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Balanced scCO2-microemulsions contain equal volumes of water and CO2 and are a novel class of

microemulsions of substantial interest for both fundamental research and technical applications. One

existing feature of these systems is that the solvent quality of scCO2, and hence the overall

microemulsion properties, is tuned simply by adjusting pressure, which is not possible with ‘‘classical’’

microemulsions containing oil instead of CO2. Motivated by this, we systematically investigated the

phase behavior, the microstructure, and the dynamics of balanced microemulsion systems of the type

H2O–CO2–Zonyl FSO 100/Zonyl FSN 100. In systematic phase behavior studies, we found that upon

increasing pressure, CO2 and water are more efficiently solubilized. Small angle neutron scattering

(SANS) experiments were conducted in order to determine the topology and the length scales of the

underlying microstructure. The results obtained strongly suggest the existence of bicontinuously

structured microemulsions with an adjustable characteristic length scale of up to 330 �A. From

a quantitative analysis of the SANS data, we found that at a fixed microemulsion composition the

stiffness of the surfactant membrane is increased solely by increasing the pressure, whereby the

renormalization corrected (i.e. bare) bending rigidity k0,SANS rises from k0,SANS¼ 0.88 kBT at 200 bar to

0.93 kBT at 300 bar. These findings were confirmed with high pressure neutron spin echo experiments.
1 Introduction

Mixtures of water, oil and surfactants can form thermodynam-

ically stable microemulsions which are macroscopically homo-

geneous and isotropic but nanoscopically structured (length scale

1–100 nm) mixtures. Depending on the composition and the

temperature, a variety of different structures can be found in

which water and oil domains are separated by a surfactant

monolayer. If equal volumes of water and oil are present,

bicontinuous structures are formed at certain temperatures and

surfactant concentrations.1–3

In the last few decades considerable effort has been invested in

the theoretical description of bicontinuous microemulsions

whereas different models have been used, e.g.microscopic lattice

models, phenomenological Ginzburg–Landau approaches or
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membrane theories.4 In the latter case theoretical descriptions are

based on the elastic bending energy5 of the surfactant layer:

Fel ¼
ð�

k

2
ðc1 þ c2�2c0Þ2þkc1c2

�
dS; (1)

Here k is the bending rigidity, �k is the saddle splay modulus, c0 is

the spontaneous curvature and ci ¼ 1/Ri is the principle curva-

tures with the principle curvature radii Ri. The bending rigidity

defines the energy cost of deformations of the membrane, while

the saddle splay modulus is related to the energy cost of changes

of topological connectivity. The effect of thermal fluctuations of

the amphiphilic film which lead to a softening of membranes can

be incorporated by replacing the elastic moduli in eqn (1) with

their renormalized, scale dependent values. In doing so a renor-

malized bending rigidity can be expressed as:

k

kBT
¼ k0

kBT
� 3

4p
ln

�
dTS

2lc

�
(2)

Here dTS describes the periodicity of the structure and lc is the

effective thickness of the amphiphilic film which in a first

approximation is given by the length of a single surfactant

molecule. k0 denotes the bare bending modulus (rigidity) without

the modifications due to thermal fluctuations.

Using the Gauss model of random interfaces Safran and

Pieruschka were able to relate the renormalized membrane

rigidity k to the structural length scales of a bicontinuous

microemulsion according to:6
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k

kBT
¼ 10

ffiffiffi
3

p
p

64

xTS

dTS
(3)

Here xTS is the correlation length of the microemulsion. In

former studies several parameters influencing the bending

rigidity could be identified. It was observed that the renormali-

zation corrected (bare) bending rigidity k0 strongly depends on

the amphiphilicity of the surfactant.7 Furthermore, in agreement

with eqn (2) it was found that for a given microemulsion system

the renormalized bending rigidity k increases with increasing

surfactant concentration due to a suppression of long-range

fluctuations of the amphiphilic film. Also several additives were

found to have a striking influence on the membrane rigidity.

Amphiphilic diblock copolymers were found to stiffen the

amphiphilic film,8–11 whereas homopolymers decrease the

bending rigidity.12,13 However, in all these cases the membrane

rigidity could only be influenced by changing the composition of

the microemulsion system under investigation.

From a theoretical point of view it would be of great interest to

formulate microemulsions whose properties could be changed

without changing chemical composition. In this respect micro-

emulsions containing supercritical fluids represent promising

model systems, because the density of supercritical fluids, and

thus their solvent properties, can strongly be influenced by

varying pressure alone. Due to the thermodynamic properties of

CO2, it is a potential candidate for the formulation of super-

critical microemulsions. Besides their relevance for fundamental

research, supercritical CO2-miroemulsions have also attracted

much attention as potential replacements for common organic

solvents in the field of ‘‘green’’ chemistry,14,15 since CO2 is cheap,

abundant, non-flammable and non-toxic.

Very recently Schwan et al. reported the first successful

formulation of balanced supercritical CO2-microemulsions con-

taining equal amounts of water and CO2 using technical grade

Lutensol� surfactants.16 They found that these systems show the

characteristic temperature driven phase inversion from a CO2-in-

water to a water-in-CO2-microemulsion via a balanced CO2-

microemulsion. However, more than 40 wt% surfactant were

needed for the formulation of balanced CO2-microemulsion,

a fact that was attributed to a low CO2-philicity of the hydro-

carbon surfactant tail. From extensive investigations of CO2-rich

water-in-CO2 microemulsions, it turned out that fluorinated or

partly fluorinated surfactants are especially suitable for the

formulation of efficient scCO2-microemulsion.15,17–23 Motivated

by these results, we found that the solubilization of CO2 becomes

increasingly efficient if the hydrocarbon surfactants are replaced

with commercially available perfluoroalkyl-polyglycolether

surfactants.24 Using high pressure SANS experiments the

underlying microstructure of these balanced microemulsions was

elucidated and a bicontinuous structure with an adjustable

characteristic length scale of 180–500 �A was revealed.25

Furthermore, these SANS measurements yielded the first

evidence that the bare bending rigidity k0 of the amphiphilic film

can be modified by variation of the pressure alone. The absolute

values of the bare bending rigidity correspond almost quantita-

tively to those found for oil containing microemulsions. In these

studies we also found that neutron spin-echo (NSE) experiments

provide a powerful tool for directly probing the elastic properties

of supercritical CO2-microemulsions.
798 | Soft Matter, 2012, 8, 797–807
However, those experiments only gave a first indication of how

the properties of supercritical CO2-microemulsions can be

adjusted with pressure. In order to gain a deeper insight into this

fascinating field, further systematic studies were conducted on

the basis of our results highlighted in ref. 25. Consequently in the

present study, we investigate the membrane properties of the

bicontinuous microemulsion H2O/NaCl–scCO2–non-ionic fluo-

rinated surfactant (Zonyl FSO 100 and Zonyl FSN 100) as

a function of pressure and composition. Guided by extensive

phase behavior measurements, the microstructure of this system

was studied as a function of pressure and composition using

SANS. Applying the Gaussian model of random interfaces we

were able to extract the elastic properties of the amphiphilic film.

