
become softer. Pictures of the L, phases between crossed
polarizers at different temperatures and detailed rheology data
can be found online in Figure SI3 of the Supporting Information.

A significant feature of the L,, channel is its high-temperature
stability. Samples between x decane = 0 to 0.9 are stable at least
between 10 and 40 °C, and samples with x decane 0 to 0.4 are
even stable at least up to 60 °C. Although the L,, channel is quite
narrow, its high-temperature stability is amazing. This feature is
obvious due to the surfactant mixture, where the hydrophilic—
lipophilic balance is determined more by the mass fraction of
the cosurfactant than by the temperature. L, phases with oil
and a single nonionic surfactant of the type C;E; are not so
stable.*>

The microemulsions in the lower single phase channel are
transparent phases that show no flow birefringence under shear.
The samples in the upper phase channel have somewhat different
properties. Whereas the L; phase without decane is completely
transparent, the samples with decane look somewhat bluish and
their scattering intensity is most intensive around x decane 0.03
and 0.1. For higher oil content, the scattering intensity is
decreasing again. Pictures of samples from the lower and upper
single phase channel are shown in Figure SI4 of the Supporting
Information. The different macroscopic properties in the upper
and lower phase channels for the same amount of oil are already
an indication that the structures in the two single-phase channels
are different. In many previous publications of microemulsions, it
was shown that the micellar structures in a single-phase channel
varied from o/w droplets to bicontinuous structures to w/o
structures.’

The following chapters will show, that the situation in
the present system must be different and more complicated. It
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Figure 2. Plot of conductivity (red dots) and IT 3 content (gray
triangles) against mass fraction of decane in solvent mixture. (a)
Conductivity data for the upper single phase channel. (b) Conductivity
data for the lower single phase channel.

should, however, be clear that the situation in nonionic and in
somewhat ionically charged systems may be somewhat different.
Our investigated system is the first system with an ionic
surfactant for which the ionic charge was not shielded by excess
salt that forms an isotropic channel from the water side to the
oil side.

Conductivity in the Single-Phase Channels. The plot of the
conductivity in the upper and lower single-phase channels
against the mass fraction of decane in the solvent mixture is
shown in Figure 2.

In the upper channel, the conductivity first increases slightly
from ~1000 ©#S/cm of the sample without decane to 1160 uS/
cm to the sample with 1% decane. The reason for this lies in the
change of the composition of the surfactant mixture. In the range
from 1 to 10% decane, the conductivity decreases abruptly three
orders of magnitude to 1 #S/cm even though the fraction of the
anionic Mg(DS)2 is increasing. For higher mass fractions of
decane, the conductivity values decrease continuously to low
values as, for example, 0.03 1S/cm for the sample with a water/
oil ratio of 1/1 (w/w). The conductivities thus indicate a
dramatic change in the nanostructure of the upper channel with
solubilization of small amounts of oil into the L; phase. The
abrupt collapse of the conductivity indicates that the system
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Figure 3. FF-TEM micrographs with 15% (w/w) surfactant Mg(DS),/IT 3, 20% glycerine in H,O, prepared at 25 °C; scale bar = 200 nm. (a) L phase
without oil at x IT 3 = 0.79, (b) microemulsion of upper channel with x IT 3 0.67, x decane 0.2, (c) microemulsion of lower channel with x IT 3 = 0.35, x
decane = 0.1, o/w-structure, droplet size ~7 nm, and (d) microemulsion of lower channel with x IT 3 = 0.45, x decane = 0.2, droplet size ~14 nm.

changes from a bicontinuous structure to a w/o structure (water-
in-oil). Conductivities in the isotropic channels of microemul-
sions from nonionic surfactants have been reported in the literature."
In such systems, the conductivity in the upper channel
decreases continuously with increasing oil content. These mea-
surements have helped to establish the view that we have today
from the structures in the upper channel. With increasing oil
content, the bicontinuous L3 phase swells with the solubilized oil
between the bilayers and is finally transformed at high oil content
to a w/o system. With equal amount of oil and water, SAXS data
and conductivities show that this phase is still a bicontinuous
phase.'’ Our conductivity data unambiguously show that the
structures in the upper channel of the investigated system are
different from the structures of known systems with nonionic
surfactants. We find a rather abrupt transition from the bicontin-
uous L structure to a w/o structure with only 10% of oil in the
solvent mixture.

The conductivity data of the lower channel indicate that the
nanostructure in the lower channel does not change much with
increasing oil in contrast with the nanostructure in the upper
channel. At the water corner, the conductivity in the lower
channel with 2900 #S/cm is much higher than the conductivity
of the L3 phase of the upper channel with 1000 #S/cm. The
reason for this is that the Mg(DS), concentration is much
higher in the lower channel. With increasing oil content, the
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conductivities decrease slightly to 1500 #S/cm at the middle of
the phase diagram, which is where the channel ends. The reason
for the decrease is mainly the decreasing mass fraction of
Mg(DS),. Obviously, the lower channel consists of a continuous
water phase in which oil droplets are dispersed (o/w structure).

As already mentioned, the lower and upper single-phase
channels are not connected to each other in contrast with the
classical microemulsion systems with single nonionic surfactant
and hydrocarbons. In the present system, both channels are
separated by a large single anisotropic L, channel.

A plot of the conductivity in the L, channel can be found in
Figure SI4 of the Supporting Information. The conductivity on
the water-side is ~400 uS/cm and decreases with increasing oil
content and increasing x IT 3 constantly to a value of 40 uS/cm
at the L, phase with 90% decane. It is noteworthy that the sample
without decane at the water side has alower conductivity than the
L; phase despite the fact that it contains ~60% more anionic
Mg(DS), and also a much lower conductivity than the micro-
emulsion from the lower single-phase channel with the same x IT
3 value of 0.5. This already indicates that the structure consists of
densely packed multilamellar vesicles, where the conductivity is
low due to the limited movement of the ions.">

FF-TEM Micrographs in the Upper Channel. An FF-TEM
micrograph of the L; phase without oil is shown in Figure 3a. In
this technique, the replica of a fractured plane across the sample is
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reproduced. From previous investigations with this technique, it
is known that the fracture follows the midplane of the bilayers."?
One can see a highly structured surface in which the smallest
objects that can be identified have dimensions between 10 and
20 nm. In many parts of the micrographs, it is possible to identify
globular white domains that are surrounded by a gray ring. These
are typical features of the L; phase where the fracture plane has
cut through a tubular bilayer. The dimensions of these globular
spots correspond to the size that is detected from the correlation
peak in scattering measurements and which is close to the
interlamellar distance in the neighboring L, phase."* The typical
dimensions that are observed from the Cryo-TEM and the FF-
TEM micrographs are the same and give a consistent picture. In
Figure 3b, an FF-TEM micrograph from a sample is shown that
contains 20% oil in the solvent mixture. The micrograph of the
microemulsion with 20% decane looks different than the micro-
graph of the L; phase without oil. Now densely packed globular
particles can be seen with an average diameter of 40—50 nm. The
FF-TEM micrographs support the assumption of the conductiv-
ity measurements that the bicontinuous structure of the L; phase
is transformed to a w/o droplet structure with little oil.

Such w/o structures of a similar system were already success-
fully imaged with help of the Cryo-TEM method."* The droplet
size is also consistent with the calculated size of 46 nm that can be
obtained by the simple core—shell model.

Micrographs of samples from the lower single-phase channel
with 10 and 20% decane in the solvent mixture are shown in
Figure 3c,d. The micrographs show tiny droplets with a diameter
of ~7 nm for the sample with 10% decane and ~14 nm for 20%
decane that are randomly distributed in the surrounding matrix
that is water. The droplet size for both samples also fit perfectly
with the core—shell model.

Electric Birefringence Measurements in the Upper Single-
Phase Channel. Electric birefringence measurements are usually
carried out on colloidal systems to determine the dimension of
particles and aggregates and to determine the optical anisotropy
of these structures. ® The method has been used to determine the
persistence length of polyelectrolytes and polymers,'” of worm-
like micelles,'® of pieces of DNA," and so on. Good signals were
also obtained on L phases.*® At the time of the measurement, it
had not been unambiguously clear whether L; phases had a
bicontinuous structure or were a solution of discrete disk-like
micelles.”’ It was assumed that the signals were due to the
orientation of the disk-like particles in the electric field. The
orientation time was therefore used to calculate the diameter of
the disk-like aggregates. The results gave diameters that corre-
sponded to the interlamellar distance of the L, phase that is next
to the L; phase. These results could also explain the low viscosity
of the L3 phases. Later measurements on L; phases, in particular,
FE-TEM measurements, showed that L; phases have a bicontin-
uous structure.”” The electric birefringence signals have then to
be explained by the deformation of these structures in electric
fields. In both interpretations, the alignment of disk-like particles
or the deformation of the L; structure solvent molecules has to
diffuse over the length of the dimension of the structure, and it is
not possible from the signal what the origin of the signal is.”* The
results lead, however, to a structural relaxation time that controls
the macroscopic dynamic properties of these phases. The electric
birefringence method was therefore used to determine the
structural relaxation times in microemulsions and, in particular,
in the single-phase channel of this system for which we had
determined first the phase diagram. According to our knowledge,
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Figure 4. (a) EB signal of the L; phase. Sample composition: 15% (w/w)
surfactant, x IT 3 0.79, 20% glycerine in H,O. Signal recorded at an
field strength E of 273 kV/m. (b) Plot of An against E*. An increases
linearly with E* and therefore follows Kerr’s law.

these are the first measurements of the dynamic behavior of
microemulsions in the single-phase channel.

We would like to note that electric birefringence measure-
ments have been carried out on microemulsions of the system
C1,Es/H,0/n-octane.”* The measurements were done in the
lower isotropic channel from the water side to the upper channel
on the oil side. Signals with a single relaxation time were
observed. The time constants showed two maxima with the oil
constant at 30 and 70% of n-octane and a minimum in between
the maxima at 50% of oil. The Kerr constant showed a broad
maximum at ~50% of oil. Whereas it was not tried to interpret
the results with a model in a quantitative way, the results were
consistent with the generally accepted model according to which
the structures along the channel developed from o/w droplets
over a bicontinuous structure to w/o droplets. The results for the
presently investigated system are very different, as will be shown.

In Figure 4a an electric birefringence signal of the L phase is
shown. The signal is a simple signal; that is, both the buildup and
the decay of the birefringence can be fitted with a single
relaxation time that is the same for the buildup and the decay.
The birefringence amplitude follows Kerr’s law, as is shown in
Figure 4b.

This result is most remarkable because it could have been
imagined that the amplitude saturates with increasing filed
strength or that the bilayers break at high fields. The structural
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Figure S. EB signal for a microemulsion of the upper single phase
channel with 6% decane in the solvent mixture. (a) Signal shown with
time sweep of 2 ms and (b) signal with time sweep of 100 ms, longest
relaxation 7, = 14 ms. The signal identifies three different relaxation
processes. Duration of electric pulse = 1 ms.

relaxation time depends on the concentration of the surfactant. It
scales with a power exponent of the concentration of —3 (7 ~
(c/¢*)*).> The result is due to the fact that the typical dimension
of the L phase scales as for a L, phase with the volume fraction
with the exponent —1.

In a general sense, it is very unusual and remarkable that a
structural relaxation time for a surfactant phase or for a polymer
solution becomes shorter with increasing concentration as for the
L; phase.

In most situations, the structural relaxation time becomes
longer either because of the increasing interaction between the
aggregates or because the aggregates become larger as for
wormlike micelles in L; phases.*®

Electric birefringence signals were recorded in the same way as
for the Ly phase for the microemulsions with increasing oil
content. It was assumed that the shape of the signals would not
remain the same as that for the L; phase and the time constant
and the amplitude would change because the conductivity
measurement and FE-TEM images had shown that the bicontin-
uous structure of the L3 phase drastically changes when only a
little amount of oil is solubilized. The results revealed that this is
indeed the case. The signals became very complicated with
increasing solubilization of oil, as is shown in Figure S for a
sample with 6% oil.
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Figure 6. EB signals of microemulsion from upper single phase channel.
(a) Simple signal with x decane 0.05. (b) Complicated signal with x
decane 0.01.

Signals that were recorded for different field strength are
shown in Figure SI6 of the Supporting Information. As is evident
from the individual signals, the signals do not depend on the field
strengths.

