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Introduction

Vesicles[1] formed from amphiphilic molecules in aqueous
solutions are fascinating, interesting, and important self-as-
sembled structures with wide-ranging applications in re-
search and as simple model systems for biological membra-
nes.[1a] Since vesicles made of phospholipids, such as lecithin,
were first observed in biological systems,[1b] many routes
have been explored to construct vesicles by using surfactants
in aqueous solution.[1c] Based on the general geometrical
considerations of the packing of molecules into distinct ag-
gregate shapes, surfactants can form bilayer membranes

when the packing parameter P is in the range of 1=2 %P%1
(P=

v
al, in which a is the interfacial area occupied by a sur-

factant head group and l and v are the length and the
volume of the hydrophobic group, respectively).[2] The driv-
ing forces for the formation of self-assembled surfactants in-
clude van der Waals and hydrophobic forces, hydrogen
bonding, and screened electrostatic interactions.[3]

Cationic/anionic (cat-anionic) surfactant mixed systems in
aqueous solution are interesting and have been widely stud-
ied.[4] There are three main features of cat-anionic systems:
1) Cat-anionic systems are often constructed by mixing a
cationic and an anionic hydrocarbon surfactant in aqueous
solution, but cat-anionic fluoro/hydrocarbon mixtures have
been little studied; 2) the electrostatic interaction of the op-
positely charged surfactants significantly reduces the area of
the head groups, which produces novel solution and interfa-
cial properties, for example, aggregates can form at consid-
erably lower concentrations than the cricical micelle concen-
tration (CMC) values of each individual surfactant; and
3) traditionally in cat-anionic surfactant mixtures, by using a
cationic surfactant with a negatively charged ion, such as
Br� or Cl�, as the counterion and an anionic surfactant with
a positively charged ion, such as Na+ , K+ , or NH4

+ , as the
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counterion, the counterions remain in solution to induce
high conductivity. The excess salts screens the electrostatic
interaction between the cationic and anionic surfactants.[4,5]

Recently it was found that “true”, salt-free cat-anionic
surfactant mixtures could be constructed by using OH� and
H+ as the counterions for the cationic and anionic surfac-
tants, respectively, which combine to form water. In particu-
lar, self-assembled structures, such as disk-like micelles and
regular hollow icosahedral aggregates, in true salt-free aque-
ous cat-anionic surfactant solutions have been observed by
freeze-fracture transmission electron microscopy (FF-TEM),
small-angle X-ray scattering (SAXS), and small-angle neu-
tron scattering (SANS).[6–8] Focusing on vesicle formation,
we have developed three ways to prepare a charged vesicle
phase that is not shielded (salt-free cat-anionic surfactant
systems): 1) By adding small amounts of ionic surfactants to
the L3 phase of nonionic surfactants and cosurfactants

[9] (it
is theoretically argued that the vesicle phase is formed in
these systems by the influence of charge density on the
Gaussian bending constant[10]); 2) by mixing a cationic sur-
factant with OH� as the counterion and an anionic one with
H+ as the counterion, but with one of the two components
in small excess;[6–8,11] and 3) by metal–ligand coordination,
that is, by mixing an anionic surfactant with M2+ (M2+ =

Zn2+ , Ca2+ , Ba2+ , etc.) as the counterion and coordinated
surfactants to form a charged vesicle phase without any co-
surfactant and with the charges not shielded because the sol-
utions are salt-free. The vesicle phase was induced by M2+–
ligand coordination, in which M2+ is the central ion and
forms charged bilayers without counterions in the mix-
tures.[12–14]

Herein we report the construction of a new salt-free cat-
anionic vesicle phase in aqueous solution from an unsaturat-
ed fluorocarbon carboxylic surfactant, C7F15CF=CHCOOH,
mixed with a weakly basic surfactant, C14DMAO.
C14DMAO molecules were protonated to form the cationic
surfactant C14DMAOH

+ by the unsaturated fluorocarbon
carboxylic surfactant C7F15CF=CHCOOH.
The structures and properties of the L1 phase (micelle so-

lution) and the birefringent La phase (vesicle phase) were
determined by cryo-TEM, FF-TEM, dynamic light scatter-
ing (DLS), 1H and 19F NMR spectroscopy, and rheological
measurements. The new salt-free cat-anionic fluoro/hydro-
carbon surfactant system is derived from our previous
system that involved mixtures of C14DMAO and dihydroper-
fluorooctanoic acid (C6F13CH2COOH).