Additionally pressure dependent NSE measurements have been

conducted in order to directly measure the bending rigidity of the

membrane.

2 Experimental section

2.1 Materials

The technical grade fluorinated surfactants were commercial

polyethyleneglycol–perfluoroalkylether of the type F–(CF2)i–

(CH2CH2O)j–H (denoted as CFiEj) and were supplied by

DuPont (Wuppertal, Germany). The surfactants Zonyl FSN 100

(degree of ethoxylation j z 8 to 12) and Zonyl FSO 100 (degree

of ethoxylation j z 6 to 10) contained 100% active matter. CO2

(technically pure) was purchased from Linde AG (Munich,

Germany). NaCl (quoted >99.5%) was obtained from Fluka

(Neu Ulm, Germany). D2O was purchased from Eurisotop

(quoted >99.9%). All components were directly used without

further purification. Water (H2O) was deionized and distilled

twice.

2.2 Phase behaviour

Phase behaviour measurements were carried out in an in-house

built high pressure viewing cell with variable volume. This cell is

equipped with a saplphire ring cylinder (h¼ 50 mm,Øoutside ¼ 40

mm, Øinside ¼ 10 mm) which contained the microemulsion

samples. The pressure as well as the volume of the sample can be

varied with a screw driven piston, which is inserted into the cell

from above. To determine the system pressure, a pressure

transducer is inserted in the bottom of the view cell. Thus

a determination of the pressure is possible with an accuracy of�5

bar. To homogenize the samples, a magnetic stirring bar is added

to the cell. The respective samples were prepared by weight

directly inside the view cell. First a known amount of a NaCl

solution (brine, in all cases 1 wt% NaCl in water) was filled in the

cell. Then respective amounts of the surfactants were added and

dissolved in the NaCl solution at 50 �C. Subsequently the cell was
filled with CO2 using an in-house build filling apparatus equip-

ped with a membrane reservoir. In all cases liquid CO2 was added

at a pressure of p ¼ 70 bar and ambient temperature where the

density of CO2 was known. The amount of CO2 added was

determined by volume. Accordingly, the composition of the

samples is given by the mass fraction a of CO2 in the brine/CO2

mixture and the mass fraction g of the surfactant in the overall

mixture. Mixtures of two surfactants were characterized by d, the

mass fraction of the co-surfactant in the surfactant mixture. For
This journal is ª The Royal Society of Chemistry 2012
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a given composition the number and type of the occurring phases

were determined visually at a constant pressure as a function of

temperature using a water bath. The temperature of the water

bath was controlled with a precision of �0.1 �C. The resulting

temperature-dependent phase diagram represents vertical T(g)

sections through the upright phase prism of the ternary micro-

emulsion system H2O/NaCl–CO2–non-ionic surfactant at

a constant a (see Fig. 1, right).26 In such a T(g) section an

extended three phase region can be found at intermediate

surfactant concentrations and temperatures. With increasing

surfactant concentration the three phase region meets the one

phase region at the so-called optimum point ~x. At temperatures

below and above the one- and three-phase regions, different two

phase regions are observed. To determine the phase boundaries

of the one phase region the samples were mixed far from the one

phase region (deep in the two phase region) and were then slowly

transferred into the one phase region by stepwise heating and

cooling. Phase boundaries in the three phase region were deter-

mined by heating the sample to a defined temperature under

stirring. The stirring was then stopped, and after equilibration

the number and the type of phases were determined.

2.3 SANS measurements

SANS measurements were carried out on the D11 instrument at

the Institut Laue-Langevin (ILL), Grenoble, France.46 SANS

data were recorded at a wavelength of l ¼ 6 �A at three detector

distances of 1.2, 8 and 34 m. Thus the momentum transfer q ¼
4psin (q/2)/l ranged from 0.001 to 0.5 �A�1, where q is the scat-

tering angle. The wavelength distribution was Dl/l ¼ 0.09 (full

width at half maximum). The neutron beamwas collimated using

a series of 11 movable collimation guides which can be inserted

into the beam at a distance of 1.5–40.5 m between the guide and

sample. In order to reduce the divergence of the incident beam

and thus to increase the resolution, the distance between the

guide and sample was chosen to be at least the sample–detector

distance.

All SANSmeasurements were performed using a high pressure

(HP) SANS cell with variable volume. In this cell samples are

kept between two sapphire windows (thickness 12 mm) and the
Fig. 1 Left: phase diagram of the microemulsion H2O/NaCl–CO2–

Zonyl FSO 100/Zonyl FSN 100 at a ¼ 0.40 and d ¼ 0.40. The phase

behavior was measured at four different pressures between 200 and 300

bar. With increasing pressure the surfactant solubilizes water and CO2

more efficiently. Right: schematic drawing of the ternary phase prism.

This journal is ª The Royal Society of Chemistry 2012
neutron path length through the sample is 2 mm. The pressure as

well as the cell volume can be adjusted automatically with

a computer controlled piston which is inserted into the cell from

above. The pressure inside the cell is measured with a comput-

erized pressure probe which is inserted in the bottom of the

HP-SANS cell. Thus, the pressure can be adjusted with a rather

high degree of accuracy (�0.5 bar). In order to control the

temperature of the samples, the high pressure SANS cell was

connected to a thermostat which allowed a temperature accuracy

during the measurement of �0.05 �C. All samples were directly

prepared in the SANS cell. First a known volume of a homoge-

nized brine–surfactant mixture was added to the cell. Then liquid

CO2 was added at 25 �C and 70 bar. The amount of CO2 was

determined by volume. Afterwards, the sample was heated/

cooled to the required temperature, adjusted to the desired

pressure, and homogenized with the help of a magnetic stirring

bar. Visual inspection through the sapphire windows ensured

that all samples were homogeneous.