As is obvious from Figure 5a, the signal seems to indicate a
superposition of three separate processes for a pulse of 1 msec
duration. The first process, which is indicated as 7, in the
Figure, has a relaxation time of ~15 us. The second one, which
opposes the first one, has a relaxation time around 150 us (7,),
and the next one (73) has a relaxation time of ~600 us. When
the field is turned off, all three processes are visible again. The
last and longest process, indicated as 7y, in Figure 5b, has the
largest relaxation time of ~14 ms. It is remarkable and strange
that the signal increases again during the second process to an
even higher birefringence level as with the field left on. Similar
complicated signals have been observed for electric birefrin-
gence measurements on dispersion of clay particles.”” The
complicated signals in these systems are due to the fact that a
fraction of the particles align parallel to the electric fields,
whereas another fraction aligns perpendicular to the field. The
complicated signals will be discussed in a later section. We
would like to emphasize here that the main signal that is
also the longest process relaxes with a relaxation time that is
~14 ms that is much longer than the electric pulse, which is
applied only for 1 ms.
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Figure 7. Plot of the longest relaxation time 7 of microemulsions in the
upper single-phase channel against the mass fraction of decane in the
solvent mixture.

In Figure 6, EB signals of microemulsions from the upper
single-phase channel with 0.5% decane and 1% decane in the
solvent mixture are shown.

While the signal of the microemulsion with 0.5% decane in the
solvent mixture is the same as the signal of the L3 phase, one can
see clearly that the signal with 1% decane becomes already very
complicated. EB signals of microemulsions of the upper channel
between 0.5 and 10% decane are shown in Figure SI7 of the
Supporting Information, and signals for microemulsions from 17
to 80% decane are shown in Figure SI8 of the Supporting
Information. Whereas the EB signals of microemulsions with
up to 10% decane are very complicated and show a superposition
of several processes, the signal becomes simpler again with
further increasing oil concentration.

The longest relaxation time can easily be evaluated from all
signals because the shorter relaxation processes have already
relaxed to zero and need not to be considered during the
evaluation of the longest process. A plot of the longest relaxation
time against the oil content of the microemulsion is shown in
Figure 7. Because of the larger changes of the time constant, a log
scale has been used for the time constants. The plot shows a steep
maximum for microemulsions around 10% of oil. The relaxation
time increases four orders of magnitude.

From a general point of view on solubilization of oil in
micellar phases, it is remarkable that the structural relaxation
time is increasing with the oil content. For L,, phase and for
entangled wormlike micelles, the structures usually become
more flexible with solubilization and the time constants
decrease.

As conductivity data already implied, there must be a complex
transition mechanism from the bicontinuous L; phase to a w/o-
HIPE structure with only ~10% oil. The complicated signals for
microemulsions with low oil content are obviously related to this
transition mechanism. For higher oil content above 10% oil, EB
signals become less complicated. This indicates that the structur-
al transition is complete. The structural relaxation time then is
decreasing again because of the decreasing droplet size of the w/o
droplets with increasing oil content.

Rheology in the Upper Single Phase Channel. It is generally
assumed that microemulsions are low viscosity Newtonian fluids.
Systematic investigations of the rheological behavior of micro-
emulsions do not seem to have been carried out in the past.
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Figure 8. Zero shear viscosity 77 of samples of the upper single-phase
channel against the mass fraction of decane.

The kinematic viscosity v of the well-studied system H,O/n-
octane/C,Es has already been investigated along the isotropic
channel.*® The viscosity showed a relatively complicated beha-
vior with two maxima and a minimum at an oil/water ratio near
one. The first maximum was ~20% of oil. The total reported
change of v between 10 and 90% of oil was only a factor 10. There
was no effort made to explain the two maxima as a function of the
oil concentration. The measurements were carried out with an
Ubbelohde viscometer, assuming that the fluids were Newtonian
fluids. Microemulsions are structured fluids, and they should
therefore show a shear thinning behavior. We therefore made
rheological measurements of the microemulsions along the
isotropic channel from the L; phase to the oil phase. The
viscosities were measured with a cone/plate viscometer, and it
was hoped that the structural relaxation times also could be
determined.

The zero-shear viscositiy 77°, plotted against the oil content, is
shown in Figure 8. The results show a strong maximum of the
viscosity around 6—10% of oil. The viscosity at the maximum is
almost three orders of magnitude higher than the viscosity of
water or of the used oil and about two orders of magnitude higher
than the viscosity of the L; phase. In comparison with solubiliza-
tion results of oil into other micellar phases, it is surprising that
small amounts of oil into the L; phase increase the viscosity so
much. Solubilization of oil into an L; phase from wormlike
micelles and solubilization of oil into the bilayers of a L, phase
usually leads to the decrease in the viscosity.

Whereas the rise of the viscosity could be rationalized with the
increasing correlation length between the L; phase and the
microemulsions with 10% of oil, the decrease in the viscosity
with further increasing oil concentration is unclear. As seen from
conductivity results, the microemulsion with 50% of oil consists
of water droplets in an oil matrix. Such a phase should have a low
viscosity that should be given by the Stokes—Einstein equation

n=n1+ 2.5¢)

where 77, is the viscosity of the solvent and ¢ is the volume
fraction of the dispersed phase that is surfactant and water. This is
really the situation. It is therefore clear that the viscosity must fall
from a value of 450 mPa s at 10% of oil to a low value at 50%. It is,
however, not clear why the viscosity decreases so strongly
between 10 and 50%. Perhaps the reason could be of electrostatic
origin.
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Figure 10. SANS experiment at constant surfactant concentration with
increasing mass fraction of oil in the solvent. For better overview, curves
for microemulsions with 10 and 30% decane are shifted by factors of S
and 20 on the intensity scale.

In any event, the maximum of the viscosity also stands for a
transition in the nanostructure around this oil content.

The viscosity of a structured fluid is in the simplest case
determined by the product of a shear modulus and a relaxation
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Table 1. Data Obtained from SANS Measurements: g,.¢
Values and Calculated Interlamellar Distance d at Constant
Surfactant Concentration in Dependency of Increasing Mass
Fraction of Decane in the Solvent Mixture

surfactant (%) x1T 3 x decane Gmax (A1) d(A™")
15 0.795 0 0.02895 217
15 0.635 0.1 0.01619 388
15 0.74 0.3 0.01521 413

time (17° = G°+7). This is the situation in L; phases of micellar
solutions. We tried therefore to determine the structural relaxa-
tion time 7, of the samples around the viscosity maximum.

In Figure 9, we show in a plot of the shear viscosity of the
microemulsion at the viscosity maximum against the shear rate
and results from oscillating measurements of the complex
viscosity against the angular frequency. Both Figures show the
typical results for shear thinning liquids. With help of oscillating
measurements, the relaxation time can be evaluated. The value is
14 ms. This value of 14 ms is the same as the time constant that
was evaluated as the longest process from the electric birefrin-
gence measurements. We therefore can conclude that the longest
time constant, which is determined from electric birefringence
results on the microemulsions, is the structural relaxation time of
the fluid, which controls the viscosity.

SANS Measurements in the Upper Single-Phase Channel.
Intuitively, it is difficult to understand why the viscosity or the
structural relaxation times are increasing so much when 10% of
oil is solubilized into the L3 phase. An answer of this puzzling
question can be obtained from SANS measurements that have
been made on the L3 phase and on microemulsions from the
upper channel with varying oil content (Figure 10).

The result for the sample without decane shows the typical
scattering function for an L phase. However, a shift is observed
between the correlation peak of the L; phase and the correlation
peak of the microemulsion with 10% of oil to a lower g value. The
q value for the microemulsion with 30% decane is similar to the
microemulsion with 10% decane.

Whereas the calculated interlamellar distance of the L; phase is
~22 nm, the sample with 10% decane shows an interlamellar
distance of ~39 nm (Table 1). These results show clearly that
between the L; phase without oil and the microemulsions with
10% of oil a massive structural reorganization must have taken
place, whereas between 10 and 30% of decane the structure keeps
mainly the same.

The SANS data are in good agreement with the results
obtained by the FF-TEM micrographs. The interlamellar dis-
tance of the L phase is in the same range, as can be seen on the
FE-TEM micrograph in Figure 3. The obtained d values for
the sample with 10 and 30% decane also correspond to the size of
the globular particles that were seen on the micrograph for the
microemulsion with 20% decane and could represent the droplet
diameter. It is also noteworthy that the scattering curve for the
sample with 10% decane does have a broader peak that is not as
sharp as for the other two curves. This could mean that there is a
larger polydispersity in the size distribution of the w/o droplets
or some of them are fused together. Because the structural
relaxation time is related to the deformation of the correlation
peak, it is not surprising that the structural relaxation time
increases strongly with the solubilization because the sample
consists probably of densly packed droplets. There might be a
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Figure 11. Dependence of structural relaxation time on solvent visc-
osity. (a) EB signals of microemulsions from the upper channel with 20%
decane in solvent and different glycerin content recorded at a field strength
of 133 kV/m. The curve for the microemulsion with 20% glycerin in water
was increased by a factor of 10 for better overview. (b) Relaxation time 7 in
dependence of glycerin concentration of a microemulsion of the upper
single-phase channel with 20% decane in the solvent mixture.

second reason for the increase in the structural times. As shown
from the phase diagram of Figure 1, samples with 10% oil have a
higher content of Mg(DS), than samples of the L; phase. The
ionic charge density of the samples is considerably higher than
that for the L; phase. This increase probably leads to a stiffening
of the bilayer and also to an increase in the time constants.
Qualitatively, this effect should lead to a stronger correlation
peak and a stronger interbilayer interaction.

The data differ completely from SANS-measurements that
were done on microemulsions with the single nonionic surfactant
Ci,Es and decane. In these results, the g, values did not shift
with constant surfactant and increasing solubilization of oil into
the L3 phase, assuming that the interlamellar distance and the
structure of the Ly phase do not change.”

Dependence of the Structural Relaxation Time on the
Solvent Viscosity. The signals of the birefringence results of the
L; phase were explained by the rotation of disks in the aqueous
medium. For such a mechanism, the relaxation time should be
proportional to the solvent viscosity. Some measurements were
carried out on a microemulsion in which up to 20% of water was
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Figure 12. Results of electric birefringence in the lower single phase
channel. (a) EB signal of microemulsion from the lower single phase
channel with 20% decane in the solvent mixture. (b) Overview of main
structural relaxation time and zero shear viscosity with increasing oil
content in the lower single phase channel.

replaced by glycerin. Two signals, one with water and one with
20% of glycerin, are shown in Figure 11a. At first, it is remarkable
that the intensity An of the sample with 20% glycerin is much
lower than the intensity of the sample without glycerin. This is
probably caused by matching the refractive index of the aqueous
phase against the oil and also can be clearly seen by eye. Whereas
the sample without glycerin scatters much and is somewhat
bluish, the sample with 20% glycerin scatters less.

The signals also clearly show that the time constants indeed
depend on the glycerin content. With increasing glycerin con-
centration, the structural time constants become shorter and not
longer as expected, as can be seen in Figure 11b.

It can therefore be concluded that the relaxation times are
not only determined on the viscosity of the solvent but also
depend on the stiffness of the bilayers and perhaps on the
interaction energy between the bilayers. Whereas the ob-
served change of the structural relaxation time with the
glycerin content is surprising, we would like to add that
the change is similar to the change that has been observed on
the structural relaxation time of L; phases with wormlike
micelles.>® In this case, the decrease in the structural relax-
ation times can be understood on the basis of the reptation
mechanism for the wormlike micelles. Perhaps the relaxation
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process in the investigated microemulsions is a similar process
to the reptation mechanism in a L, phase.

Dynamic Behavior in the Lower Channel. EB signals also
were recorded for the microemulsions of the lower single phase
channel. A selected signal for samples with 20% decane is shown
in Figure 12a. Signals from 10 to 40% decane are shown in Figure
SI9 of the Supporting Information. The signals for microemul-
sions in the lower channel are far simpler than the signals from
the upper channel.

The viscosities and the structural relaxation times in the lower
channel are given in Figure 12b. For no oil, the viscosity has a
value of ~110 mPas. This value indicates that the micellar
solution contains entangled wormlike micelles. With increasing
solubilization, the viscosity passes through a deep minimum
around 5% of oil and then increases again with increasing
solubilization of oil. The decrease in the viscosity is an indication
that the wormlike micelles have been transformed to small oil
droplets. The transition of wormlike micelles to globular droplets
by the solubilization of oil has already been studied in detail.*" It
occurs rather sharp, and the transition concentration of oil
depends on its chain length. Wormlike micelles of a given
surfactant can tolerate small hydrocarbon molecules more than
long ones before they are transformed to globular droplets. It is
interesting to note that the minimum of the viscosity in the lower
channel coincides with the maximum of the viscosity in the upper
channel. It is furthermore interesting that the globular micelles
give rise to an electric birefringence signal even though the
particles are not anisotropic. FF-TEM measurements in Figure 3
showed that the particles are perfect spheres. The reason for the
electric birefringence signal is the same as that for the signal in the
L; phase. The droplets obviously are deformed in the electric
field. The deformation seems to be small, as is evidenced by the
validity of Kerr’s law up to high electric fields.

