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emulsions: a new route to proton
conductors

Cecile Noirjean,a Fabienne Testard,a Jacques Jestin,b Olivier Taché,a

Christophe Dejugnatc and David Carriere*a

Solid-state proton conductors operating under mild temperature conditions (T < 150 �C) would promote

the use of electrochemical devices as fuel cells. Alternatives to the water-sensitive membranes made of

perfluorinated sulfonated polymers require the use of protogenic moieties bearing phosphates/

phosphonates or imidazole groups. Here, we formulate microemulsions using water, a cationic

surfactant (cetyltrimethyl ammonium bromide, CTAB) and a fatty acid (myristic acid, MA). The fatty acid

acts both as an oil phase above its melting point (52 �C) and as a protogenic moiety. We demonstrate

that the mixed MA–CTA film presents significant proton conductivity. Furthermore, bicontinuous

microemulsions are found in the water–CTAB–MA phase diagram above 52 �C, where molten MA plays

both the role of the oil phase and the co-surfactant. This indicates that the hydrogen-bond rich MA–

CTA film can be formulated in the molten phase. The microemulsion converts into a lamellar phase

upon solidification at room temperature. Our results demonstrate the potential of such self-assembled

materials for the design of bulk proton conductors, but also highlight the necessity to control the

evolution of the nanostructure upon solidification of the oil phase.
Introduction

Fuel cells, which convert chemical energy from fuel (e.g.,
hydrogen or methanol) into electric energy, exhibit perfor-
mances directly linked to the specic properties of the separator
between the anode and the cathode. In PEMFCs (Proton
Exchange Membrane Fuel Cells), the separating membrane
must show bulk proton conductivity as high as possible, in
addition to a lack of electronic conductivity and low perme-
ability to gases and/or liquids.1 The most famous benchmark
membrane operating at low temperatures (<150 �C) is Naon, a
peruorinated polymer functionalised with sulfonic groups. Its
proton conductivity can reach 10�2 to 10�1 S cm�1 aer suffi-
cient hydration which creates a percolating network of water
and deprotonates the acid sulfonic groups. However, these
performances are strongly related to the amount of water in the
membrane and dehydration decreases the performances of the
membrane by several orders of magnitude. This adds up to
possible mechanical constraints occurring upon swelling/
deswelling of the membrane. This prompts research of alter-
native membranes where proton conductivity occurs
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independently of water content, using protogenic groups like
phosphonates and imidazoles.2

Other potential protogenic groups consist of fatty-acid
molecules. When spread at the air–water interface, they exhibit
signicant bidimensional proton conductivity through
hydrogen bonds between carboxylate headgroups and presum-
ably involving the rst few layers of water molecules.3–5 We
highlight that (i) the reported 2D proton conductivity at the
surface of fatty acid monolayers is of the order of s2D ¼ 10�7 S;
in a hypothetical material made of well-aligned, compact and
defectless bilayers of fatty acids, renormalisation by the typical
molecular sizes (l z 25 Å for myristic acid6) indicates an upper
bound for the bulk (3D) proton conductivity of the order of
s3D ¼ s2D/l ¼ 2 S cm�1 (ii) 2D conductivity is observed provided
the area per molecule is below a critical value, of the order of
35–40 Å2. These conclusions indicate the potential of fatty acids
as starting materials for proton conductors, if their assembly is
sufficiently controlled at the molecular level in order to ensure a
molecular area below the threshold value, and well-aligned
bilayers parallel to the conducting path.

Here, we take advantage of the specic properties of a cata-
nionic surfactant made of the association between a linear fatty
acid (myristic acid, MA) and a cationic surfactant (cetyltrimethyl
ammonium bromide, CTAB) to investigate the possibility to
assemble them into bulk materials with proton conducting
properties. First, we demonstrate that the mixed bilayers
formed by these so-called “catanionic” mixtures7,8 show signif-
icant proton conduction as bulk solid-state materials. However,
This journal is © The Royal Society of Chemistry 2014
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the proton conductivity value in the as-prepared micron-sized
catanionic aggregates remains low compared to the hypothet-
ical upper value of the order of 1 S cm�1. This motivates
assembling the proton conducting catanionic lms into
bicontinuous lms; we further demonstrate that above the
melting point of myristic acid, the mixed lm stabilises a
bicontinuous microemulsion, i.e. forms a mixed MA–CTA lm
with a percolating hydrogen bond network. We nd that
quenching at room temperature fails to preserve the nano-
structure of the liquid-state microemulsion. Our results there-
fore demonstrate the possibility to design bulk proton
conductors from fatty acids, but also highlight the necessity to
better control the nanostructure of the microemulsions upon
solidication of the oil phase.
Materials and methods
Sample preparation and phase diagram

All chemicals were used as received. For the dialysed MA–CTA
mixtures, the required amounts of CTAB,MA andwater are stirred
at 50 �C for two days (MA–CTA ¼ 1/1 mol, (MA + CTA)/H2O ¼ 1%
weight). The turbid solution is then transferred into dialysis
bags (regenerated cellulose, 10 kDa cutoff) and dialyzed against
a 5-fold volume of MilliQ water during ve days. The dialysis
bath is changed every hour on the rst day, then three times a day.
The dialysis step ensures removal of the HBr released
upon association of MA and CTAB.9 Dialysis also progressively
enriches the MA–CTA mixture in the less soluble MA, leading to
the nal composition plateau at a MA–CTA ratio of 64/36, as
previously described. The nal composition of the dialysed
MA–CTA mixtures is therefore (C13COOH)0.77(C13COO

�)(CTA+),
where C13 stands for the C13H27 alkyl chain of myristic acid.