[15] In our previous
work, we demonstrated that in many cases vesicles do not
form spontaneously in aqueous solutions of cat-anionic sur-
factants, but may be the result of the shear forces that result
from mixing the components. We observed the classic La

phase with stacked bilayers formed by a chemical reaction
in situ. The lamellar phase can easily be transformed into
vesicles under shearing forces. In this paper we show that
uni- and multilamellar vesicles with one to dozens of shells
and oligovesicular vesicles are formed by mixing the salt-
free cat-anionic fluoro/hydrocarbon surfactant system of
C14DMAO and C7F15CF=CHCOOH in aqueous solution.

There were two purposes of this study, first, to prepare
true salt-free cat-anionic fluoro/hydrocarbon surfactant mix-
tures with an ionically charged vesicle phase that is not
shielded by excess salt in aqueous solutions, which proves to
be valuable and stimulating to fellow specialists, not least
because true cat-anionic surfactant systems do not appear to
have been exhaustively investigated. Second, to construct a
cat-anionic fluoro/hydrocarbon vesicle phase to demonstrate
that the electrostatic interaction between cationic and
anionic surfactants is larger than the nonsynergistic interac-
tion of the stiff fluorocarbon and the soft hydrocarbon
chains of the surfactants.

Results and Discussion

Phase behavior of the C14DMAO/C7F15CF=CHCOOH
system : C14DMAO in water can form micelles that have a
low viscosity. The solubility of C7F15CF=CHCOOH in water
at room temperature is low because C7F15CF=CHCOOH
has a high Krafft point (Tk�55 8C), as determined by differ-
ential scanning calorimetery (DSC) measurements, which
results in simple phase behavior for C7F15CF=CHCOOH in
water at room temperature. When different amounts of
C7F15CF=CHCOOH were added to a C14DMAO micelle so-
lution, the phase behavior was very interesting. For a
C14DMAO micelle solution (100 mmolL�1) mixed with in-
creasing concentrations of C7F15CF=CHCOOH, the solu-
tions are thermodynamically stable up to a mole fraction
(xCF) of 0.444 (�78 mmolL�1 C7F15CF=CHCOOH), as cal-
culated by using Equation (1):

xCF ¼
½C7F15CF¼CHCOOH�

½C7F15CF¼CHCOOH� þ ½C14DMAO�
ð1Þ

For solutions with an xCF value of 0 to 0.138, one observes a
single transparent solution, which is the L1 phase (micelle
solution). Between xCF values of 0.138 and around 0.194, we
observed macroscopic phase separation with an La phase at
the bottom and an isotropic L1 phase at the top. After the
two-phase region, for solutions with xCF values between
0.194 and 0.375, we observed a single transparent birefrin-
gent La phase that is very stable, slightly turbid, and bluish.
The single birefringent La phase contains vesicles, which in-
clude uni-, multilamellar, oligovesicular vesicles, as deter-
mined by cryo- and FF-TEM images. Solutions with mole
fractions of xCF>0.375 again separate into two phases. The
upper phase is an isotropic L1 phase and the La phase is
below. Examples of the phase behavior of the C14DMAO/
C7F15CF=CHCOOH system at different concentrations of
C7F15CF=CHCOOH with and without polarizers are shown
in Figure 1.
The phase diagram of the system that contains C14DMAO