The electrostatic interaction between the droplets does not
seem to influence very much their rotation. If a radius for the
droplets is determined from the time constant of the birefrin-
gence signals and it is assumed that this time constant is given
approximately by the rotation of the droplets, then one obtains a
radius that is close to the radius that is obtained from FF-TEM
measurements.

With increasing solubilization of oil, the globular droplets
increase in size and the viscosity and the structural relaxation
time. Both parameters seem to be affected now more and more
by the interaction of the particles, either hydrodynamic or
electrostatic in origin.

The system is becoming denser with increasing solubilization.
At maximum solubilization around 40% decane, the viscosity and
the structural relaxation time of the samples are now higher than
those for samples with 40% of decane in the upper channel.

Bl CONCLUSIONS

Electric birefringence measurements give strong signals in the
isotropic channel of microemulsions in the region where a
bicontinuous structure exists and in the regions where w/o or
o/w droplets exist. The signals are due to the deformation of the
nanostructures in the electric field. It is shown in the investigation
that the longest relaxation time that is evaluated from the electric
birefringence signals controls the viscosity of the fluids in the
channel. The structural relaxation times and the viscosities of the
upper single-phase channel pass with increasing oil content over
a strong maximum. The position of the viscosity maximum
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occurs at ~10% of oil. It is concluded that the viscosity maximum
is the result of switch in the nanostructure from a low viscous
flexible Ly phase to a densely packed w/o-HIPE structure.
Between 1 and 10% of oil, the EB signals become very compli-
cated because they show a superposition of up to three processes.
The complicated signals are due to a complex transition mechan-
ism from a bicontinuous L; phase to a w/o-HIPE structure. For
higher oil content, EB signals become less complicated, which
indicates a completion of the structural transition. The structural
relaxation times are decreasing with increasing oil content
because of the decreasing droplet size of the w/o droplets. All
in all, the longest relaxation time seems to control the viscosity of
the fluids. Results of the electric birefringence measurements are
supported by conductivity measurements, FF-TEM micro-
graphs, and SANS measurements.
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SI1: Phase sequence of binary surfactant mixture Mg(DSJT 3

Pictures are shown without and between crossed polarisers to distinguish between birefringent
and non-birefringent phases. The surfactant mixture starts with the pure 15% Mg(DS)
solution that is a micellar tPhase. The sample shows a crystalline sediment at 25 °C,
whereas the samples with a mass fraction x IT 3 of 0.1 and 0.2 are isotropic. This shows, that
the Krafft-Temperature of the Mg(D§}hat is close to 25 °C, is lowered by the co-surfactant

IT 3. The isotropic micellar {-region is followed by a two-phase/L,-situation from x IT 3
0.3-0.4. From x IT 30.5-0.77, a large single birefringgmegion is present that turns into

an isotropic k-phase at a narrow composition range of x IT 3 ~0.78 — 0.79. The sample with
15% IT 3 (x IT 3 = 1) shows a two phase situation with a lowearid an upper Phase
(inverse micellar structure).

0 | 0.1 0.2 | 03 | 0.4 | 05 | 06 | 0.7 0.75 0.79 0.9 | |
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SI2: Rheology measurements of the surfactant mixtures without oil

Rheograms of the surfactant mixtures are shown when no oil has been solubilised but when
the fraction of IT 3 is increased for constant surfactant concentration of 15%. Sample
composition and measurement condition is given in each graph.

105 XxIT 302 10003 xT305
1=0.5Pa \DT:O.SPH
N 1000
1 N
"
' W
0,14 100 4 ~
D\D\
— — "~ 4100
© — © Sm —
£ 0014 a S LN @
o £ 0 N £
- = = |, el
[] —S—E-s-E-g-s-0-g-0-a-0-E-E—p<E-S-E-m-a-a-s-s-a- 5, [U] Sa
1E-3 10+ " m
M 10
\D\u
1E-4 4 “m
N
1E-5 T T 0,01 1 T T 1
0,01 0,1 1 0,01 0,1 1 10
—e—G' [Pa] —e—G' [Pa]
f[Hz f[Hz
Hz] ——G"[Pa] Hz] ——G"[Pa]
—B—n [Pas] —B—n [Pas]
100 4
xIT30.7 X IT 30.75
1=05Pa 4 1000
k.-.-.-.—.‘.‘H‘H‘.‘._._._._.'.'H_".‘H-.—.\H
|
\D\u\
D\D\ 1
LN
104 " 4 100
D\D\
— a _
.é‘_i. g T g 7
: ~a & = s
Q RN = Q =
) "a 10 = ® =
1 "
\D\u
N
D\EI
N
o 4
\EI\ 1
01 T T 0,1 T T 0,01
0,01 0,1 1 10 0,01 0,1 1
—e—G' [Pa] —*—G' [Pa]
f[Hz] " f [Hz
—4—G"[Pa] ] ——G"[Pa]
—8—n [Pas] —8-n [Pas]
XIT30.75 °13 xIT30.79 oL
14 1=0.1Pa 1=0.1Pa
0,01
41
014 1E-3 4
¥ 7 £ 7
= 8 = §
o £ o &
¢ = o 1E-44 =
o ~E—m g =01 ©
B-p_, 5
0,01 i - R R
1E54 EB—8—8—@—8—§—8—8— 0,01
1E-3 T T 0,01 1E-6
0,01 01 1 0,01 01 1
—e—G' [Pa] —*—G' [Pa]
f[Hz f[Hz
Hz] —e—G"[Pa] Hz] —e—G"[Pa]
—=—n [Pas] —=—n [Pas]

The rheogram for the sample with x IT 3 0.2-Rhase) shows the typical characteristics of a
viscous Newtonian solution, where the storage modulus G’ and the loss modulus G” are
increasing with frequency f and the viscositgtays independent of the frequency. The high
viscosity of around 110 mPas is an indication for the presence of long entangled worm-like
micelles.
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Rheograms of the -phases show different features. The stability region for thphlases
reaches from a weight fraction of IT 3 from 0.5 to 0.75. It is noteworthy that the rheological
properties of the phases vary considerably. At x IT 3 0.5 — 0.7, the phases behave like soft
gels. These phases have a rheological yield stress. The storage modulus is frequency
independent and about an order of magnitude higher than the loss modulus. Samples of these
phases can therefore be used for the preparation of stable emulsions or dispersions. The
dispersed particles or oil droplets, or even air bubbles, cannot sediment or up-cream. The
systems can be deformed at least 10% before they start flowing.

With increasing mass fraction of IT 3, the storage modulus of the phases decreases over a
wide region of the composition. The rather high storage modulus is probably a result of the
ionic charge of the bilayer phases. It is therefore the more remarkable that it decreases
dramatically when the composition of thg-hhase approaches the phase boundary of¢he L
phase. With x IT 3 = 0.75, the storage modulus drops to values below 1 Pa and becomes even
frequency dependent at higher shear stress and the phase no longer behaves like a weak gel,
but more like a Newtonian solution. The reason for this effect lies in a change of the
nanostructure from multilamellar vesicles to planar lamellas with increasing mass fraction of
IT 3. At x IT 3 0.79, the rheogram for the-Phase shows the typical features of a low
viscous Newtonian fluid.

Measurements with increasing and decreasing shear rates were done to investigate the
stability of the L,-Phases.
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Viscosityn and shear stressn dependency of shear rageof samples at x IT 3 0.5 (left) and

x IT 3 0.75 (right). Curves for increasing shear rate indicated with black arrows to the right,
for decreasing shear rate with black arrows to the left. Hysteresis effect of sample with x IT 3
0.75 indicated with red arrow.

The data of viscosity and shear stress for in- and decreasing shear rates of the sample at x IT 3
0.5 lie perfectly together. This shows that the gel, and thus its nanostructure, doesn’'t get
destroyed or changed when high shear rates are applied to the sample. The situation becomes
very different close to the phase border of tgd”hase with higher mass fraction of IT 3. In
contrast to the sample with x IT 3 0.5, the curves for the sample with x IT 3 0.75 show an
enormous hysteresis effect. For increasing shear rates, the viscosity first decreases, but then
recovers at a higher level with decreasing shear rates. This shear thickening effect could be
explained by the transformation of planar lamellas to multilamellar vesicles due to high shear.
The structure relaxes to its original state within one or two hours.

S3
&3



SI3: Rheology measurements in the J-channel with increasing oil content

Rheograms of samples in-channel with increasing mass fraction of oil are shown. Sample
composition is given in each graph.
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All samples along the tchannel behave like soft gels. At the sample with x decane 0.9, at
very low frequencies the viscous properties are dominant while at frequencies > 0,1 Hz the

elastic properties are dominant.

A plot of the storage moduli G’ (at a frequency of 1 Hz) of the lamellar phases against the oil
content is shown in the next picture. With increasing solubilisation of decane, the level of
storage modulus G’ decreases more than two orders of magnitude from about 130 Pa at the
sample without decane to 0,4 Pa at the sample with x decane 0.9.
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Measurements with in- and decreasing shear rates also where done withjactianrel.

Two rheograms, one with low, the other with high oil content, are shown. Curves for
increasing shear rate are indicated with black arrows to the right, for decreasing shear rate
with black arrows to the left. Hysteresis effect indicated with a red arrow.
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Compared to the rheogram of the sample without oil at low x IT 3 values, all samples with olil
in the L,-channel showed a hysteresis effect. However, the dimension of the hysteresis effect
becomes smaller with increasing oil content.

It is conceivable that the oil swollen bilayers of theRhases allow fluctuations that are not
possible without oil. A possible candidate for such fluctuations would be peristaltic
fluctuations that are fluctuation of the thickness of the bilayers.

Another significant feature of the largg-thannel is its high temperature stability. Samples
between 10 °C and 60 °C between crossed polarizers are shown in the next picture.

T=25°C
T=40 °C
T=50 °C
T=60 °C

xIT3 . ,
xdecane| |o1|02|03|04|o5|os|o7|o.8|o.9

Samples between x decane = 0 — 0.9 are stable at least between 10 °C — 40 °C, samples with
x decane 0 - 0.4 are even stable at least up to 60 °C. Although-theuhnel is quite narrow,

its high temperature stability is amazing. This feature is obvious due to the surfactant mixture,
where the hydrophilic-lipophilic balance is determined more by the mass fraction of the co-
surfactant than by the temperature.
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Sl4: Tube pictures of microemulsions of the lower and upper single phase channel

Samples with 15% (w/w) surfactant at 256 and increasing mass fraction x of IT 3 and
decane are shown without polarizers. Upper row: selected samples from lower single phase
channel, lower row: selected samples from upper single phase channel.

Note that samples from the lower single phase channel are completely transparent while
samples from the upper single phase channel are slightly bluish and have a high scattering
intensity around x decane 0.03 - 0.1

xIT3

x decane

xIT3

x decane 0 0.03 0.06 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

SI5: Conductivity measurements in the l,-channel
The plot of the conductivities in the4channel is shown. Conductivity values are indicated as

red dots, the corresponding IT 3 ratios are indicated as grey triangles. Note that the
conductivity decreases more or less constantly with increasing mass fraction of IT 3 and oil.
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SI6: EB signals at different field strenghs

EB-signal for a microemulsion from the upper single phase channel with 6% decane in the
solvent mixture, recorded at different field strengths E. Note that the signals do not depend on
the field strength. The signal identifies three different relaxation processes. Duration of

electric pulse = 1 msec.
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SI7: EB-Signals in the upper single phase channel (x decane 0.005 - 0.1)

Sample composition given in each graph. Note the signals become complicated in the range

between 1 and 10% decane in the solvent mixture.
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SI8: EB-Signals in the upper single phase channel (x decane 0.17 — 0.8)

EB-Signals of microemulsion of the upper single phase channel with 17 — 80% decane in the
solvent mixture. Sample composition given in each graph. Note that the signals become
simple again and the main structural relaxation time decreases with increasing oil content.
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SI19: EB-Signals in the lower single phase channel (x decane 0.1 — 0.4)

EB-signals for the microemulsions of the lower single phase channel. Sample composition
given in each graph. Note that the signals are less complicated than signals from the upper
single phase channel. Main structural relaxation time increases with increasing oil content.
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ABSTRACT: We report a phase diagram for a nov~'
microemulsion that consists of oil, water and of 15% of .
surfactant mixture of an anionic and a non-ionic surfactant. * *
phase diagram shows an optically isotropic channel that pa |
from the water-rich side to the oil-rich side. In contrast to 1 *
isotropic channel in microemulsions of non-ionic surfactants,
reported system undergoes an abrupt transition of the structu
the isotropic channel with increasing oil content. The structt
transition is reflected in the conductivity and the viscosity of the

channel. Between the L3 phase and the sample with 6 % of oil the conductivity decreases 3 orders of magnitude. Thus, the
bicontinuous structure at the origin of the channel transforms already with 6% of oil to a w/o structure. The viscosity shows

a strong maximum at the transition. The w/o structures with low oil content were successful directly imaged by cryo-TEM.