Scattered neutrons were detected by a two-dimensional
3He-gas detector with 128 � 128 detector pixels of 7.5 � 7.5 mm.

To prevent overloading by the primary neutron beam, a beam

stop was positioned in front of the detector. To obtain a one

dimensional scattering spectrum the two dimensional raw data

were masked, radially averaged and normalized to the absolute

scale using the standard evaluation software available at the ILL.

The normalization of the scattering data to the absolute scale was

performed using the incoherent scattering of H2O as reference.

All measurements were background corrected. Furthermore, the

detector deadtime was corrected during raw data evaluation,

finally yielding the differential cross-section ds(q)/dU. Datasets

from different sample detector distances overlap without scale

adjustment. A few data points of the lowest and highest q-values

were cut from each measurement.
2.4 NSE measurements

NSE experiments were performed on the J-NSE spectrometer at

the J€ulich Centre of Neutron Science at the Forschungsreaktor II

in Garching, Germany.27,28 The samples for the NSE measure-

ments were kept in a non-magnetic high pressure NSE cell

between two sapphire windows. The neutron path length

through the sample is 4 mm. Samples were prepared directly

inside the NSE cell. First, a knownmass of a homogenized brine–

surfactant mixture was added to the cell. Subsequently, the

remaining cell volume was filled with CO2 using a high precision

high pressure pump. During the NSE measurements this pump

allowed the pressure to be adjusted to�0.1 bar. The temperature

of the NSE samples was controlled to �0.1 �C using a thermo-

stat. Its water loop was directly connected to the NSE cell. For

the homogenization of the samples the high pressure cell

(�10 kg) was shaken by hand for about an hour. Before and after

each measurement, visual inspection was undertaken to check

the homogeneity of the sample.

Interpretation of experimental NSE data from bicontinuous

microemulsions in terms of the available theoretical models

requires that qmax � q, where qmax is the position of the corre-

lation peak. Fortunately, bicontinuous scCO2-microemulsions

have a relatively large bulk scattering intensity; still compara-

tively large scattering angles are accessible, before the incoherent
Soft Matter, 2012, 8, 797–807 | 799
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background level prevents efficient data collection. In this

respect, NSE spectra were recorded at five different q values

between q ¼ 0.05 and q ¼ 0.18 �A�1 (corresponding to length

scales in a real space of x ¼ 2p/q ¼ 125–35 �A). The wavelength

used was l¼ 8 �A with a FWHM of Dl/l ¼ 0.1. The resolution of

the NSE spectrometer was determined using graphite powder.

For the raw data evaluation the standard software (echodet)

available at the JCNS was used.
3 Scattering theory

3.1 Small angle scattering

Small angle neutron scattering experiments allow for the inves-

tigation of the structural properties of microemulsions. By

adjusting bulk contrast conditions, i.e. establishing a scattering

contrast between water and oil domains, the periodicity dTS and

the correlation length xTS can be determined. Teubner and Strey29

showed that the bulk scattering curve of balanced micro-

emulsions is quantitatively described by, as well as can be

determined from, a description of the scattering curve by the

formula:

IðqÞ ¼ 8pfafbDr
2=xTS

a2 þ c1q2 þ c2q4
þ b; (4)

with Dr being the scattering contrast between brine and CO2, fi

the volume fractions of the two subphases and b the incoherent

scattering background. The free fit parameters a2, c1 and c2 stem

from a Landau–Ginzburg order parameter expansion of the local

free energy density including gradient terms. c1 < 0 causes

a characteristic correlation peak of the scattering curve at

nonzero wave vectors. From these parameters the characteristic

periodicity dTS, and the correlation length xTS, can be

deduced.29,30 The three parameters a2, c1 and c2 may be grouped

together within the amphiphilicity factor:

fa ¼ c1ffiffiffiffiffiffiffiffiffiffiffi
4a2c2

p (5)

which describes the amphiphilicity of a surfactant. The factor fa
is close to �1 for ‘‘good’’ microemulsions, equal to 0 at the

Liftshitz line and equal to +1 at the disordered line, where the

characteristic length scale diverges.

Although the Teubner–Strey formula is a useful model for the

description of the scattering peak of bicontinuous micro-

emulsions, the scattering at high values of q is not quantitatively

described. In this regime, which is also denoted as the Porod

limit, the scattering pattern is adequately described by:

lim

�
IðqÞ
q/N

�
¼ 2p

Dr2

q4
S

V
exp

��q2t2
�þ Iincoh (6)

Here the diffuse nature of amphiphilic film caused by thermal

fluctuations and penetration of solvent molecules into the

membrane is taken into account by convoluting the usual step

profile of a sharp interface with a smooth Gaussian profile of

width t.31 Eqn (6) allows extraction of the specific internal

interface S/V ¼ fC,i/lc given by the volume fraction of the

surfactant in the internal interface fC,i and the effective thickness

of the amphiphilic film lc. Details are found in the literature.32
800 | Soft Matter, 2012, 8, 797–807
3.2 Inelastic scattering

At large wave vectors qmax � q thermally induced local undu-

lations of the amphiphilic film are probed. Describing the

amphiphilic film by a randomly oriented assembly of finite

membrane patches Zilman and Granek proposed an approxi-

mative expression of the dynamic structure factor for bicontin-

uous microemulsions valid at large q,33

S(q,t) ¼ S(q)exp (�(Gqt)
b) (7)

with b ¼ 2/3 and the q-dependent relaxation

Gq ¼ 0:025gk

�
kBT

k0

�1=2
kBT

h
q3 (8)

Here h is the average viscosity of the solvents on both sides of the

surfactant membrane and gk y 1 � 3(kBT/4pk0)ln (qxTS). This

model has been applied successfully to interpret NSE experi-

ments on microemulsions.34,35

Thus the Zilman–Granek model directly relates the bending

rigidity of the surfactant membrane to its relaxation rate. A quan-

titative determination of the bending rigidity with the Zilman–

Granek theory, however, requires that not all the approximations

leading to eqn (8) are carried out, but numerical integrations of the

expression of a fluctuating membrane patch are used instead.11 In

this case the dynamic structure factor can be rewritten as:

Sðq; tÞf
ð1

0

dm

ðrmax

0

drrJ0

	
qr

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m2

p 


� exp

2
64� kBT=ð2pk0Þq2m2

ðkmax

kmin

dk
1� J0ðkrÞe�uðkÞt

k3

3
75 (9)

where the real space upper cutoff is set to rmax z p/kmin ¼ xTS/3

with k being the undulation wave vector. The parameter 3 is

expected to be 3 z 1. It takes into account any deviations due to

the assumption of a sharp cut-off of the considered membrane

patch. The integration over m, the cosine of the angle between q

and the membrane surface normal, affects the angular averaging

over patch orientations. In eqn (9) u(k) is the most simple

dispersion relation of the undulation modes of a free planar

membrane in a viscous liquid u(k) ¼ (k0/4h)k
3. The upper cut of

the mode wave vector, kmax ¼ p/lc, accounts for the finite size of

the surfactant molecules, but has only a marginal influence on

the result. The only free fitting parameter in eqn (9) is the bending

rigidity k0 in the dispersion relation. By integrating over the

undulation mode wave vectors k all contributions from undu-

lation modes are explicitly taken into account, and thus k0
represents the bare bending rigidity of the membrane.
4 Results and discussion

First the phase behavior of the balanced CO2-microemulsion

H2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100 is shown in

detail (Section 4.1). Subsequently, the results obtained from

small angle neutron scattering experiments are presented in

Section 4.2. Here, both the microstructure and the elastic prop-

erties obtained from SANS measurements are discussed. In
This journal is ª The Royal Society of Chemistry 2012
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Section 4.3 the NSE results are shown and compared to those

obtained from SANS.
Fig. 2 Variation of ~g and ~T as a function of pressure p for balanced

microemulsion systems of the type H2O/NaCl–CO2–Zonyl FSO 100/

Zonyl FSN 100 at a ¼ 0.40 and d ¼ 0.40. With increasing pressure the

microemulsion becomes increasingly efficient whereas simultaneously the

phase inversion temperature is shifted to lower temperatures. Both

findings can be explained with improved CO2-solvent properties at high

pressures.
4.1 Phase behaviour

A convenient way to characterize the phase behavior of balanced

microemulsions is to perform a cut through the ternary phase

prism water–oil (or in this case CO2)—surfactant at a constant

mass fraction a of CO2 in the brine/CO2 mixture. The sequence

of occurring phases is then determined as a function of the

temperature and the overall surfactant mass fraction g. In Fig. 1

(left) the experimental phase diagram of the system H2O/NaCl–

CO2–Zonyl FSO 100/Zonyl FSN 100 is shown at four different

pressures in a range from p ¼ 200–300 bar. The phase behavior

was determined at a constant a of 0.40 and d ¼ 0.40 (mass

fraction of Zonyl FSN 100 in the surfactant mixture). 1 wt%

NaCl was added to the aqueous phase in order to screen ionic

interactions caused by impurities.

For all pressures a phase sequence can be observed which is

typical for balanced microemulsions formulated with nonionic

surfactants.2 At low temperatures a two phase coexistence (2) of

a CO2-in-water (c/w)-microemulsion with a CO2 excess phase is

found, while at high temperatures a coexistence of a water-in-

CO2 microemulsion with a water-excess phase (�2) occurs. This

phase inversion is triggered by a decrease of the spontaneous

curvature c0 of the amphiphilic film caused by an increase of the

temperature.36 It manifests itself by an extended three phase

region (3) that can be observed at intermediate temperatures and

surfactant weight fractions g. With increasing surfactant

concentration the three phase region meets the one phase region

at the so-called optimum point ~X (at ~g and ~T). It defines the

minimum amount of surfactant needed to solubilize water and

CO2 at the phase inversion temperature. Thus, the ~X -point

indicates the efficiency of the surfactant to emulsify given

amounts of water and CO2.

The results shown in Fig. 1 clearly indicate that the phase

behavior of the system H2O/NaCl–CO2–Zonyl FSO 100/Zonyl

FSN 100 is strongly influenced by the pressure. Fig. 2 illustrates

the dependence of the optimum point ~X , i.e. ~g and ~T , on pres-

sure. Note that for the sake of clarity the phase diagrams for

pressures lower than 200 bar are not shown in Fig. 1. With

increasing pressure the surfactant weight fraction ~g at the

optimum point decreases considerably, i.e. the ability of the

surfactant to solubilize water and scCO2 strongly increases.

Simultaneously the phase inversion temperature ~T is slightly

shifted to lower temperatures. Both findings can be explained by

the improved CO2 solvent properties which exist at high pres-

sures. They lead to an enhanced CO2–surfactant interaction and

thus to a better solvatization of the hydrophobic surfactant tails

by CO2 molecules which allows for a more efficient micro-

emulsion formulation. Furthermore the increasing solvatization

of the surfactant tails by CO2 molecules also increases the

curvature of the surfactant membrane around the water which

causes the shift of ~T to lower temperatures.
4.2 Microstructure

The microstructure of the system H2O/NaCl–scCO2–Zonyl FSO

100/Zonyl FSN 100 at 3 ¼ 0.01, a ¼ 0.40 and d ¼ 0.40 was
This journal is ª The Royal Society of Chemistry 2012
investigated as a function of pressure and composition. All

SANS measurements were performed at a temperature in the

middle of the one phase region (see Table 1). In order to improve

the scattering contrast H2O was replaced with D2O whereby the

molar fraction of water molecules was kept constant. Note that

due to the higher molar mass of D2O the weight fraction a of

CO2 in the D2O–CO2 mixture as well as the overall surfactant

weight fraction in the microemulsion decrease slightly. However

in order to avoid confusion in the following discussion, all

composition variables are related to the respective H2O samples.

Please also note that the phase boundaries are shifted to lower

temperatures (DT z 2 to 3 K) if H2O is replaced with D2O.