(100 mmolL�1) and C7F15CF=CHCOOH (various concentra-
tions), which includes conductivity and pH measurements, is
shown in Figure 2. For the C14DMAO micellar solution
(100 mmolL�1), one can observe the L1 phase from 0 to
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around 16 mmolL�1 C7F15CF=CHCOOH (xCF=0.138), the
two-phase region between 16 and 24 mmolL�1 (xCF=0.194),
and finally above 24 mmolL�1 one can observe the birefrin-
gent La phase. The conductivity data give clear evidence for

the formation of vesicles within the birefringent La phase.
The vesicles, as demonstrated by the following cryo- and
FF-TEM images, enclose part of the solvent and the conduc-
tivity ions, and consequently, the number of charge carriers
that are in solution and contribute to its conductivity is re-
duced. As a consequence, the conductivity of the vesicular
La phase solutions is lowered. However, the pH values de-
crease gradually in the L1 and La phases as the amount of
C7F15CF=CHCOOH increases.
The La phase is birefringent, as demonstrated by the

cross-like spherulite textures shown in Figure 3. These tex-
tures demonstrate the existence of the lamellar phase.[16]

The birefringent La phase consists of unilamellar (ULV),
multilamellar (MLV), and oligovesicular (OV) vesicles, as
shown by the cryo-TEM micrographs in Figure 4. Much in-
formation on the vesicles can be obtained from the cryo-
TEM images. The multilamellar vesicles located in the top
left corner of Figure 4a are clearly tetralamellar. Tri- and bi-
lamellar vesicles can also be easily identified in the cryo-
TEM micrographs. Thus, there should be more than one

Figure 1. Phase behavior of C14DMAO (100 mmolL�1) with increasing
concentrations of C7F15CF=CHCOOH observed without (top) and with
(bottom) polarizers at (25.0�0.1) 8C. Concentrations of C7F15CF=

CHCOOH are from left to right 10, 20, 30, 40, 50, 60, and 66 mmolL�1.

Figure 2. Phase diagram of the system that contains C14DMAO
(100 mmolL�1) and C7F15CF=CHCOOH (various concentrations) at
(25.0�0.1) 8C. Conductivity and pH changes are included in the phase di-
agram.

Figure 3. A typical polarized image of the birefringent La phase for
C14DMAO (100 mmolL�1) and C7F15CF=CHCOOH (50 mmolL�1) at
(25.0�0.1) 8C. The scale bar represents 100 mm.

Figure 4. Different magnification cryo-TEM images of the birefringent La phase for C14DMAO (100 mmolL�1) and C7F15CF=CHCOOH (50 mmolL�1)
at (25.0�0.1) 8C. Multilamellar vesicles can be observed. The interlamellar spacing between the bilayers can be determined by measuring the spacing dis-
tribution at different locations of vesicles.
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vesicle bilayer and in fact dozens of shells were demonstrat-
ed to be present in the FF-TEM images.
The C14DMAOH

+/�OOCCH=CFC7F15 vesicles were char-
acterized by cryo-TEM, which is a technique that allows us
to observe vesicle morphology directly without the addition
of staining agents. The cryo-TEM micrographs could pro-
vide more interesting and significant information. Two types
of C14DMAOH

+/�OOCCH=CFC7F15 vesicles could be iden-
tified, those that have larger radii or lower curvature and
those that smaller radii or higher curvature.[17] Owing to the
strongly electron-scattering fluorinated chains, it could be
speculated, based on the identical, thick, dark central rings
in Figure 4, that the higher the value of xCF the larger the
radii or the lower the curvature of the aggregates. The
smaller radii or higher curvature vesicles, on the basis of the
lighter-shade rings in Figure 4, should have a lower xCF
value.[17] Without question, the contrasts in the cryo-TEM
images may be due to the different depths of penetration of
the electron beam through bilayers of different diameters.
Of course, one could say that a number of vesicle bilayers