It can be seen that water is contained inside a polyhedral foam-like structure, where the polyhedral film is formed of the oil

and the surfactant. The dimensions of the polyhedra are in the range of 20 - 100 nm. We call this structure “High Internal

Phase Microemulsion” (HIPME).

Il INTRODUCTION

Microemulsions are thermodynamically stable, optically isotropic
liguids made of water, oil, and surfactahfhey are structured in
water rich and oil rich domains. Microemulsions produced from
ionic surfactants contain a large single phase region in the phase
triangle22 The structures in this region are well known and have
been studied by SAXS and SANS.Microemulsions of equal
amounts of oil, water and a few percent of an ionic surfactant like
AOT or DDAB mostly contain a water-in-oil droplet structure, in
which globular oil droplets are surrounded by a palisade layer of
the ionic surfactantsThe dimensions of the aggregates are well
understood on the basis of theoretical mogels. contrast,
microemulsions of non-ionic surfactants contain bicontinuous
structures at equal amounts of oil and wéftéFhe bicontinuous
structures had first been assumed on the basis of experimental
results from diffusion and conductivity measureméhtmd were

later proven by results from scattering techniques and directly by
classical freeze fracture electron microscopy (FFEM) and by the
freeze fracture direct imaging technique (FFB® The
development of the micellar structures and properties in both
systems as a function of their composition has been studied by
many groups, and can be considered to be theoretically well
understood* Nonionic microemulsions have an interesting
feature in their phase behavior, namely, the single phase channels
in “x-cut phase diagrams”. Along these channels it is possible for

v ACS Publications © XXXX American Chemical Society A

systems with a constant surfactant concentration to pass from the
mainly aqueous phase to the oil-rich side without crossing a phase
boundary. Some measurements have already been carried out on
the influence of ionic surfactants on the phase behavior of non-
ionic surfactants® A systematic study of a microemulsion system
that consists of a surfactant mixture of a hydrophilic ionic and a
lipophilic non-ionic surfactant has been carried out recéhtly.
With such a mixture, it is possible to change the interfacial
curvature of the surfactant film by adjusting the surfactant/co-
surfactant ratio. The phase diagram has novel features as
compared to the phase diagrams of non-ionic and ionic
surfactants. It shows only one continuous isotropic single-phase
channel, while microemulsions of non-ionic surfactants usually
show two isotropic channels connected with each other.
Furthermore, there was evidence for abrupt changes in the
morphology for continuous changes in the composition of the
system in that channel. No bicontinuous phase could be found for
systems with equal amounts of water and oil. Surprisingly, the
conductivity in the isotropic channel broke down when the system
had only a few percent of oil.
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In the present investigation we examined by cryo-TEM the
nanostructures in this isotropic channel. We therefore had to
replace the n-decane of the original microemulsion system by iso-
octane as a branched hydrocarbon does not crystallize upon
cooling and can be vitrified in liquid nitrogéhThe cryogen of
choice, liquid ethane at its freezing point dissolves most
hydrocarbons.

Il EXPERIMENTAL SECTION

Materials. The non-ionic  surfactant  iso-tridecyl-
triethylenglycolether, abbreviated as IT 3, was obtained from the
Sasol Company, Hamburg (“Marlipal 013/30”). Sodium dodecyl
sulfate (SDS, cryst. research grade) was purchased from the Serva
Company, Heidelberg. Mggk 6 H,0O (99%, analytical grade)
was purchased from the Grussing Company, Filsum. N-decane
and iso-octane (synthetic grade) were obtained from the Merck
Company, Darmstadt.

Preparation of Mg(DS) ,. In our surfactant system, we used
Mg(DS), instead of SDS, as it leads to lower surface and
interfacial tensions than SDS, and forms ghases in a wide
composition range, when mixed with non-ionic surfactéhtsor
the preparation of Mg(Dg) 400 mM SDS-solution was mixed
with 200 mM MgC]}, solution under stirring. The bivalent counter
ion Mg?* binds more strongly to the dodecyl sulfate than the
sodium-ion, leading to precipitation of Mg(DSh solution below
its Krafft-temperature around 2&. The solution was heated up
above 25°C to obtain a clear solution, and then cooled down to 20
°C. After precipitation Mg(DS)2 was washed several times with
de-ionized water to remove excess salt. The salt concentration of
the washing water was checked by its conductivity. The washed
Mg(DS), was freeze-dried with the freeze-drying device Alpha 1-
4, Christ Company, Osterode, and used without further
purification.

Preparation of samples. All samples were prepared by
weighing in directly the components in test tubes with an
analytical balance. The test tubes were sealed with Teflon tape,
equilibrated at 25C in a water bath, and vortexed several times
thoroughly. All samples were incubated at least 3 days &C25
before being investigated for their phase behavior. In general, a
phase diagram was scanned with a resolution of 5% in the
composition of the mass fraction of IT 3 and decane. Finer steps
were investigated in the beginning of the narrow upper single-
phase channel. The multiphase samples were viewed and imaged
without and in between crossed polarizers to visualize the
birefringence of lamellar regions. Samples for cryo-TEM
investigation were prepared with iso-octane instead of decane. The
surfactant/co-surfactant ratio had to be adjusted slightly in order to
stay in the single phase microemulsion channel when replacing
decane by iso-octane.

Conductivity and rheology measurements. For
conductivity measurements, we used a Microprocessor
Conductivity Meter LF3000 from the WTW Company, Weilheim,
Germany. The rheology was measured with the cone-plate
rheometer RheoStress 600 from the Haake Thermo Scientific
Company, Karlsruhe, Germany. All samples were investigated at
25°C.
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Cryo-Transmission Electron Microscopy (Cryo-TEM)
The specimens for cryo-TEM were prepared in a controlled
environment vitrification system (CEVS), and plunged into liquid
ethane at its freezing poitit. For oil continuous samples, the
specimens were plunged into liquid nitrogen to avoid problems
with solvent dissolutiod? The CEVS was kept at 2% and the
atmosphere either saturated with water for the samples without oil,
or directly with the investigated microemulsion solution for
samples containing oil. Specimens, kept below -1Z8 were
examined in an FEI TI2 Gtransmission electron microscope,
operated at 120 kV, using a Gatan 626 cryo-holder system. Images
were recorded digitally in the minimal electron dose mode by a
Gatan US1000 high-resolution CCD camera, with the
DigitalMicrograph software package.

Il RESULTS AND DISCUSSION

Phase Diagram Mg(DS) ,-IT 3/H,0-oil. The system we have
studied consists of decane, water and the surfactant mixture of
magnesium dodecyl sulfate Mg(DSInd the non-ionic surfactant
iso-tridecyl-triethylenglycolether IT 3. With such a system it is
possible to adjust the amphiphilic properties of the surfactant by
changing the mixing ratio of the hydrophilic surfactant and the
lipophilic co-surfactant. For the ionic surfactant we chose the
Mg?-salt of SDS, as it reduces the surface tension more effectively
and is known to form liquid crystalline Lphases or even sponge
like Ly phases when mixed with suited co-surfactants, what is not
possible for SDS% The phase diagram of the system with
increasing oil content is shown in Figure 1.

T3 4

multiphase region

upper and lower
single phase
channel

multiphase region,

04 lower Phase La

03

0,2 multiphase region.
lower Phase ME,

multiphase region upper phase excess oil

Mg(Ds),

0 0.1 02 03 04 05 06 07 08 09 1

x decane

H,O — —— decane

Figure 1. Phase diagram of system Mg(DQ¥) 3 — H,O/decane at 15%
w/w surfactant and 28C, 20% glycerol in EO. x IT 3 = mass fraction of

IT 3 in the surfactant mixture, x decane = mass fraction of decane in the
solvent mixture. “ME” indicates isotropic microemulsion area.

The special features of the phase diagram are two isotropic
channels above and below a liquid crystalline channel that passes
from the aqueous side to the oil side. It should be noted that the
channels are isothermal channels. In order to stay in the channel,
one has to adjust the ratio of surfactant and co-surfactant. The
upper isotropic phase channel above the liquid crystalline channel
begins at the water side with an phase, the lower channel
begins at the }/IL, phase boundary at the aqueous side. The upper
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Figure 2. Samples with 15% (w/w) surfactant mixture Mg(P8) 3 at 25

°C and increasing mass fraction x of IT 3 and iso-octane, shown without
polarizers and in between crossed polarizers. Samples containing low oil
content show strong shear induced birefringence.

channel passes through a steep minimum at around 6% oil from
the aqueous to the oil-rich side with increasing mass fraction of
the co-surfactant. The lower channel is bent upwards, ending in
the middle of the phase diagram, while thgchannel does not
change much its surfactant composition with the oil content. It is
noteworthy that such large liquid crystalline channels have not
previously been observed in classical microemulsion systems with
single nonionic surfactant. We would like to emphasize that the L
phases in the liquid crystalline channel have a high tolerance to
temperature variatioff. While non-ionic surfactants become more
lipophilic with rising temperature, ionic surfactants become more
hydrophilic?* Thus, these two effects are compensating each other
in our system.

It is important to note that in all phase-diagrams of
microemulsions of non-ionic systems the phases are also
present, but the isotropic channels are connected in the middle of
the phase diagram, and are not separated by a liquid crystalline
channel. The reason for this difference between the two types of
microemulsions lies, probably, in the different persistence length
of the bilayers. It is likely that the persistence length of charged
bilayers is much longer than the persistence length of the
uncharged bilayers, which is connected to the stiffness of the
bilayer. As a consequence the charged bilayers can accommodate
more oil than the neutral bilayers, before they fold back or form
other structures.

For cryo-TEM investigation of the upper isotropic channel,
samples with oil were prepared with iso-octane instead of decane,
because it is known that decane, like other normal linear
hydrocarbons, crystallizes when quenched in liquid nitrogen
during cryo-TEM specimen preparati&hWe have to use liquid
nitrogen for cryo-specimen preparation, not the better cryogen
liquid ethane at its freezing point, as the latter dissolves
hydrocarbons. The original microemulsion system with decane
was prepared with 20% glycerol in the aqueous phase to avoid
freezing artifacts in FF-TEM experiments that were perforfied.
Unlike the decane-system, we prepared the microemulsions
containing iso-octane without glycerol in the aqueous phase, as it
would have shifted the single phase channel too much towards
lower x IT 3 values. Without glycerol, the sample compositions
with respect to the surfactant/co-surfactant ratio, as well as the
properties of the phases are similar to the decane-system.
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Figure 3. Plot of conductivities (red dots) and IT 3 content (blue triangles)
against mass fraction of oil in the solvent mixture. 3a): values for system
with decane, 3b): values for system with iso-octane.

The various domains are only slightly shifted by going from
decane to iso-octane. Microemulsions with iso-octane of the upper
single-phase channel are shown in Figure 2. The prepared
microemulsions are slightly bluish; they do not show stationary
birefringence between crossed polarizers. However, samples with
low oil content around 6% iso-octane show strong flow induced
birefringence.

Conductivities in the Upper Isotropic Channel. The
conductivities in the upper isotropic channel were investigated
with decane as the oil (Figure 3a), and compared to the
conductivities when decane was replaced by iso-octane for cryo-
TEM investigations (Figure 3b). The conductivity in the upper
isotropic channel begins at the water side in th@hase with a
value of around 1000 pS/cm. The conductivity of thephase
decreases, however, dramatically with the solubilization of small
amounts of oil, and disappears practically for 10% of decane. The
same abrupt transition in the properties is found for samples with
iso-octane. No doubt, the;lphase changes into a different phase.
the solvent mixture. 3a): values for system with decane, 3b):
values for system with iso-octane.