(i) Influence of concentration. In a first set of experiments the

microstructure of the scCO2-microemulsion was studied at

a constant pressure of p ¼ 220 bar. The SANS data recorded at

g ¼ 0.244, 0.262 and 0.350 are shown in Fig. 3. For all three

compositions a pronounced scattering peak is observed at

intermediate q values. The shape of these scattering curves in

combination with the information obtained from phase behavior

measurements strongly supports the existence of a bicontinuous

microemulsion structure.37,38 The position of the correlation

peak is directly related to the periodicity dTS of the bicontinuous

structure by qmax z 1/dTS. The shift of the correlation peak to

lower q values, which can be observed as the surfactant mass

fraction increases, indicates a decrease of the periodicity of the

microstructure. Furthermore, with decreasing surfactant weight

fraction the correlation peak becomes less pronounced indicating

a loss of the structural order. At large q values the correlation

peak is followed by a steep exp (�q2t2)q�4 decay of the scattering

intensity. Small deviations from an ideal q�4 decay at very high q

values already indicate that the scattering length density profile

of the water–CO2 interface is not sharp and can thus not be

modeled by a step profile.
Soft Matter, 2012, 8, 797–807 | 801
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Table 1 Structural parameters obtained from the analysis of the scattering data of the microemulsion system H2O/NaCl–CO2–Zonyl FSO 100/Zonyl
FSN 100 at a ¼ 0.40 and d ¼ 0.40. From the analysis of the peak region the characteristic periodicity dTS, the correlation length xTS and the amphi-
philicity factor fa were obtained. Analysis of the high q region yields the specific internal interface S/V and the volume fraction of the surfactant in the
internal interface fc,i

g T/�C fc p/bar dTS/�A xTS/�A �fa S/V/�A�1 t/�A fc,i

0.244 32.9 0.186 220 332.8 121.8 �0.682 0.0171 5.30 0.146
0.262 33.0 0.270 200 279.1 114.5 �0.738 0.0141 5.95 0.248
0.262 32.3 0.274 220 287.4 120.6 �0.784 0.0140 5.75 0.251
0.262 31.7 0.275 250 289.8 130.6 �0.807 0.0137 5.50 0.252
0.262 31.1 0.277 300 291.9 134.6 �0.787 0.0135 5.40 0.255
0.350 34.9 0.280 160 188.4 106.6 �0.853 0.0202 6.70 0.263
0.350 32.4 0.199 200 185.8 106.9 �0.858 0.0206 6.75 0.171
0.350 31.7 0.200 220 184.4 104.3 �0.853 0.0208 6.90 0.168
0.350 30.7 0.202 250 182.5 101.7 �0.849 0.0210 7.30 0.167
0.350 29.9 0.204 300 176.3 93.3 �0.834 0.0216 7.30 0.164

Fig. 3 Bulk scattering curves of balanced CO2-microemulsions of the

system D2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100 at a ¼ 0.40, d ¼
0.40, p ¼ 220 bar and three different surfactant weight fractions. The

Teubner–Strey model and the Porod model have been used in order to

describe the peak region (solid lines) and the high q-range part (dashed

lines), respectively. Note that to aid viewing the scattering curves are

multiplied with appropriate factors.

† The given error is the statistical variation of the fit parameter k.
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In order to analyze the correlation peak, the Teubner–Strey29

model was applied (solid lines). Additionally, the Porod model

for diffuse interfaces was used to describe the high q regime of the

scattering spectra (dashed line).31 As is evident, both models

describe the respective parts of the experimental scattering data

nearly quantitatively. The parameters obtained by the analysis of

the scattering data are listed in Table 1.

These results confirm the trends that were obtained from

a qualitative interpretation of the scattering curves. The peri-

odicity dTS of the microstructure was found to steadily decrease

with increasing surfactant weight fraction from dTS ¼ 331 �A at

g ¼ 0.144 to dTS ¼ 184 �A at g ¼ 0.350. This observation arises

from the fact that the total interfacial area of the amphiphilic film

grows as the surfactant mass fraction increases, which hence

leads to the formation of smaller microemulsion domains.

Consequently, the specific internal interface S/V increases from

S/V ¼ 0.0105 �A�1 at g ¼ 0.244 to S/V ¼ 0.0182 �A�1 at g ¼ 0.350.

From the specific internal interface S/V the volume fraction of

the surfactant in the amphiphilic film fc,i can be calculated using
802 | Soft Matter, 2012, 8, 797–807
fc,i ¼ lcS/V. Here, the length lc of a single surfactant molecule

was estimated to be 14 �A. The values obtained for fc,i are also

listed in Table 1. Since fc > fc,i a significant fraction of the

surfactant is dissolved in the scCO2 domains.

As described above, the correlation peak of the scattering

spectra becomes less pronounced if the surfactant weight fraction

is decreased which indicates a loss of structural order.7 This

finding correlates with the dependence of the amphiphilicity

factor fa on the surfactant weight fraction, which is found to

increase from fa ¼�0.853 to fa ¼�0.682 as the surfactant weight

fraction was decreased from g ¼ 0.350 to 0.244.

In order to understand this loss of structural order we used the

Gaussian model of random interfaces (eqn (3)) and the structural

parameters dTS and xTS to calculate the renormalized bending

rigidity kSANS. Note that the index SANS is added to distinguish

between the bending rigidity obtained from SANS and NSE. In

Fig. 4 kSANS is shown as a function of the surfactant weight

fraction g. As can be seen, with increasing g the renormalized

bending rigidity kSANS increases by almost 50% from kSANS ¼
0.31 kBT at g ¼ 0.244 to kSANS ¼ 0.48 kBT at g ¼ 0.350. Hence,

an increase of the surfactant weight fraction leads to a stiffening

of the surfactant membrane. This stiffening of the amphiphilic

film is caused by the suppression of thermally induced membrane

fluctuations at high surfactant weight fraction and small struc-

tural length scales, respectively. The absolute values of kSANS in

the bicontinuous scCO2-microemulsions studied here are of

similar magnitude as the values obtained for surfactant

membranes in H2O–n-alkane–CiEj microemulsions.7

Since the renormalized bending rigidity kSANS lumps together

all effects from membrane fluctuations up to a wavelength

corresponding to the structural dimension, it differs from the

‘‘bare’’ bending rigidity k0,SANS of the membrane by a renorm-

alization factor, which depends for a given system on the

characteristic length scale x ¼ dTS/2 of the microemulsion39–42

(eqn (2)). For a given microemulsion system the renormalization

corrected bending rigidity of the amphiphilic film, k0,SANS,

should be constant irrespective of the surfactant weight fraction.