identified from the cryo-TEM images seem to make contact
as a result of electrostatic interactions between the vesicles,
that is, the result of a projection of a three-dimensional sit-
uation onto a two-dimensional situation. The perfect multi-
bilayer vesicles identified in the high-resolution cryo-TEM
images with rather uniform interlamellar spacing of the bi-
layers could validate vesicle microstructure, that is, the exis-
tence of multilamellar vesicles. Cryo-TEM direct imaging
provides unambiguous structural information and is perhaps
the only method to identify unilamellar vesicles, cylindrical
vesicles, discs, worm-like micelles, and so forth, which coex-
ist in a single sample. With
careful sample preparation,
conservative image interpreta-
tion of cryo-TEM images
should be made, especially for
polydisperse vesicle systems.
Additional FF-TEM direct
imaging is necessary and a com-
plement to cryo-TEM observa-
tions. Different magnification
FF-TEM images of the birefrin-
gent La phase for solutions that
contain C7F15CF=CHCOOH
(100 and 50 mmolL�1) at
(25.0�0.1) 8C are shown in
Figure 5. As a complement to
the cryo-TEM images in
Figure 4, FF-TEM images dem-
onstrate that large onions, that
is, multilamellar vesicles with
one to dozens of shells, not just
one to four shells, and oligove-
sicular vesicles exist.
Some of the vesicles were not

easy to categorize because they
were oligovesicular. Unilamel-

lar vesicles with diameters ranging from 60 to 400 nm were
observed. Small unilamellar vesicles are mainly less than
100 nm in diameter, whereas large ones are more than
200 nm in diameter. The diameters of multi-bilayer vesicles
range from 100 to more than 800 nm. The interlamellar
spacing of the bilayers is rather uniform and approximately
60 nm.
In the next experiment, we determined the microstruc-

tures of the salt-free cat-anionic micelles (L1 phase) by DLS
measurements. Based on the CONTIN method of analysis,
Figure 6 shows plots of the intensity contribution function
GiG(Gi) versus the apparent hydrodynamic radius (Rh) for
three L1 phase aqueous solutions at different concentrations
and scattering angles.

Figure 5. Different magnification FF-TEM images of the birefringent La

phase for C14DMAO (100 mmolL�1) and C7F15CF=CHCOOH
(50 mmolL�1) at (25.0�0.1) 8C. Multilamellar and oligovesicular vesicles
can clearly be seen in the images. A typical multilamellar vesicle with
dozens of shells and a diameter of around 800 nm can be identified in the
top of Figure 5b.

Figure 6. Apparent hydrodynamic radius distributions of three L1-phase aqueous solutions: a) 100 mmolL
�1

C14DMAO micelles; b) 100 mmolL�1 C14DMAO/10 mmolL
�1 C7F15CF=CHCOOH with mixed spherical and

small elliptical; c) 100 mmolL�1 C14DMAO/15 mmolL
�1 C7F15CF=CHCOOH with mixed spherical and worm-

like micelles.
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The aqueous solution of C14DMAO (100 mmolL�1) con-
tains small elliptical micelles,[18] as shown in Figure 6a, in
which the size distribution of the micelles consists of only a
single distribution with an average hydrodynamic radius
<Rh> of about 3.60 nm at different scattering angles and a
polydispersity index of n2/hGi2�0.37. The size distribution
of <Rh> is almost the same irrespective of the scattering
angle, which implies symmetrical spherical aggregates, that
is, spherical C14DMAO micelles.
For a mixture of C14DMAO (100 mmolL�1) and C7F15CF=

CHCOOH (10 mmolL�1, Figure 6b), one model is identified
at different scattering angles with an average hydrodynamic
radius <Rh> of around 11.61 nm with an n2hGi2 value of
approximately 0.44. The size distributions show only a small
angular independence, which suggest that this mixture has
similar aggregates to the previous system, that is, mixed
spherical and small elliptical micelles.
For a mixture of C14DMAO (100 mmolL�1) and C7F15CF=