This result is in strong contrast to conductivity measurements of
microemulsions in the isotropic channel with non-ionic
surfactant®? In those systems, the conductivity from added
electrolyte usually decreases slowly with increasing oil content.
Such a modest decrease can be expected on the basis of the
theoretical model for the structures in the channel.
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Figure 4. Cryo-TEM micrograph of the J phase with the mixed
anionic/nonionic surfactant mixture Mg(D8J 3, x IT 3 0.79, 15%
surfactant, at 25C.

The bicontinuous structure of the; Iphase continues in the
channel. The surfactant bilayers just swell with increasing oil
content, as concluded from SANS measurem@nt$he
conductivity results are therefore a first indication that the
continuous aqueous domains disappear completely in the isotropic
channel, and that the;lstructure is replaced by another structure,
in which the water is present as discrete domains, completely
surrounded by oil.

Cryo-TEM of the Isotropic Channel.  The nanoscopic
structures in the isotropic channels of microemulsions with non-
ionic surfactants have been well documented by NMR, SANS and
SAXS. At the water side, the channel begins with thghase,
which has a bicontinuous sponge-like structure. The bicontinuous
structure of L phases of ternary surfactant systems and
microemulsions with non-ionic surfactant has already been
directly shown by FF-TEM#25The FF-TEM micrographs show a
two dimensional micrograph of the fracture plane in which the
fracture runs through both water and oil domains. The water areas
and the hydrocarbon areas are well differentiated by their different
graininess and grey shades. The typical dimensions between the
bilayers on the micrograph are in agreement with the dimension
that is evaluated by SANS.In Figure 4, we show a direct-
imaging cryo-TEM micrograph of the;lphase of our investigated
system without oil.

In cryo-TEM micrographs, the imaged vitrified film is usually
thicker than the typical correlation length in the sponge phase.
Several bilayers are therefore usually on top of each other in the
thin film, all projected in the detector. The structure therefore
looks more like a network of thread-like micelles than a sponge
structure. As part of a separate study, which we plan to publish
soon, we studied the sponge structure of a bicontinuous
microemulsion with a single non-ionic surfactant and oil by cryo-
TEM. The sample was prepared withE, iso-octane, KO and

V ACS Publ ications © xxxx American Chemical Society C

Figure 5. Cryo-TEM micrograph of a microemulsion with 15% of the
anionic/nonionic surfactant mixture Mg(D8Y 3, x IT 3 0.7, x iso-octane
0.3 (water:oil = 7:3), quenched from 26.

had a water/oil ratio (w/w) of 7:3. The micrographs clearly show a
sponge structure with typical dimensions of water and oil domains
around 0.2 pum. In Figure 5 we show a cryo-TEM micrograph of a
microemulsion of the present system, which also has a water/oil
ratio of 7:3 (w/w), but was prepared with 15% of the mixed
anionic/non-ionic surfactant system. In this micrograph one sees a
nanostructure that is very different from what one would expect of
a bicontinuous microemulsion. Now the system consists of a
densely packed wi/o-droplet structure, which resembles a
“polyhedral foam” with thin films with a thickness of about 3 nm.
The diameter of the water domains is about 50 nm. The thin film
was obviously made of the surfactants with the hydrocarbon in
between the two monolayers, and the water inside the polyhedra.
It seems that the micrograph does not reflect exactly the 3:7 oil-to-
water ratio, in the sense of the projected area of the different
domains. Some of the isooctane may have evaporated. The
structures look very much like the structures foundig fnternal
phase_eulsions (HIPE). HIPEs are concentrated systems with a
large volume of the dispersed phase. Those high volume fractions
result in the deformation of droplets into polyhedra, which are
separated by thin films of the continuous phase. In such situations
the size of the structures are usually in the range of squarahd

can easily be seen by light microscopy. Both o/w and w/o-systems
of HIPEs are knownd? Similarly to dilute emulsions, HIPEs are
thermodynamically unstabf&.

Based on that, we call the newly found microemulsion structure
HIPME (High Internal_Phase Mcro-Emulsion). To the best of our
knowledge, such structures have so far only been observed in real
emulsions. In the microemulsion sample with the HIPME
structure, the water domains are not connected with each other.
This can be concluded from the fact that the ice-crystals in dark
have the same size as the ice crystals in grey. The crystals with the
dark color are a result of a particular orientation with respect to
the electron beam, which satisfies Bragg's law. At higher olil
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Figure 6. Cryo-TEM micrographs of microemulsions with a HIPME-structure with a) 6% iso-octane b) 20% iso-octane c) 40% iso-octane and d) 50% iso-

octane in the solvent-mixture.

content, the polyhedra might have been round water domains in
the liquid phase. Quenching by liquid nitrogen vitrifies the iso-
octane, but freezes the water. That is manifested by the crystalline
contrast causing some polyhedra to appear very dark. The
polyhedral appearance may have been promoted by the
crystallization, too.

In Figure 6 we show cryo-TEM micrographs of microemulsions
along the upper isotropic channel from 6% to 50% iso-octane in
the solvent mixture. Obviously, the HIPME structures are present
all along the upper isotropic channel.

The shown HIPME structures are the first HIPE-like structures
observed in microemulsions with mixed anionic/nonionic
surfactant systems. The results thus show that HIPME structures
can also be new dynamically stable structures. As conductivity
data already indicated, HIPME-structures might also occur in
systems with single ionic surfactants, like DDAB, oil and wéter.
The latter system is now investigated by cryo-SEM (scanning
electro microscopy). We expect to report the results $bon.

Rheological Results
Bicontinuous microemulsions can be visualized gpHases that
have oil solubilized between the surfactant monolayers. The
rheological behavior of microemulsions with non-ionic surfactants
is therefore similar to the rheological behavior of theohase

V ACS Publications © xxxx American chemical Society E

without oil. One of the most startling properties of thephase is

its extremely low viscosity, although the phase consists of a three-
dimensional network of bilayers. Most remarkable is that the
rheological properties of the neighboring hhase are so different
from the rheological properties of the; phase, although both
phases consist of bilayers. In the present system the differences
between the two phases are even more dramatic, becausg the L
phase of the system without oil, like any other ionically charged
L, phase without excess salt, has a rheological yield stress, and
thus behaves like a soft gélA rheogram of this is given in
Figure 7 a. The L phase, which is next to the, Iphase, differs
only from the L, phase by a small difference in the composition. It

is a low-viscosity fluid with a viscosity that is only about 10 times
higher than water viscosity (Figure 7 b). Rheologically speaking,
the transition from the Jto the Ly phase can be compared to a
melting transition.

Microemulsions are usually low viscosity liquitlsThe low
viscosity behavior can be understood on the basis of the high
deformability of the existing structures with droplets or
bicontinuous shapes. This behavior is already indicated in the
viscosity of the L phas€e®® Viscosities in the isotropic channels
have already been measuféd modest viscosity maximum was
observed with increasing oil content. The viscosities in the upper
channel of the presently investigated system are shown in Fig. 8.
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The results show a high maximum at around 6 % oil. At higher
oil content the viscosities decrease slowly towards the oil side of
the microemulsion. The abrupt maximum of the viscosity can be
taken as an indication of a structural transition in the channel. The
viscosity maximum is reached at about the same oil concentration
where the conductivity disappeared. Obviously the transition of
the structure is also expressed in the viscosity of the system.

Il CONCLUSIONS

We showed that w/o-HIPME structures with dimensions of
about 20 - 100 nm can be thermodynamically stable structures in
microemulsions. These structures occur in microemulsions formed
from surfactant mixtures of anionic and non-ionic surfactants.
They are observed in the isotropic channel of microemulsions,
when small amounts of oil are solubilized into aqueoyphases.

In spite of their small oil content, the HIMPE phases have a
conductivity that is about 3 - 4 orders of magnitude lower than the
conductivity of the L phase. These results thus demonstrate that
very thin surfactant films with little oil can practically be
impenetrable for the transport of ions. It can be concluded from
the measurements that structural transitions can occur in micellar
phases, in which bicontinuous structures of non-ionic surfactants
and oil are transformed into foam-like structures, when the
surfactant layers are charged by ionic surfactants. It is likely that
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such transitions can also be produced, when the electric double-
layer in ionically charged systems is shielded by excess salt.
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The single phase channels of a presently reported microemulsion system were investigated by
electrical conductivity and pulsed-field gradient nuclear magnetic resonance (PFG-NMR)
spectroscopy. The system consists of a mixed anionic/non-ionic surfactant mixture, water and
decane. At constant surfactant concentration and temperature, the phase diagram exhibits two
single phase microemulsion channels, separated by an anisotropic lamellar channel. The lower
microemulsion channel starts from the water side at the phase diagram with a micphask

and reaches with increasing mass fraction of decane in the solvent mixture and increasing mass
fraction of lipophilic co-surfactant in the surfactant mixture the middle of the phase diagram. The
upper microemulsion channel passes from the aqueous side withpdnade to the oil side of the
diagram. Conductivity data and self diffusion coefficients, obtained by PFG-NMR, support the
previously made conclusion, that the nanostructure in the upper channel undergoes an abrupt
transition from a bicontinuous structure to a water-in-oil High Internal Phase Microemulsion
(HIPME) with already less than 10% of oil in the solvent mixture, while the structures in the lower
microemulsion channel are oil-in-water droplets. The HIPME structure is a feature of the
surfactant mixture and probably due to a high interfacial tension between the aqueous diluted
surfactant phase and the oil. By addition of salt, the HIPME structures are obviously disturbed,
resulting in an increased conductivity and a faster diffusion rate for the water fraction.

structure undergoes a continuous transition from small oil
Introduction droplets in water at the aqueous side to a bicontinuous
. . . . structure at the middle of the phase diagram with equal
Since their discovery in 1943 by Hoar and SChUImaﬂ'amounts of oil and water to small water droplets in oil at the

m|progmul§|or;]s :-ve|:je fmuc”h 'olln tge flocus Of, 'EtefSt byoiI side!! The structural transition is caused by the change of
scientists in the field of colloid and polymer sciencghey the amphiphilic properties of the non-ionic surfactant with

defined microemulsions as optically isotropic transparentriSing temperature. Thus, the curvature of the amphiphilic
phases, consisting of oil, water and surfactdntscontrast to monolayer changes from convex, to flat, to concave

ordinasry emulsions, microemulsions are thermodynamicallytne iy ation is somewhat different in microemulsions
stable. Three different types of nanostructures can beprepared with ionic surfactants. In such systems, it is not

distinguished in microemulsions, namely oil droplets in a possible to pass from the single aqueous phase to the oil phase
oil phase (w/o) and bicontinuous structufeBhe type of the concentratiod? The best known systems with ionic
used surfactant plays an 'm"?o”a,”‘ rol.e for thg eMergings,, tactants are probably microemulsions with sodium bis(2-
nanostructures. The most detailed investigated mmroemulsmr&thylhexyl) sulfosuccinate (AOT), decane or di-dodecyl-
systems :rellthlose W:h a smgle. qon-|0n|§blsurfacraﬁj,f dimethylammoniumbromide (DDAB), dodecane and water.
water ?nh otl 'In ,SEC .sylsten;]s, It IS possi Ie.to pasgh fOM4 1, contrast to bicontinuous microemulsions with a single
water.-rlc to oil-rich single phase microemuisions, without 15 nionic surfactant, in these systems a w/o droplet structure is
crossing a phase boundary in the phase diagramorder to present at equal amounts of water and-bil

stay in the single phase region, one has to adapt th9Ve reported recently a new microemulsion system with a

hydrophilic  lipophilic . bglance (HLB) by changing the mixed anionic/nonionic surfactant mixtut&ln such systems
temperature, as non-ionic surfactants are very temperaturﬁ is possible to pass from the agueous to the oil side in a

g 6 . -
s§n3|t|ve. The behaviour and the nanostructureg n thesesingle phase microemulsion channel at constant surfactant
single-phase channels are known and theoretically well

’ ! o concentration and constant temperature. This is achieved by
understood’. They .h_ave been investigated indirectly _by changing the HLB not by temperature but by adjusting the
electrical conductlwty,. smalll angle neutron scattering surfactant-co-surfactant ratio. Conductivity data, electric
(SANS,)’ ,NMR and d|rectily imaged by freeze frgcture birefringence measurements and cryo-TEM pictures indicated
Fransm|§3|on electron mlcrogcopy ,(FF'TEW with that the nanostructure in this single phase channel has a w/o-
increasing  temperature and increasing oil content, thestructure at a water/oil ratio of 1/1 and not a bicontinuous
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structure as achieved with a single non-ionic surfactant. Wesurfactant and reaches a very low surface tension of ~ 26
called this structure High Internal Phase Microemulsion mN/m. This is in deed a very low value, if one considers the
(HIPME). Furthermore, the transition from a bicontinuous L surface tension of SDS around 35 mN/m above its cmc.

phase to a w/o high internal phase microemulsion seemed ttn Fig. 2 we show the interfacial tension values of the diluted
be already completed by solubilising less than 10% oil intosurfactant mixtures with increasing mass fraction of the co-
the systent’'® In this investigation, we want to prove by surfactant IT 3 at constant surfactant concentration of 0,5%
pulsed-field gradient nuclear magnetic resonance (PFG-NMR}urfactant against the oil decane.

that this is in deed the case. Moreover we investigated the
influence of the addition of excess salt to the microemulsion
system by interfacial tension measurements, conductivity and
PFG-NMR, as it was tried to transform the HIPME structures
to bicontinuous structures by shielding the charge of the
anionic surfactant.