The k0,SANS values obtained using eqn (2) are also shown in

Fig. 4. As expected k0,SANS was found to be almost constant, i.e.

k0,SANS z 0.91 � 0.01 kBT.† Again, this value corresponds
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Bending rigidity kSANS and the renormalization corrected

bending rigidity k0,SANS for CO2-microemulsions of the type D2O/NaCl–

CO2–Zonyl FSO 100/Zonyl FSN 100 at 3¼ 0.01, a¼ 0.40, d¼ 0.40 and p

¼ 220 bar plotted as a function of the surfactant mass fraction g. With

increasing surfactant concentration kSANS increases due to a suppression

of thermally induced long-range fluctuations of the amphiphilic film. The

renormalization corrected bending rigidity k0,SANS is nearly independent

of the surfactant mass fraction.

Fig. 5 Bulk scattering curves of balanced CO2-microemuslions of the

type D2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100 at 3 ¼ 0.01, a ¼
0.40 and d ¼ 0.40. The SANS spectra were recorded at g ¼ 0.266 (left)

and g ¼ 0.350 (right), respectively. At g ¼ 0.262 the pressure was varied

from 200 to 300 bar whereas at g ¼ 0.350 a pressure range from 160–300

bar was covered. The scattering data were analyzed using the Teubner–

Strey model (solid lines) and the Porod model for diffuse interfaces

(dashed lines) was used.

Table 2 Structural parameters obtained from the analysis of the scat-
tering peak of the system D2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN
100 at 3 ¼ 0.01, a ¼ 0.40, d ¼ 0.40 at various pressures and compositions

g p/bar TSANS/
�C dTS/�A xTS/�A �fa

0.262 200 33.0 277.1 114.5 �0.739
220 32.3 284.2 120.6 �0.754
250 31.7 287.4 130.6 �0.785
300 31.1 292.0 134.6 �0.787

0.350 160 34.9 176.3 93.3 �0.834
200 32.4 182.5 101.7 �0.849
220 31.7 184.4 104.4 �0.853
250 30.7 185.8 106.9 �0.858
300 29.9 188.4 106.6 �0.853
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almost quantitatively to the renormalization corrected bending

rigidity of oil containing microemulsions which is of the order

of 1 kBT.

(ii) Influence of pressure. So far the influence of the surfactant

mass fraction on the microstructure of the scCO2-microemulsion

H2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100 at 3¼ 0.01, a¼
0.40 and d ¼ 0.40 was studied at a constant pressure of p ¼ 220

bar. In the next step the pressure dependence of the micro-

structure was studied at two surfactant weight fractions of g ¼
0.266 and g ¼ 0.350. At these two g-values the width of the one

phase region allows the examination of the pressure dependence

between p ¼ 200 and 300 bar at g ¼ 0.266 and between p ¼ 160

and 300 bar at g ¼ 0.350, respectively. In Fig. 5 the obtained

bulk-contrast scattering curves are shown.

As is evident, all scattering curves exhibit a correlation peak

which is typical for bicontinuous microemulsions followed by the

exp (�q2t2)q�4 decay of the scattering intensity at large q values.

For both surfactant weight fractions a shift of the correlation

peak to slightly lower q values occurs with increasing pressure

indicating a slight increase of the periodicity of the microstruc-

ture. Simultaneously the correlation peak becomes more

pronounced which indicates a higher structural order of the

microemulsion at high pressure. The scattering data were again

analyzed using the Teubner–Strey formula (solid lines) and the

Porod model for diffuse interfaces (dashed lines). In Table 2 the

characteristic periodicity dTS, the correlation length xTS and the

amphiphilicity factor fa obtained are compiled.

Again, these results confirm the trends that were obtained

from a qualitative interpretation of the experimental scattering

data. Thus, for both surfactant concentrations a slight increase

of the periodicity dTS can be observed with increasing pressure.

At first glance this pressure dependence of dTS seems to be

somewhat counterintuitive since an increase of the pressure leads

to a compression of the scCO2 domains and hence one would
This journal is ª The Royal Society of Chemistry 2012
expect a decrease of the periodicity. However, from the analysis

of the high q-regime of the scattering spectra it was found that

with increasing pressure the specific internal interface S/V is

reduced (see Table 3). This in turn requires the formation of

larger microemulsion domains. In conjunction with S/V the

volume fraction of the surfactant in the amphiphilic film fc,i also

decreases slightly with increasing pressure as a result of an

enhanced monomeric solubility of surfactant in scCO2.

The pressure dependence of the amphiphilicity factor fa indi-

cates that with increasing pressure a microemulsion with higher

structural order is formed. In order to understand this influence

of the pressure on both the microstructure and the phase

behavior of balanced scCO2microemulsions (Fig. 1), the bending

elastic constants kSANS and k0,SANS were calculated from the

structural parameters using eqn (2) and (3) respectively. The

values obtained are plotted in Fig. 6 as a function of the pressure.

The results presented in Fig. 6 clearly show that for both

surfactant weight fractions both the renormalized bending

rigidity kSANS and the renormalization corrected (‘‘bare’’)

rigidity k0,SANS increase with increasing pressure. At g ¼ 0.262

kSANS increases by almost 12% from kSANS ¼ 0.35 kBT at p¼ 200

bar to kSANS¼ 0.39 kBT at p¼ 300 bar. At g¼ 0.350 a somewhat

weaker pressure dependence of kSANS is observed. Here, the

renormalized bending rigidity increases from kSANS ¼ 0.45 kBT

at p ¼ 160 bar to kSANS ¼ 0.48 kBT at p ¼ 300 bar. Note that the
Soft Matter, 2012, 8, 797–807 | 803
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Table 3 Structural parameters obtained from the analysis of the large q-
regime of the scattering data of the microemulsion system D2O/NaCl–
CO2–Zonyl FSO 100/Zonyl FSN 100 at a ¼ 0.40, d ¼ 0.40 at various
pressures and compositions

g p/bar TSANS/
�C fc S/V/�A�1 t/�A fc,i

0.262 200 33.0 0.199 0.0123 4.7 0.172
220 32.3 0.200 0.0121 4.9 0.169
250 31.7 0.202 0.0119 5.0 0.167
300 31.1 0.204 0.0118 4.7 0.165

0.350 160 34.9 0.263 0.0188 5.5 0.263
200 32.4 0.274 0.0184 5.8 0.258
220 31.7 0.275 0.0182 5.9 0.254
250 30.7 0.278 0.0181 5.5 0.253
300 29.9 0.280 0.0179 5.9 0.251

Fig. 6 Pressure dependence of the renormalized bending rigidity kSANS

and the bare bending rigidity k0,SANS of the amphiphilic film in the

scCO2-microemulsion D2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100

(a ¼ 0.40, d ¼ 0.40). The bending elastic constants were determined from

pressure dependent SANS-measurements which were performed at g ¼
0.262 (left) and g ¼ 0.350 (right).