CHCOOH (15 mmolL�1, Figure 6c) completely different
DLS curves were obtained compared with those of Figure 6a
and b. Two models were identified with a scattering angle
q=90o; <Rh> values of around 11.61 nm with n2hGi2�0.29
and around 209.11 nm with n2hGi2�0.47. Three models were
identified at q=60o; <Rh> values of 4.11 nm with n2hGi2
�0.19, 11.60 nm with n2hGi2�0.28, and 300.21 nm with
n2hGi2�0.49. Two models were identified at q=45o, <Rh>

values of 11.79 nm with n2hGi2�0.39 and 312.32 nm with
n2hGi2�0.47. The first size distribution, having a value of
about 4.00 nm, should be the C14DMAO spherical micelles.
The second peak with <Rh> �12.0 nm corresponds to
spherical and small elliptical mixed C14DMAOH

+

/�OOCCH=CFC7F15 micelles. The third size distribution
should be rod-like mixed micelles.
The macroproperties of the L1 and the birefringent La

phases were studied by rheological measurements. Typical
rheograms of two L1-phase samples of 100 mmolL�1

C14DMAO and 100 mmolL�1 C14DMAO/10 mmolL
�1

C7F15CF=CHCOOH are shown in Figure 7. The
100 mmolL�1 C14DMAO L1 phase consists of small spherical
micelles at (25.0�0.1) 8C and behaves like a Newtonian
fluid. The apparent viscosity h remains constant with shear
rate and shear stress increases proportional to shear rate.

For the L1 phase of the 100 mmolL�1 C14DMAO/
10 mmolL�1 C7F15CF=CHCOOH system, the flow of the so-
lution changes from Newtonian flow to non-Newtonian flow,
which is characterized by a gradual decrease in the apparent
viscosity, but the shear stress increases with increasing shear
rate.
The birefringent La phase of the 100 mmolL�1

C14DMAO/50 mmolL
�1 C7F15CF=CHCOOH aqueous solu-

tion has interesting rheological properties. It behaves like a
Bingham fluid. The rheological properties of the birefrin-
gent La phase are completely different to those of the L1
phase (Figure 7). A typical rheogram of one sample of a bi-
refringent La phase is shown in Figure 8. It can be seen that

the complex fluid behaves like a Bingham fluid with a yield
stress value, having the viscoelastic properties, which can be
seen by the fact that the storage G’ and the loss G’’ moduli
remain more or less constant at about 22 and 1–2 Pa, respec-
tively, over the whole frequency range investigated. The
storage modulus is about one order of magnitude higher
than the loss modulus, and the complex viscosities decrease
over the whole frequency range from 0.01 to 10 Hz with a
slope of �1, which suggests the presence of uni- and multi-
bilayer vesicles.

1H and 19F NMR spectra were recorded by using a Bruker
AM-400 spectrometer at (25.0�0.1) 8C to monitor the tran-
sition between the microstructures in the L1 and birefringent
La phases. Typical 1H NMR spectra are shown in Figure 9.
In the 1H NMR spectrum of the 100 mmolL�1 C14DMAO
aqueous solution (in D2O) (Figure 9a), the stereochemical
splitting resonances of a-CH2, b-CH2, d-(CH2)11, w-CH3, and
w’-CH3 are clearly resolved. One can see from the 1H NMR
spectrum of the 100 mmolL�1 C14DMAO and 10 mmolL�1

C7F15CF=CHCOOH L1-phase solution (Figure 9b) that the
addition of C7F15CF=CHCOOH has little effect on the
C14DMAO molecules by comparison with the spectrum of
the C14DMAO solution in the absence of C7F15CF=

CHCOOH.
To compare the 1H NMR results of samples in the L1

phase, the 1H NMR spectra of samples in the La phase were
recorded and are shown in Figure 9c and d. The two samples

Figure 7. Rheological properties of the L1 phase: a) 100 mmolL�1

C14DMAO and b) 100 mmolL�1 C14DMAO/10 mmolL
�1 C7F15CF=

CHCOOH aqueous solutions at (25.0�0.1) 8C.