12 4

Results and Discussion

Surface and Interfacial Tension Measurements

interfacial tension [mMN/m]

The binary surfactant mixture of our reported microemulsion = 27
system is composed of the hydrophilic anionic surfactant
Magnesium Dodecyl Sulfate Mg(DSand the lipophilic non- 00 01 02 03 04 05 06 07 08 09 10
ionic co-surfactant Iso-tridecyl-triethylenglycolether IT 3 XIT3
(C13E3). We chose the Mg-salt of SDS, as it is known to cause

lower surface tension values than SDS and it is possible tFig. 2 Interfacial tension of Mg(DS)IT 3 with increasing mass
form sponge like L phases with co-surfactarfi§?® The fraction x IT 3 in the surfactant mixture against the oil decane.
surface tension and the interfacial tension between thSurfactant concentration constant at 0,5%, measured at 25 °C.

aqueous surfactant and the oil phase play an important role for

the formation of microemulsions with non-ionic surfactéiits. A broad minimum of the interfacial tension is reached
Optimal solubilisation of oil should occur when the interfacial between x IT 3 = 0,4 — 0,5 with a value of ~ 2,3 mN/m. In this
tension of the dilute surfactant solution has its lowestarea, the binary surfactant mixture starts to form single phase
interfacial tension against the oil ph&SeLow interfacial liquid crystalline L, phases at higher surfactant
tension values are observed for surfactant systems which formoncentrations? The data are very similar compared to a
liquid crystalline 1, or L; phases at low surfactant previously investigated microemulsion system with a silicone
concentrationd? Before we determined the interfacial tension 0il.*® In contrast to microemulsions with a single non-ionic
values between our surfactant mixture and the oil decane, wsurfactant, where ultra-low interfacial tensions in the range of
first investigated the surface tension of the surfactant mixturel0® mN/m are reached, the values with our surfactant system
at a mixing ratio of 1/1 (w/w) with increasing surfactant are very high. The reason for this obviously lies in the charge
concentration. of the anionic surfactant. In systems with ionic surfactants, it
should be possible to lower the interfacial tension by shielding
the electric charge with excess SAlt.

—o—interfacial tension

65

60 Phase Diagram of Mg(DSYIT 3 — H,O/n-Decane

55 A phase diagram of our investigated microemulsion system is
T o] shown in Fig. 3. The total surfactant concentration was kept
Z constant at 15% (w/w) and the temperature at@5Samples
§45- were prepared with 20% glycerine in®ito prevent freezing
g 40 artefacts in freeze fracture transmission electron microscopy
%35_ (FF-TEM) investigations, that were done previou$lyThe
= phase diagram contains two isotropic microemulsion
? 30+ channels, a lower one and an upper one. The upper one begins

25 on the surfactant axis at the region of thg ghase. With

B o o T increasing oil, the channel first shifts to a lower IT 3 ratio and
surfactant concentration [%]  —o— surface tension then again to a higher IT 3/Mg(DSiatio for higher oil ratios.

It ends on the oil side at 80% decane and pure IT 3 as

surfactant. The lower channel begins at thedgion and ends
Fig. 1 Surface tension of the surfactant mixture Mg(PiS)3 at  in the middle of the phase diagram at an IT 3 ratio of 0.57.
a surfactant ratio of 1/1 (w/w) with increasing total surfactantgoth channels are separated by a large single phase

concentration at 25 °C. birefringent L, region that extends from 0% to 90% decane

As it can be seen in Fig. 1, the surfactant mixture reaches itgth slightly increasing mass fraction of IT 3.
critical micelle concentration (cmc) at a value around 0,025%
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view which we have today from the structures in the upper
channel. With increasing oil content, the bicontinuous L
phase swells with the solubilised oil between the bilayers and
is finally transformed at high oil content to a w/o system.

multiphase region

upper and lower
single phase
channel

multiphase region,
lower Phase La

€
o
0,2 multiphase region, (/)3 )
lower Phase ME, > =
l 01 multiphase region upper phase excess oil 2 x
, o
=3
Mg(DS); ¢ ‘ ‘ g
0 0,1 0,2 0,3 0,4 05 0,6 0,7 0,8 0,9 1
H,0 x decane decane
Fig. 3 Phase diagram of system Mg(Q8)) 3 — H,O/decane at 0014 , , , ,
15% (w/w) surfactant and &, 20% glycerin in HO. x IT 3 = 00 o o2 o3 o o8
X decane —e— conductivity [uS/cm]

mass fraction of IT 3 in the surfactant mixture, x decane = mass
fraction of decane in the solvent mixture. “ME” indicates
isotropic microemulsion area,,lindicates area of anisotropic
lamellar channel.

—4— sample composition

b) 4 060

The microemulsions in the lower single phase channel are 1000
transparent phases that show no flow birefringence under
shear. The samples in the upper phase channel have different
properties. While the {_phase without decane is completely
transparent, the samples with decane look somewhat bluish
and their scattering intensity is most intensive around x
decane 0.03 and 0.1. For higher oil content the scattering
intensity is decreasing again. 1015

A good and quick method that gives first indications for the 10 : : : 7010
nanostructures in microemulsions is the measuring of thr o o O e —e— conductivity usom]
electric conductivity. It helps to distinguish between —a— sample composition
conducting water continuous phases and non-conducting oFig. 4 Plot of conductivity (red dots) and IT 3 content (grey
continuous phase¥.Because we use a surfactant mixture with triangles) against mass fraction of decane in solvent mixture. a)
an anionic surfactant, no additional salt has to be added tConductivity data for the upper single phase channel. b)
follow the conductivity in the phases in contrast to Conductivity data for the lower single phase channel.
microemulsions with only a single non-ionic surfactant. The With equal amount of oil and water, SANS-data and con-
p|0ts of the Conductivities in the upper and |ower Single phaséjuctivities ShOW, that this phase is still a bicontinuous pﬁ%se.
Channe|s are shown in F|g da and 4b In the upper Channepur COndUCtiVity data Unambiguously ShOW that the structures
the conductivity first increases slightly from around 1000 in the upper channel of the presently investigated system are
pS/cm of the sample without decane to 1160 uS/cm to thdlifferent from the structures of known systems with non-ionic
sample with 1% decane. The reason for this lies in the Changgurfactants. We find a rather abrupt transition from the bicon-
of the composition of the surfactant mixture. In the rangetinuous Ls structure to a w/o structure with only 10% of oil in
from 1% - 10% decane, the conductivity decreases abruptljhe solvent mixture. Recently published cryo-TEM pictures
three orders of magnitude to 1puS/cm even though the fractio$how a polyhedral w/o foam structure, when 6% of oil was so-
of the anionic Mg(DS) is increasing. For higher mass lubilised in the Iy phase'® These structures were similar to
fractions of decane, the conductivity values decreasdhose that are found in so called High Internal Phase Emulsi-
continuously to low values as e.g. 0.03 pS/cm for the sampl@ns (HIPE):® We therefore called the new microemulsion
with a water/oil ratio of 1/1 (w/w). The conductivities thus Structures High Internal Phase Microemulsions (HIPME).
indicate a dramatic change in the nanostructure of the uppefd Opposition to the upper channel, the conductivity data of
channel with solubilisation of small amounts of oil into the L the lower channel indicate that the nanostructure in the lower
phase. The abrupt collapse of the conductivity indicates thaghannel does not change much with increasing oil content. At
the system changes from a bicontinuous structure to a watethe water corner, the conductivity in the lower channel with
in-oil (w/0) structure. Conductivities in the isotropic channels 2900 puS/cm is much higher than the conductivity of the L
of microemulsions from non-ionic surfactants have beenPhase of the upper channel with 1000 uS/cm. The reason for
reported in the literatur®. In such systems, the conductivity this is that the Mg(D$)concentration is much higher in the

in the upper channel decreases continuously with increasinbower channel. With increasing oil content, the conductivities
oil content. These measurements have helped to establish tfiecrease slightly to 1500 pS/cm at the middle of the phase

xIT3

1004

conductivity [uS/cm]
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diagram, which is where the channel ends. The reason for théecay, corresponding to a self diffusion constant qf B
decrease is mainly the decreasing mass fraction of Mg(DS) 6.8010"° m2/s. This is just slightly lower than the value for
Obviously, the lower channel consists of a continuous wateibulk water, indicating that water forms a continuous phase
phase in which oil droplets are dispersed (o/w-structure). only slightly affected by dispersed phase boundaries. In
contrast, the signal for Mg(Dg)T3 follows a relatively flat
decay, pointing to a structure of the surfactant which only
allows a restricted mobility of Mg(D$gand IT 3 molecules.
To underline and to verify our results, we investigated theThe situation changes significantly on the addition of 10%
microemulsion channels by PFG-NMR, as this methodecane (x decane 0.1, Fig. 6 b). Now the mobility of water is
delivers information about the structure, fluidity and emulsion o4 ced by a factor of three tq,B 2.2210°m2/s. All other
type. Furthermore, it can give indications about the interactiongy gy constituents, decane as well as the surfactants, exhibit
between surfactgnt and co-surfactant at the interface. Flg.. %urved decay profiles connected to two distinctly different
shows a conventional proton NMR spectrum of the system "Ndiffusion constants for each constituent. The largest portion of
the upper channel at x decane 0.7, x IT3 0.85. d . .
ecane (and a small portion of the surfactants) show a self
diffusion constant which, with P = 3.6510%° m2/s, is
approximately half of the value for bulk decane. With the
water decan ?I\jgasne relativgly small d.ecane content, this indicates that we ac.tually
IIT 3 deal with a continuous decane phase. The slower portion of
the decane (approximately 3%) seems to be associated with
the majority of the surfactant (D= 5.6810' mz/s).
Altogether, the diffusion profile is compatible with a high
internal phase w/o-microemulsion (w/o-HIPM&)90% water
in 10% decane, stabilized by the surfactants. Obviously, a
small fraction of the decane is closely associated with the
glycerin/MDS/IT 3 surfactant layer which explains the slow fraction of decane.
MDs/IT3 Correspondingly, some of the surfactant is being dissolved in
the decane phase which explains the fast fraction of the
soals 4o als o2 20 as 1o os e MQ(DS)/IT 3 signal. The surprisingly high diffusion rate of
Fig. 5 Proton NMR spectrum of the system in the upper channthe water. indicates .significgnt exchange of water molecules
at x decane 0.7, x IT3 0.85. via the thin decane films which separate the water droplets.
o ~ With increasing decane content (x decane 0.3 and 0.7), the
Th? PFG'NMR analysis is fOCUSSEd_On those spectral reglon§ystem gradually changes towards a conventional water in oil
which can either be clearly assigned to single SyStemmicroemulsion (Figs. 6 c and d). The mobility of water is further

constituents (water between 4.8 and 5.3 ppm and decane . 11, o
between 1.3 and 2.0 ppm) or to the mixture of the surfactantéecjuceci by an order of magnitude tg £2.1410"m?/s and L)

2 11 2 ; e ot
(Mg(DS),/IT3 between 0.2 and 0.4 ppm). The integrals of 2.1310"" m?s, respectively. In addition, the mobility of the

. syrfactant as well as the “slow” fraction of the decane is slowed
these three spectral regions strongly depend on the strength 0 i 11
own by a factor of five (P=1.0210""m?s and [ = 8.7610

the gradient pulse, hereby indicating the average displacemer% 2 1 q 0.3 and 0 he “fast” fracti ;
of the corresponding system constituents during the period m?fs for x decane 0.3 and 0.7). In contrast, the *fast” fraction o

between the pulses which was set to 50 ms. In a plot of théhe decane exhibits values which now come close to the bulk
. ; H — 10 — 10
logarithmic relative signal intensity In ivs. the parameter diffusion rate (3 = 4.3210""m?/s and @ = 7.0710""m?/s for x

v2G%2(A-3/3) (with y being the gyromagnetic ratio of protons, decane 0.3 and 0.7). In this situation, the observed dislocation for
G the strength of the gradient fieldl,and A the duration of water molecules is largely caused by the Brownian motion of
and the spacing between the two gradient pulses), the slope fnall water droplets in the continuous decane phase. With the
equal to the negative apparent self diffusion coefficient of thegiven viscosity of decane at room temperature, the diameter of
given component in the heterogeneous system (Stejskalfhe water droplets can be estimated to approximately 20 nm. As
Tanner plot). If the component is located in two different en-before, we assume that part of the surfactant is dissolved in the
vironments leading to clearly different self diffusion proper- continuous decane phase, leading to the initial fast decay of the
ties, the plot will show two sections with clearly different Mg(DS)/IT 3 signal. Also, again a small fraction of the decane is
slopes. If the component is encapsulated in very smalldissolved in the surfactant layer around the water droplets,
droplets, the motion within the droplets becomes undetectableeading to the shallow plateau of the decane signak(D.0210

In this case, the observed slope reflects the diffusive dislo!! m#/s and Q = 8.7610%% m2/s for x decane 0.3 and 0.7,
cation connected to the Brownian motion of the droplets. respectively). The fact that the self diffusion coefficient for water
The resulting Stejskal-Tanner plots for four different states injs still slightly larger than for the droplet wall constituents
the upper channel are shown in Fig. 6. The corresponding apndicates the exchange of a small fraction of water molecules
parent self diffusion coefficients are listed in Table 1. The petween the droplets via the hydrophobic phase, an effect which
first example (Fig. 6 a) refers to the situation in absence of des |inked to Oswald ripening.

cane (x decane 0). Here, the water signal follows a steep

PFG-NMR in the Microemulsion Channels
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Fig. 6 a-dStejskal-Tanner plots for decane, water and the
surfactants in the upper channel.