Fig. 7 Left: stretching exponent bZG and reduced relaxation rate GZG*¼
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higher kSANS values found at g ¼ 0.350 are a result of the

suppression of thermally induced membrane fluctuations at high

surfactant mass fraction, i.e. small structural length scales. The

renormalization corrected bending rigidity k0,SANS which was

found to be nearly independent of the surfactant weight fraction

(see also Fig. 4) increases for both compositions from k0,SANS ¼
0.90 to 0.95 kBT in the pressure range from 200–300 bar.

These results strikingly demonstrate that the bending elastic

properties of the supercritical CO2-micreomulsions can be

influenced simply by a variation of the pressure at a fixed

microemulsion composition. This stiffening of the membrane at

high pressures manifests itself in the higher order of the micro-

emulsion structure as well as in an increased ability of the

surfactant to solubilize water and scCO2. A possible explanation

for this finding might be improved interactions between scCO2

and the surfactant tails at high pressures. In contrast to oil

containing microemulsions the additional tuning parameter of

‘‘pressure’’ allows the properties of scCO2-microemulsions to be

tuned at fixed composition.

(GZG/q

3)(h0/kBT/gk) obtained from the Zilman–Granek analysis of the

NSE data of the scCO2-microemulsion D2O/NaCl–scCO2–Zonyl FSO

100/ZonylFSN100 at 3¼ 0.01,a¼ 0.40, d¼ 0.40,g¼ 0.262 and a pressure

of p¼ 300 bar. The dashed lines represent bZG¼ 2/3 and the average value

of GZG*. Right: intermediate scattering function S(q,s) of the sample

reflecting themembranedynamics on local length scales. The experimental

data are fitted with the Zilman–Granek model (eqn (7)). The q values

adjusted were 0.05, 0.08, 0.11, 0.15, and 0.18 �A�1.
4.3 Dynamics

While the bare bending rigidity k0 can only be extracted indi-

rectly from the analysis of the SANS curves, a direct determi-

nation of the elastic properties of surfactant membranes is

possible upon studying the dynamic properties of bicontinuous
804 | Soft Matter, 2012, 8, 797–807
scCO2-microemulsions with the help of quasielastic scattering.

Among these techniques neutron spin-echo (NSE) spectroscopy

is the one with the highest energy resolution and—due to the

covered q-range—provides a means to study the dynamics of

mesoscopic objects. Furthermore, the decay time sd for thermally

activated fluctuations of surfactant membrane patches is in the

regime of nanoseconds and therefore well inside the time window

of NSE spectroscopy.

Bulk contrast NSE-measurements were performed on the

bicontinuous scCO2-microemulsion D2O/NaCl–CO2–Zonyl

FSO 100/Zonyl FSN 100 at 3 ¼ 0.01, a ¼ 0.40, d ¼ 0.40 and g ¼
0.262. The microstructure of the same system was studied in the

previous section with pressure dependent SANS investigations.

The NSE experiments were performed under the same experi-

mental conditions. Again a pressure range from p ¼ 200 to 300

bar was explored, while the sample temperature was adjusted to

the middle of the one phase region. Fig. 7 (right) shows the

normalized intermediate scattering function S(q,s) recorded at

a pressure of p ¼ 300 bar for five different q values. For a first

evaluation of the experimental data, the analytical solution of the

Zilman–Granek model was applied (eqn (7)). For the viscosity,

the average of the viscosities of water and scCO2 was used.

Fitting the experimental S(q,t) data for each of the q values

separately with the expression of eqn (7) shows that the q3

dependence of the relaxation rate GZG, which is predicted for

bicontinuous microemulsions according to eqn (8), is found also

for bicontinuously structured supercritical CO2-microemulsion.

In addition, the typical stretching exponent of bZG ¼ 2/3 was

obtained (see Fig. 7, left). However, compared to micro-

emulsions consisting of n-decane, water and C10E4 which form

bicontinuous structures at similar surfactant mass fractions, the

relaxation rate is faster by roughly a factor of two.11 The average

viscosity which is about half the value in the supercritical

microemulsion compared to oil–water microemulsions partly

accounts for this effect.

Upon calculation of the bending rigidity from eqn (7), a value

which was considerably larger than the expected one (of the

order of kBT) was obtained. Thus, in order to enable
This journal is ª The Royal Society of Chemistry 2012
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a quantitative determination of the bending rigidity k0,NSE with

the Zilman–Granek theory, a numerical integration of the

expression of a fluctuating membrane patch must be used instead

(eqn (9)).11,43 Systematic NSE investigations of oil containing

microemulsions revealed that the real space upper cut-off rmax z
p/kmin ¼ xTS/3ZG of this integration has a significant influence on

the resulting values of k0,NSE. For this reason, in former studies

on oil containing microemulsions the parameter 3ZG was cali-

brated by fitting the experimental NSE data of an arbitrarily

chosen system such that the condition k0,NSE ¼ k0,SANS with k0,

SANS being the bare bending rigidity obtained from SANS, is

fulfilled. It was found that for 1 # 3ZG # 1.3 the resulting values

of k0,NSE are consistent with SANS results. In this work we used

a value of 3ZG¼ 1.126, which was determined from oil containing

microemulsions,43 since not enough reliable data are available in

order to calibrate 3 for scCO2-microemulsions.

In Fig. 8 the bending rigidity k0,NSE obtained from the analysis

of the NSE experiments at p ¼ 300, 250 and 200 bar using the

integral version of the Zilman–Granek model of fluctuating

membrane patches is shown as a function of scattering vector q.

For comparison the renormalization corrected bending rigidity

k0,SANS determined from SANS is also shown (dashed lines). k0,

NSE slightly increases with increasing q, until it reaches a plateau

at high q values.