Figure 8. Rheogram of the oscillatory shear for a birefringent La-phase
sample of 100 mmolL�1 C14DMAO/50 mmolL

�1 C7F15CF=CHCOOH at
T= (25.0�0.1) 8C.
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of 100 mmolL�1 C14DMAO mixed with 30.0 and
50.0 mmolL�1 C7F15CF=CHCOOH form the birefringent
and viscoelastic La phase. The 1H NMR spectra of the La-
phase samples clearly show considerable signal-broadening,
which occurs for two reasons. First, the signal-broadening in
the 1H NMR spectra could be as a result of incomplete mo-
tional narrowing in the birefringent La phase. Second, it
could be a result of the interaction between C14DMAO and
C7F15CF=CHCOOH owing to electrostatic interactions.
Usually, the strong interaction between cationic and anionic
surfactants in aqueous solutions induces a large reduction in
the area of each head group as a result of ion pairing, which
is responsible for the formation of molecular bilayers at low
concentrations. In the correct ratios, vesicles may be estab-
lished spontaneously and are thermodynamically stable spe-
cies.[19–21] Herein, by using 1H NMR spectroscopy, we have
demonstrated the strong interaction between cationic
C14DMAOH

+ formed by protonation and anionic C7F15CF=

CHCOO� in the vesicle phase.
The strong interaction between cationic C14DMAOH

+

and anionic C7F15CF=CHCOO� in the La phase (vesicles)

has also been demonstrated by 19F NMR spectroscopy
(Figure 9). For the L1-phase sample with C14DMAO
(100 mmolL�1) and C7F15CF=CHCOOH (10 mmolL�1),
(Figure 9e), the strong interaction between cationic
C14DMAOH

+ and anionic C7F15CF=CHCOO� produces
considerable signal-broadening in the 19F NMR spectra.
Only the broadened signals of the w-CF3 and d-(CF2)5
groups can be observed in the 19F NMR spectra of the two
samples in the La phase (Figure 9f and g). Other groups
such as b-CF and g-CF2 do not appear in the

19F NMR spec-
tra, which could mean that the interaction occurs between
the head groups of C14DMAOH

+ and C7F15CF=CHCOO�

as a result of electrostatic attraction. The formation of vesi-
cles shows that the electrostatic interaction between cationic
C14DMAOH

+ and anionic C7F15CF=CHCOO� is larger than
the nonsynergistic interaction between the stiff fluorocarbon
and the soft hydrocarbon chains of the surfactants.
For the C14DMAO (100 mmolL�1) L1-phase solution we

detected spherical micelles by DLS measurements, but small
elliptical micelles were also monitored.[18] We have observed
the transition between different phase structures induced by
the addition of acidic fluorocarbon surfactant to the
C14DMAO solution. Vesicles of salt-free cat-anionic
C14DMAOH

+–�OOCCH=CFC7F15 surfactants were pre-
pared. One can assume that the addition of C7F15CF=

CHCOOH to a solution of C14DMAO should increase the
packing parameter because C14DMAO can be protonated
by C7F15CF=CHCOOH to form cationic C14DMAOH

+ . It is
supposed that the acid–base reaction in Equation (2) occurs
between C14DMAO and C7F15CF=CHCOOH to form a salt-
free cat-anionic surfactant mixture. The salt-free cat-anionic
surfactant mixture formed by attractive interactions between
C14DMAOH

+ and C7F15CF=CHCOO� should be responsi-
ble for the formation of vesicles.

C14DMAOþHOOCCH¼CFC7F15 !
C14DMAOH

þ � �OOCCH¼CFC7F15
ð2Þ

Conclusion

For a C14DMAO (100 mmolL�1) L1-phase solution one ob-
serves an isotropic L1 phase, a two-phase L1/La system, and
a birefringent La phase by increasing the concentration of
C7F15CF=CHCOOH in solution. A birefringent La phase
that consists of unilamellar vesicles, multilamellar vesicles
with one to dozens of shells, and oligovesicular vesicles were
prepared in a mixture of weakly basic C14DMAO and acidic
C7F15CF=CHCOOH. The formation of vesicles shows that
the electrostatic interaction between cationic C14DMAOH

+

and anionic C7F15CF=CHCOO� is larger than the nonsyner-
gistic interaction between the stiff fluorocarbon and the soft
hydrocarbon chains of the surfactants.