Tab. 1 Apparent self diffusion coefficients of system constituents in the
upper channel

X water x decane D (water) D (decane? (decane)
plateau
[m?/s] [mP/s] [mP/s]
1 0 6.80 10° - -
0.9 0.1 2.2218° 3.6510° 5.6810%"
0.7 0.3 2.14 18"  4.3210° 1.02 10"
0.3 0.7 21318 7.0710° 8.76 10%
10% decane (lower channel)
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Fig. 7 Stejskal-Tanner plots for decane, water and the surfactants
in the lower channel.

Tab. 2 Apparent self diffusion coefficients of system constituents in the
lower channel

D (water)

X water x decane D (water) D (decane)
plateau
[m?/s] [mP/s] [mP/s]
0.9 0.1 1.0418 1.7910% 1.3710%"
0.7 0.3 8.36 18° 9.04 10" 2.8810"°

In contrast to the results for the upper channel, the variations
between the PFG-NMR results of different positions in the
lower channel do not indicate dramatic structural changes,
even though diffusion constants do vary significantly with x
decane. An example for a corresponding Stejskal-Tanner plot
for the lower channel is shown in Fig. 7. Apparent self
diffusion coefficients for two points in the lower channel are
listed in Table 2. The data for water and the surfactants
resemble those of the upper channel in absence of decane.
Again, the water signal shows very steep decays linked to self
diffusion coefficients of 1.04 I®m2/s for x decane 0.1 and
8.36 10'° m2/s for x decane 0.3, values which come close to
the one in bulk water. In contrast, the decane signal indicates
an increasingly slow mobility (1.37 & m2/s and 2.88 1&
m2/s) which corresponds to Brownian motion of droplets with
increasing size. The surfactant seems to be linked to the
decane droplets, even though the diffusion rate is slightly
larger. All in all, the data are clearly in accordance with an
o/w microemulsion with a droplet size significantly growing
with the decane content. Parts of the surfactant molecules may

This journal is © The Royal Society of Chemistry [2011]
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Fig. 8 Self diffusion constants of system constituents in the uppelFig. 9 Self diffusion constants of system constituents in the lower
channel as a function of the decane and IT 3 content. channel as a function of the decane and IT 3 content.

undergo more rapid diffusion via molecular exchange withThis behavior is reproduced by a corresponding decrease of
micelles which would explain for the Sllght deviation between the Conductivity (F|g 4 top) which can be regarded as a direct
the slopes for the decane and the surfactant signals. Agonsequence: with less mobile water molecules, ions in the
extremely small fraction of water molecules may be linked thdueous solution can be expected to be less mobile as well.
the droplets and explain a possible plateau of the water signalowever, this effect is far more dramatic on conductivity than
for In I/l, < -8. However, with a contribution of only 0.01%, on the mobility of individual water molecules: a reduction of
this signal fraction comes close to the noise amplitude andhe self diffusion coefficient by a factor of 30 results in a loss
may be insignificant. All apparent self diffusion constants arejn conductivity by more than three orders of magnitude. This
summarized in Figs. 8 and 9 as functions of the decangnay be partially explained by a reduced overall ion concentra-
content. The data for the water fraction show a cleartion connected to the decreasing water content.

correlation with the corresponding conductivity plots in Fig. |n case of the lower channel, the loss of water mobility under
4. In the upper channel, the water mobility steeply declinesincreasing decane content is much smaller (Fig. 9 top). This is
with increasing decane concentration (Fig. 8 top). again reflected by the conductivity data in Fig. 4 (bottom)
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which show a minor decrease on addition of decane. Here, 8.8, when the molar ratio of Mg(DSNaCl in the surfactant
decrease of the water mobility by a factor of 1.2 between xmixtures is raised to 1:1. No ultra-low interfacial tensions
decane 0.1 and 0.3 is accompanied by about the same factor oere detected. As the volume-drop technique can detect low
1.25 in conductiviy. The reason for this lies mainly in the interfacial tensions down to 0.1 mN/m, there shouldn’t be
decreasing mass fraction of the anionic Mg(P%) the anything wrong with the measurements. We also checked the
surfactant mixture. influence of salt on the phase behaviour of the upper
microemulsion channel. Therefore, we had a closer look on
the microemulsion with 30% decane in the solvent mixture
As already mentioned, our mixed anionic/nonionic surfactantand investigated how the phase boundaries would shift by
system has a very high interfacial tension against the oil phasedding NaCl to the system. It turned out that the upper and
compared to the ultra-low interfacial tensions that can belower borders of the single phase region are shifted to lower x
reached with single non-ionic surfactants. We assumed that byT 3 values by x IT 3 ~ 0.07 when we added NaCl to the
shielding the charge of the anionic surfactant by addingMg(DS), in a molar ratio of 1:1. The shift to lower x IT 3
excess salt would lower the interfacial tension. values means that the system in total becomes more lipophilic,
26+ as less amount of the lipophilic co-surfactant IT 3 in the
surfactant mixture is needed to solubilise 30% of decane. If
251 the shift of the phase boundaries is accompanied also by a
change in the nanostructure was first investigated by
measuring the electric conductivity of the microemulsion with
increasing salt concentration. A plot of the conductivity in the
single phase region with increasing NaCl concentration is
shown in Fig. 11.

Influence of Salt to the System
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Fig. 11 Plot of conductivity in the single phase region of a
microemulsion with x decane 0.3 and increasing NacCl
4504 , , . . . . . . concentration at 25 °C. 100% NaCl corresponds to a molar ratio

0 10 20 30 40 50 60 70 80 9’0 l('JO Of Mg(DSkNaCl =11,
NaCl [%]

—O— interfacial tension

Fig. 10 interfacial tension of the surfactant mixtures against-l-he conductivity from the NaCl-free to the microemulsion
decane with increasing amount of NaCl. Surfactant concentration

constant at 0,5% in the aqueous phase. 100% NaCl corresponﬁgs'th a molar ratio of Mg(D)NaCl = 1:1 increases about

to a molar ratio of Mg(D$)NaCl = 1:1. a) interfacial tension at x U'€€ orders of magnitude from a low value of 3 pS/cm to ~
IT 3=0.5, b) interfacial tension at x IT 3 = 0.8. 1000 pS/cm. The conductivity increases in a sigmoid curve

with an inflection point around 50% NaCl and not linearly
with increasing NaCl concentration. At first sight, the
nanostructure seems to change from a w/o-HIPME system to a

Similar effects were already reported for the anionic

surfactant diethylhexyl sodium sulphosuccinate (AOT), where

ultra-low interfacial tensions against oil were reached with . .
bicontinuous-like nanostructure.

additional NaCF® T —_ d t . Isi ith
To verify our assumption, we measured the interfacial tension o verily this, we compared two microemuisions wi

at two mixing ratios of the surfactant and co-surfactant withdlfferent salt concentrations by PFG-NMR. The first sample

increasing amount of NaCl, namely around the minimum 0fW|th0ut NaCl had the composition of x IT 3 0.7 and x decane

the observed interfacial tension at x IT 3 = 0.5 and around thtg'3' Theosgcon(zjsimple Ihad th.e C?Tﬁpos't’;)nc?f_x F—lS %}615, X
mixing ratio of the lg phase at x IT 3 = 0.8. As it can be seen ecane 0.3, and the molar ratio of Mg(RSpCI = 1:1. The

in Fig. 10, the interfacial tension is lowered only about 0.5reSUItIng S.tejskaI-Tanner plotg are shown in Fig. 1.2’ th?
mN/m at the minimum of the interfacial tension at x IT 3 = corresponding apparent self diffusion constants are listed in

0.5 and only about 0.9 mN/m around thepdhase at x IT 3 = Table 3.
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The molar ratio of Mg(DS)NaCl in this sample was 1:1. A
100 mM NacCl standard solution has a conductivity of about
11 mS/cm. The conductivity value of the microemulsion with
% NaCl is already about 10 times lower than this value.
OOOOOOO Secondly, the.o!iffusion rates for the water fraction of the
9000000600060 o oo sample containing NaCl are far away from bulk-water,
whereas the decane-signal doesn’t change at all when salt is
added to the system. Thus we assume that the morphology
cannot be a bicontinuous sponge-like structure as it is the case
for microemulsions with a single non-ionic surfactant. It is
2 ‘(’j":ézrnzeg‘ak conceivable that the charge on the surfactant monolayer with
1%0 5,0x10™ 1.0x10™ the anionic surfactant is shielded by the addition of NaCl and
V'G5 (0-8/3) thus the repulsion forces are decreased. Consequently the
system becomes highly dynamic. This might allow some
q sample with NaCl o water peak water-domains to fuse together and form passages, in which
Q

a)

0 %jm sample without NaCl

O decane peak . .
. P the ions could be transported in the aqueous phase and
Fog, therefore increase the conductivity of the system. For that

Po

o reason we assume the nanostructure with NaCl to be more a
HIPME-structure with defects in form of bent water-domains

N than a classical bicontinuous sponge phase. It is, however,
- - unclear, why there is such a discrepancy between the
o comparably slow diffusion constant for the water fraction and
-8 o the high conductivity value.

e
0O, o
900000035
800000 o
O O 0o o

0 5,0x10™ 1,0x10" Temperature Stability of the Microemulsions

V'G5 (A-3/3) . . .

Another interesting question emerges, namely how the

microemulsion reacts to temperature changes. In order to

xamine this, we chose the microemulsion at the turning point

f Fig. 11 for investigations, as we assumed that it might be

highly sensitive for conductivity changes with temperature.

Tab. 3 The influence of electrolyte on the apparent self diffusion For this experiment, we raised the temperature of the

coefficients of system constituents in the upper channel. microemulsion by ~ 0.5 °C per minute and noted the change
of the conductivity. The result is shown in Fig. 13.