The pressure dependence of the bending rigidity k0,NSE

confirms the qualitative results obtained from SANS measure-

ments. In our NSE experiments, a significant increase of k0,NSE

with increasing pressure was observed. Comparing the absolute

values of k0,SANS and k0,NSE, however, it turns out that the

bending rigidities determined by the means of NSE are somewhat
Fig. 8 Bending rigidity k0,NSE of the surfactant membrane in the scCO2-

microemulsion D2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100 at 3 ¼
0.01, a ¼ 0.40, d ¼ 0.40, g ¼ 0.262 and three different pressures between

200 and 300 bar. The k0,NSE values were determined using the numerical

solution of the Zilman–Granek model. For comparison the renormali-

zation correct bending rigidity k0,SANS is shown (dashed lines).

This journal is ª The Royal Society of Chemistry 2012
smaller than the bare bending rigidities determined from SANS.

In addition, k0,NSE shows a slightly stronger pressure

dependence.

These small deviations between k0,NSE and k0,SANS might be

caused by uncertainties in the renormalization factor 3/4pln (dTS/

2lc) used for the calculation of k0,SANS. Here, the effective

thickness of the amphiphilic film lc could only be estimated

although it is an important parameter which has a significant

influence on the absolute value of k0,SANS. In addition, the k0,NSE

values might also be affected by uncertainties due to the still

simplifying theoretical model and approximations therein.

Furthermore, by using the average viscosity of only the solvents,

the energy dissipation in the surfactant layer due to its viscosity is

not taken into account. Previous studies on bilayer membranes

showed that the energy dissipation in the membrane is not

negligible.44,45 Note that eqn (3) may contain contributions from

the saddle splay modulus. Their possible influence on the devi-

ations between k0,NSE and k0,SANS will be scrutinized in our

coming investigations.

Nevertheless, despite these minor deviations, there is a good

overall agreement between the results obtained from the different

experimental techniques. This finding is supported by an addi-

tional series of pressure dependent NSE measurements on the

system D2O/NaCl–CO2–Zonyl FSO 100/Zonyl FSN 100 at 3 ¼
0.01, a¼ 0.40 and d¼ 0.40, which were performed at a surfactant

weight fraction of g ¼ 0.35 in a pressure range between 160 and

300 bar. In these experiments, the pressure dependence of the

bending rigidity k0,NSE also confirms the qualitative results

obtained from SANSmeasurements (Fig. 9). The slight deviation
Fig. 9 Bending rigidity k0,NSE of the surfactant membrane in the

supercritical CO2-microemulsion D2O/NaCl–CO2–Zonyl FSO 100/Zonyl

FSN 100 at 3 ¼ 0.01, a ¼ 0.40, d ¼ 0.40 and g ¼ 0.350 and four different

pressures between 160 and 300 bar. The k0,NSE values were determined

with the numerical solution of the Zilman–Granek. For comparison the

renormalization correct bending rigidity k0,SANS is shown (dashed line).
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between the NSE results and the renormalization corrected

bending rigidity k0,SANS determined from SANS can be ascribed

to the arguments given above.
5 Conclusions

In order to gain a deeper understanding of the properties of

supercritical CO2-microemulsions, we systematically investi-

gated the phase behavior, the microstructure, and the dynamics

of balanced scCO2-microemulsions containing equal volumes of

water and CO2. The system under investigation, H2O/NaCl–

CO2–Zonyl FSO 100/Zonyl FSN 100, shows a temperature

dependent phase behavior which follows the general patterns

found for nonionic microemulsions. Upon studying the influence

of the pressure systematically, we found that the ability of the

nonionic fluorosurfactants to solubilize water and CO2 strongly

increases with increasing pressure.

The microstructure of balanced scCO2-microemulsions was

investigated as a function of surfactant concentration and pres-

sure using small angle neutron scattering. The scattering data

together with results of the phase behavior studies strongly

support the existence of bicontinuous structures. From a quan-

titative analysis of the scattering data using the Teubner–Strey

approach, we found that at constant pressure the characteristic

periodicity dTS of the microemulsion decreases with increasing

surfactant weight fraction g from 332 �A to 184 �A.

The analysis of the SANS data according to the random field

model yielded the renormalized bending rigidity kSANS as well as

the renormalization corrected rigidity k0,SANS, both of which

correspond almost quantitatively to the values obtained for oil

containing microemulsions. Thus, kSANS was found to increase

with increasing surfactant weight fraction as a result of sup-

pressed thermally induced membrane fluctuations at large

surfactant concentrations and small length scales. k0,SANS on

the other hand was found to be independent of g, i.e. k0,SANS z
0.92 kBT.

SANS measurements that were performed at a constant

surfactant weight fraction as a function of pressure revealed an

increase of the microemulsion domain size with increasing

pressure. This somewhat counterintuitive trend was attributed to

an enhanced monomeric solubility of the surfactant in scCO2 at

high pressures, which leads to a decrease of the membrane

volume fraction fc,i. Upon calculating the bending elastic

constant kSANS and k0,SANS from the structural parameters, we

surprisingly found that by increasing the pressure from 200 to

300 bar, the renormalization corrected (bare) bending rigidity

k0,SANS and thus the stiffness of the amphiphilic film increase

from 0.90 to 0.95 kBT.

Since SANS measurements only allow an indirect determina-

tion of elastic properties of the amphiphilic film, high-pressure

neutron spin echo (NSE) measurements were conducted in order

to investigate the dynamics of scCO2-microemulsions. We found

that fluctuations of the surfactant membranes are directly probed

at q values that correspond to a length scale smaller than the

average membrane–membrane distance. The numerical form of

the Zilman–Granek model was found to be the method of choice

for the quantitative analysis of the dynamic structure factor.

Upon comparing the values of the bare bending rigidity deter-

mined by the means of NSE (k0,NSE) with those determined by
806 | Soft Matter, 2012, 8, 797–807
SANS (k0,SANS) we found that k0,NSE is only somewhat smaller

than k0,SANS. The remaining difference might be an indication

that contributions of the saddle splay modulus to the bending

rigidity kSANS, which are not covered by the Gaussian random

field theory (eqn (3)), play a role. Furthermore the NSE results,

a more direct measure of the bare bending rigidity, confirmed

that the amphiphilic film is stiffened with increasing pressure.

Supercritical balanced CO2-microemulsions are difficult to

formulate and only a few compositions have been successful so

far. They are similar to oil containing microemulsions with

regard to structural and elastic properties. However, the ability

to freely vary the density of scCO2 and therewith its solvent

quality allows fundamental aspects of the elastic properties of

microemulsions to be studied at constant composition.
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