Figure 9. 1H and 19F NMR spectra of the C14DMAO and C7F15CF=

CHCOOH mixed system. 1H NMR spectra: a) 100 mmolL�1 C14DMAO
L1 phase (spherical micelles); b) 100 mmolL�1 C14DMAO/10 mmolL

�1

C7F15CF=CHCOOH L1 phase; c) 100 mmolL
�1 C14DMAO/30 mmolL

�1

C7F15CF=CHCOOH La phase (vesicles), and d) 100 mmolL�1

C14DMAO/50 mmolL
�1 C7F15CF=CHCOOH La phase (vesicles).

19F NMR spectra: e) 100 mmolL�1 C14DMAO/10 mmolL
�1 C7F15CF=

CHCOOH L1 phase; f) 100 mmolL
�1 C14DMAO/30 mmolL

�1 C7F15CF=

CHCOOH La phase (vesicles), and g) 100 mmolL�1 C14DMAO/
50 mmolL�1 C7F15CF=CHCOOH La phase (vesicles).
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Experimental Section

Chemicals : The unsaturated 8-2-fluorotelomer acid C7F15CF=CHCOOH
(MW=458.1 gmol�1, melting point: 101.5–104.5 8C) was a gift from
Hoechst Aktiengesellschaft Werk, Gendorf (Frankfurt-am-Main, Germa-
ny) and was used without further purification. Tetradecyldimethylamin-
oxide (C14DMAO) was a gift of Clariant AG, Gendorf (Frankfurt-am-
Main, Germany) and was delivered as a 25 wt% solution. It was crystal-
lized twice from acetone and characterized by its melting point (130.2–
130.5 8C) and c.m.c. (1.4N10�4 molL�1).

Methods : Different amounts of C7F15CF=CHCOOH were added to a
C14DMAO micellar solution (100 mmolL�1), which has a zero-shear vis-
cosity jh0 j of 1.98N10�3 Pas, a conductivity k of 49.40 mScm�1, and
pH 8.40. The mixed sample solutions were homogenized by shaking and
then thermostatted at (25.0�0.1) 8C for 3 to 4 months to reach equilibri-
um. Preliminary studies involved visual inspection either with or without
crossed polarizers to verify the homogeneity and birefringence of the
samples. Polarizing optical microscopy measurements of birefringent
samples were performed by using a Carl Zeiss Axioskop 40 light micro-
scope (Germany). The pH values and conductivities of the samples were
measured with a PHS-3C pH meter and a DDSJ-308A conductivity
meter, respectively.

The rheological measurements were performed with a HAAKE Rheo-
Stress RS75 instrument. The magnitudes of the complex viscosity jh* j ,
the storage modulus G’, and the loss modulus G’’ were measured in a fre-
quency range of 0.01–10 Hz.

To prepare dust-free solutions for DLS measurements, the sample solu-
tions were filtered directly into dust-free light-scattering cells through
Millipore sterile membrane filters depending on the concentrations and
the sizes of the aggregates. The light-scattering cells were rinsed inside
and out with distilled (dust-free) acetone to ensure dust-free conditions
before use. A standard Brookhaven Commercial laser light-scattering
spectrometer equipped with a coherent radiation 200 mW diode-pumped
solid-state (DPPS) 488 laser operating at 488 nm and a Brookhaven In-
struments Corporation (BI-9000 AT) correlator was used in the DLS
measurements. The spectrometer is capable of measuring both the angu-
lar dependence of the absolute integrated scattered intensity over a scat-
tering angular range of 20–140o and the intensity–intensity digital photon
correlation over a similar angular range (DLS and dynamic depolariza-
tion light scattering). About 2–3 mL of the sample solutions were trans-
ferred into scattering cells for light scattering measurements. The scatter-
ing cells were held in a brass thermostat block filled with silicone oil with
a matching refractive index. The temperature was controlled to within
�0.05 8C.
DLS measures the intensity–intensity time correlation function G(2)(G) in
the self-beating mode where G is the characteristic line-width. G(2)(G) can
be related to the electric field time correlation function g(1)(t) given by
Equation (3), in which A and b are the background (baseline) and a co-
herence factor (a parameter depending on the detection coherence), re-
spectively. The electric field time correlation function g(1)(t) was analyzed
by the constrained regularized CONTIN method[22,23] to yield the charac-
teristic line-width distribution G(G) by inversion of Equation (4).