Fig. 12 Stejskal-Tanner plots for decane and water at x IT3 0.7
and x decane 0.3 in absence (top) and presence (bottom) of NaC

ME@4 <
sample D (water) D (decane) D (decane) B
platau
[m?/s] [m?/s] [m?/s]
without NaCl 2,14 18"  4,3210"° 1,02 10" 1000+

ME@ 75T
el

with NaCl 9,211 4,68 10% 1,72 10t

temperature
probe
Obviously, the signal decay plot of decane does not change

significantly on the addition of NaCl. Hence, we believe that

decane remains in a continuous phase after addition of the

salt. The signal decay for B, however, changes

significantly. The mobility of the water signal of the sample

containing NaCl is much increased tg, B 9.2:10™"! m?/s. 10

Nevertheless, it's still about a factor 2 smaller compared to

the water signal of the HIPME-sample containing 10% decane

without NaCl. It is likely that the water only can diffuse

slowly through the organic phase. Although the conductivity- Fig. 13 Conductivity of a microemulsion from the upper single

results indicate a transition from a HIPME structure to aPhase channel with increasing tempe_rature. Sample composition:

bicontinuous structure by adding salt to the microemulsion x IT 3 0.64, X decane 0.3, r_nolar ratio of_Mg(l;_ﬂ)aCl = 2:1'.

this is definitely not the case. First of all, one has to Phase b_ehawour of the mlcroem_ulsmn_ investigated by visual
. . . observation between crossed polariser foils.

reconsider precisely the conductivity value of the transformea

microemulsion with NaCl. This microemulsion has a fraction First tonishi It of thi . ¢ that th
of ~ 5,8% Mg(DS) (x IT 3 = 0.615) in the sample. This ',rs as on!s |ng.resu 0 1S experlme.n was, tha €
microemulsion didn’'t phase separate in an enormous

temperature range from about 4 °C to 80 °C. This was

1004

conductivity [uS/cm]

conductivity
electrode

T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

TIT] —e— conductivity

corresponds to a molar concentration of ~ 105 mM Mg{DS)
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checked by visual observation of the sample between crossetC. The solution was heated up above 25 °C to obtain a clear

polariser foils. The highly temperature stability of the samplesolution, and then cooled down to 20 °C. After precipitation

is due to the fact, that the HLB of the surfactant mixture isover night, Mg(DS) was filtered and washed several times

more determined by the mixing ratio than by the temperaturewith de-ionised water to remove excess salt. The purity of the

Although the non-ionic compound IT 3 becomes more surfactant thus could be checked by measuring the

lipophilic by raising the temperature as any other surfactant otconductivity of the flow through of the filtered Mg(DS)The

the type GE;, the anionic surfactant becomes more washed Mg(DS) was freeze-dried with the freeze-drying

hydrophilic, compensating the effect of the non-ionic co- device Alpha 1-4, from the Christ Company (Osterode,

surfactant. This idea was already proposed in literaflifdne Germany) and used without further purification.

conductivity _runs through a minimum of ~ 30 uS/cm a.rour]d Preparation of Samples

20 °C and increases to 5000 pS/cm at 75 °C, indicating

various changes in the nanostructure of the microemulsiorAll samples were prepared by weighing in directly the

with increasing temperature. components in test tubes at an analytical balance. The test
tubes were sealed with teflon tape, tempered at 25 °C in a
water bath, and vortexed several times thoroughly. All

Conclusion samples were incubated at least 3 days at 25 °C before being
investigated for their phase behaviour. In general, a phase

We have shown by PFG-NMR that the nanostructure in thediagram was scanned with a resolution of 5% in the

upper microemulsion channel of a mixed anionic/nonionicCompositiOn of the mass fraction of IT 3 and decane. Finer

surfactant mixture transforms from a bicontinuousphgsg to steps were investigated in the beginning of the narrow upper

a w/o-HIPME structure with only about 10% of oil in the gjngie-phase channel. The multiphase samples were viewed

solvent mixture, while the lower microemulsion channel has 4 imaged without and in between crossed polarisers to

an o/w structure. The results are in good agreement Withic alise the birefringence of lamellar regions.

conductivity data and cryo-TEM pictures that were published o

recently. Moreover, these microemulsions are highly Conductivity Measurements

temperature stable. By addition of NaCl, the conductivity andror  conductivity measurements, there was used the
the mobility of HO increase significantly. Nevertheless, it is mMicroprocessor Conductivity Meter LF3000 from the WTW
unlikely that the nanostructures with NaCl have the sameCompany (Weilheim, Germany). Before measuring, the
sponge-like morphology as bicontinuous microemulsions withe|ectrode was tested by checking the conductivity of 10 mM
single non-ionic surfactants, as the conductivity values areang 100 mM KCI solutions and determining the correct cell
much lower than expected for a real bicontinuous constant. Samples were tempered with a RM6 circulating bath
microemulsion and the NMR signals still indicate the presenc&rom the Lauda Company (Koenigshofen, Germany). The
of a HIPME-structure. Based on NMR and conductivity temperature of the measured samples was checked with the
results, we assume the structure to be a HIPME-phase witisMH 3750 High Precision Digital Thermometer from the
defech in relation to the |sol.at§d water-domains. Thegyejsinger Company (Regenstauf, Germany). The temperature
question, how the nanostructure is influenced exactly by thgrope was placed directly into a water filled test tube next to
addition of NaCl, can surely be answered by further cryo-ihe microemulsion sample. During conductivity
TEM or FF-TEM experiments. measurements, the microemulsion samples were observed
between crossed polarisers for their phase behaviour.

Experimental : .
Surface/Interfacial Tension Measurements

Materials . . . .
The surface and interfacial tensions were measured with the

The non-ionic surfactant iso-tridecyl-triethylenglycolether volume-drop tensiometer TVT1 from the Lauda Company
(C13Es) , abbreviated as IT 3, was obtained from the Sasol(Koenigshofen, Germany). The device was set to standard
Company, (Hamburg, Germany) under the name “Marlipalmode with a constant drop-volume creation speed of 3 s/ul.
013/30". This compound has a polydisperse distribution ofTo assure that the drop creation speed was not set too fast,
EO-groups with average 3 EO-units. Sodium dodecyl sulfatetime dependent measurements were carried out.
(SDS, cryst. research grade) was purchased from the Serva . . .
Company (Heidelberg, Germany). MgCk 6 H,0 was Pulsed-Field Gradient Nuclegr .Magnetlc Resonance
. . Spectroscopy (PFG-NMR) Self-Diffusion measurements
purchased from the Grussing Company (Filsum, Germanya).
N-Decane (analytical grade) was obtained from the MerckFor the preparation of the PFG-NMR samples, a regular 3 mm
Company (Darmstadt, Germany). NMR sample tube was filled and embedded in an outer 5 mm
sample tube filled with BD (lock). All PFG-NMR-
measurements were performed on a Bruker DRX 500
For the preparation of Mg(D§)400 mM SDS-solution was spectrometer (Bruker AG, Karlsruhe, Germany) equipped with
mixed with 200 mM MgC] solution under stirring. The a BAFPA 40 gradient amplifier and a Bruker DIFF30 probe.
bivalent counter ion MY binds stronger to the dodecyl The instrument was tuned to 500 MHz proton frequency,
sulfate than the sodium-ion, leading to a precipitation ofgradient pulses were adjusted to gradient strengths between 5
Mg(DS), in solution below its Krafft-temperature around 25 and 450 Gauss/cm with individual durations of 2 ms. For all

Preparation of Mg(DS),
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measurements, the stimulated echo (80890°1,-90°+;- 25
echo) was used in combination with the gradient pulses durin%6
eacht, waiting period. The duration of the 90°-pulses was
8,67 us, the waiting period between the 32 repetitions (scans)y
of each experiment amounts to 11 s. The spagirgptween 28
the two gradient pulses was 50 ms. The free induction decays
resulting from the addition of each set of 32 experiments were??
Fourier transformed and analyzed for the echo signal decay,
vs. the gradient strength G and the pulse spacing
Characteristic signals were chosen for the individual
observation of decane, water and MDS/IT3. For the analysis
of the diffusion profile, the relative signal intensities Il
referring to the signal intensity at gradient strength G = 0)
were plotted logarithmically vs. the paramet@G2(A-6/3),

with y being the gyromagnetic ratio of protons, G the strength
of the gradient fieldd andA the duration of and the spacing
between the two gradient pulses.

Notes and References

*3 University of Bayreuth, BZKG/BayKoll, Gottlieb-Keim-Str. 60, D-
95448 Bayreuth, Germany

*P University of Duisburg-Essen, Institute for Physical Chemistry,
CeNIDE, D-45141 Essen, Germany

R. Aveyard, B. P. Binks, S. Clark, J. MeddChem. Soc. Faraday
Trans. 1, 1986,82, 125-142.

C. Boned, M. Clausse, B. Lagourette, V. E. R. McClean,
Sheppard). Phys. Chem., 1980,84, 1520-1525.

M. J. KahlweitColloid Interface Sci. 1987, 118, 436—453.

T. Sottmann, R. Strey, S.-H. ChédnChem. Phys., 1997,106, 6483-
6491.

N. R. Cameron, D. C. Sherringtokdv. in Polym. Sci., 1996,126,
162-214.

S. Ajith, A. K. Rakshit). Phys. Chem.,, 1995,99, 14778-14783.

1 T.P.Hoar, J. H. SchulmaNature, 1943,152 102-103.

2 J. H. Schulman, W. Stoeckenius, L. M. PrizePhys. Chem., 1959,
63, 1677-1680.

3 M. Gradzielski, H. Hoffmann]. Phys. Chem., 1994,98, 2613-2623.

4 F. Lichterfeld, T. Schmeling, R. Strey, Phys. Chem, 1986, 90,
5762-5766.

5 U. Olsson, K. Shinoda, B. Lindmah,Phys. Chem., 1986,90, 4083-
4088.

6 K. Shinoda, H. Saitd. Colloid Interf. ., 1968,23, 70-74.

7 C. StubenrauchMicroemulsions: Background, New Concepts,
Applications, Prespectives, ed. C. Stubenrauch, John Wiley & Sons,
Oxford, 2009.

8 L. Magid, P. Butler, K. Payne, R. Strey, Appl. Cryst., 1988,21,
832-834.

9 B. Lindman, U. OlssonBer. Bunsenges. Phys. Chem., 1996, 100
344-363.

10 R. StreyColloid Polym. Sci., 1994,272, 1005-1019.

11 K. Shinoda, S. Friberddv. Colloid Interf. Sci., 19754, 281-300.

12 S.-H. Chen, S.-L. Chang, R. StrdyChem. Phys., 1990 1907-1918.

13 M. Kotlarchyk, S.-H. Chen, J. S. Huang, M. W. KiRhys. Rev.
Lett., 1984,53, 941-944.

14 K. Fontell, A. Ceglie, B. Lindman, B. Ninhanf\cta Chemica
Scandinavica A40, 1986, 247-256.

15 W. Jahn, R. Strey, Phys. Chem. 1988 92, 2294-2301.

16 L. Wolf, H. Hoffmann, K. Watanabe, T. Okamadghys. Chem.
Chem. Phys., 2011,13, 3248-3256.

17 L. Wolf, H. Hoffmann, Y. Talmon, T. Teshigawara, K. Watanabe,
Soft Matter, 2010,6, 5367-5374.

18 L. Wolf, H. Hoffmann, W. Richter, T. Teshigawara, T. Okamato,
Phys. Chem. B, 2011,115 11081-11091.

19 L. Wolf, H. Hoffmann, T. Teshigawara, T. Okamoto, Y. Talmdn.,
Phys. Chem. B, 2011,submitted

20 S. Pandey, R. P, Bagwe, D. O. Shakalloid Interf. Sci, 2003,267,
160-166.

21 A. Zapf, U. Hornfeck, G. Glatz, H. Hoffmanbangmuir, 2001,17,
6113-6118.

22 R. Strey, Colloid Polym. Sci., 1994, 272, 1005-1019

23 T. Sottmann and R. Strely,Chem. Phys., 1997,106,

8606-8615.

24 H. Hdfmann, Plenary lecturérog. Colloid Polym. Sci., 1990,83,
16-28.

10 | Soft Matter, [2011], [vol] , 00—00

This journal is © The Royal Society of Chemistry [2011]

R.

108



Abbreviations and Symbols

6. Abbreviations and Symbols

AOT
Ca(DS)
CEVS
CE
Cryo-TEM
DDAB

EB

EO
FF-TEM

H,O
HIPE
HIPME
HLB
IT3

Kt

Ly

Lo

Ls

Lo

M,
Mg(DS),
NacCl
olw

=]
PFG-NMR
SANS
SAXS
SDS

w/o

sodium dioctyl sulfosuccinate
calciumdodecylsulfate

controlled environment vitrivication system
non-ionic surfactant, alkyl polyethylene glycolathe
cryogenic transmission electron microscopy
didodecyldimethylammoniumbromide
electric birefringence

ethyleneoxide

freeze-fracture transmission electron micopy
interfacial curvature

water

high internal phase emulsion

high internal phase microemulsion
hydrophilic-lipophilic balance
isotridecyltriethyleneglycolether
Krafft-Temperature

micellar phase

inverse micellar phase

sponge phase

lamellar phase

hexamethyldisiloxane
magnesiumdodecylsulfate

sodium chloride

oil-in-water

packing parameter

pulse-field generated nuclear magneticnasoe spectroscopy

small angle neutron scattering
small angle x-ray scattering
sodiumdodecylsulfate

water-in-oil
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