Gð2ÞðGÞ ¼ Að1þ bjgð1ÞðtÞj2Þ ð3Þ

jgð1ÞðtÞj ¼
Z 1

0
GðtÞe�GtdG ð4Þ

The first and second moments of G(G) are <G>=
R 1
0 GG(G)dG and n2=R 1

0 ACHTUNGTRENNUNG(G�<G>)2G(G)dG, respectively. The value of n2/<G> is a measure of
the particle polydispersity. If the relaxation is diffusive, G can be related
to the average apparent diffusion coefficient (D) by Equation (5), in
which q is the magnitude of the scattering wave vector which is given by
Equation (6), in which n0 is the refractive index of the liquid, l0 is the
wavelength of the laser in a vacuum (here l0=532 nm), and q is the scat-
tering angle. The apparent hydrodynamic radius Rh can be obtained from
the Stokes–Einstein equation [Eq. (7)], in which kB is the Boltzmann con-
stant and h is the solvent viscosity at temperature T. Based on Equa-

tions (4) and (5), a characteristic line-width distribution G(G) corre-
sponds to a distribution of an apparent hydrodynamic radii from which,
for example, the average apparent hydrodynamic radius Rh can be deter-
mined. The DLS measurements were performed at finite concentrations
and interparticle interactions have been neglected.

D ¼ G=q2 ð5Þ

q ¼ 4pn0
l0

sin
q

2
ð6Þ

Rh ¼
kBT
6phD

ð7Þ

Carbon film grids with hole sizes between 1 and 12 mm were used for
specimen preparation. A drop of the sample solution was placed on an
untreated coated TEM grid (copper grid, 3.02 mm, 200 mesh). Most of
the liquid was removed with blotting paper to leave a thin film stretched
over the holes. The specimens were instantly shock-frozen by plunging
them into liquid ethane in a temperature-controlled freezing unit (Zeiss,
Oberkochen, Germany). After freezing the specimens, the remaining
ethane was removed by using blotting paper. The specimens were insert-
ed into a cryo-transfer holder (Zeiss, Oberkochen, Germany) and trans-
ferred to a Zeiss CEM 902 apparatus equipped with a cryo-stage. Exami-
nations were carried out at a constant temperature of 90 K. TEM was
carried out with an accelerating voltage of 80 kV. Zero-loss filtered
images (DE=0 eV) were taken under low-dose conditions. To determine
the mean lamellarity, micrographs of three different areas of the speci-
men were used. All vesicles contained within several holes of the carbon
film grid were counted to ensure an average count of small and large
vesicles.

To characterize and detect the structures of the La phase, FF-TEM was
carried out. For FF-TEM observations, a small amount (�4 mL) of
sample was placed on a 0.1 mm thick copper disk covered with a second
copper disk. The copper sandwich of the sample was frozen in liquid pro-
pane cooled by liquid nitrogen in advance. Fracturing and replication
were carried out in a freeze-fracture apparatus (Balzer BAF 400, Germa-
ny) at a temperature of �140 8C. Pt/C was deposited at an angle of 45o.
The replicas were examined by using a JEOL 100cx II TEM instrument
(Japan) at an accelerating voltage of 100 kV.

The 1H and 19F NMR spectra were measured with a Bruker AM-400
spectrometer. The measurements were conducted by using 5 mm NMR
sample tubes.

All of the experiments described above were performed at (25.0�
0.1) 8C.
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