For the microemulsions, the required amounts of cetyl-
trimethylammonium bromide (CTAB, Acros), myristic acid (MA,
Fluka) and MilliQ water, D2O (Eurisotop), or 10 mM Rhodamine
6G aqueous solution (Invitrogen) are homogenised by stirring at
80 �C, and le unstirred at controlled temperature (thermo-
static bath, 20–80 �C � 0.1 �C) for at least one week. The
microemulsions have not been treated by dialysis, and their
nominal composition is directly controlled by the amount of
MA, CTAB and water. The phase diagram has been established
by visual inspection of the mixture. The microemulsions have
been cooled down in ambient air, liquid nitrogen and liquid
ethane without noticeable difference in the X-ray scattering
results.
Dielectric spectroscopy

Impedance spectra were recorded using a Hewlett Packard
impedancemeter HP4192A with an oscillating potential of 20
mV in the frequency range of 5 Hz to 500 kHz. The sample was
placed in a homemade conductivity cell with two platinum
electrodes and a cell constant of 1 cm�1. In order to extract the
conductivity (or resistivity) of the sample, the complex imped-
ance Z has been renormalised to the geometry of the sample:
z ¼ S/tZ with S the surface area and t the thickness (typically, 1
cm2 and 1 mm respectively).
This journal is © The Royal Society of Chemistry 2014
SANS

Small-angle neutron scattering (SANS) measurements were
performed at the Laboratoire Léon Brillouin (LLB, CEA de
Saclay) on the SANS two dimensional detector spectrometer
PAXE. Three congurations were used: a sample-to-detector
distance D of 1.255 m with l ¼ 4 Å, l ¼ 7.8 Å, and l ¼ 12 Å.
Samples were measured in 1 mm thick Hellma quartz cells
thermalized by external circulation coupled to in situ tempera-
ture measurement (T¼ 15–90 �C � 0.1 �C). Data processing was
performed using PAsiNET soware.10 To get the differential
cross-section per volume in absolute units (cm�1), the inco-
herent scattering cross-section of H2O was used as a calibration
standard. It was obtained from measurement of the attenuator
strength, and of the direct beam with the same attenuator.
SAXS/WAXS

Small and wide X-ray scattering (SAXS/WAXS) have been per-
formed on a home-made apparatus in the wavevector range 2 �
10�2 Å�1 < q < 3 Å�1. The X-ray source (rotating molybdenum
anode, l¼ 0.709 Å�1) is collimated via an Osmic mirror through
two hybrid slits (1 � 1 mm2). The beam scattered through the
sample (glass capillary, 3 mm diameter, thermalized via a
home-made temperature controller) was collected on a Mar 345
image plate, with a sample–detector distance of 72 cm (cali-
brated with tetradecanol). The detector count is normalized to
differential cross-section per volume with 3 mm water and 3
mm Lupolen as a secondary reference (Imax ¼ 6 cm�1), with a
photodiode mounted on the beam-stop to monitor the photon
ux.11 The incoming ux is found to be 9 � 107 photons per
second.
Differential scanning calorimetry (DSC)

The thermal behavior was determined by DSC using a Mettler
Toledo DSC 1 STARe System Thermal Analysis calorimeter
equipped with a Gas Controller GC200. Samples were sealed
inside aluminium crucibles of 40 mL in volume. In order to
ensure sample homogeneity, two heating/cooling cycles were
performed as prescans between 25 �C and 85 �C at a rate of 10 �C
min�1. Then thermograms were recorded by applying a heating/
cooling cycle between 25 �C and 85 �C at a rate of 1 �C min�1.
Infrared spectroscopy (IR)

IR spectra were recorded at the Chemistry Institute of Toulouse
(ICT – FR CNRS 2599) using a Nexus Nicolet iN10 MX FT-IR
microscope from ThermoScientic, equipped with a heating/
cooling system ensuring temperature control (within 0.1 �C) of
the samples. The temperature was varied between 25 �C and
80 �C, and spectra were acquired every 5 �C.
Optical and confocal microscopy

Optical observations have been performed on samples prepared
with a 10 mM Rhodamine 6G (Invitrogen) solution in water as
the aqueous phase using an inverse microscope (Olympus, IX
81). Fluorescence emission of Rhodamine 6G (lexc ¼ 543 nm)
Soft Matter, 2014, 10, 5928–5935 | 5929
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was integrated in the 555–655 nm range with a FV 1000 spectral
confocal head (Olympus).
Results
Proton conductivity

Dielectric spectroscopy (Fig. 1) has been performed on a myr-
istic acid–cetyltrimethylammonium (MA–CTA) ¼ 64/36 mixture
aer dialysis to eliminate the H+Br� ions released upon asso-
ciation of the surfactants.9 In the Cole–Cole (z0, z0 0) representa-
tion where z ¼ z0 + iz0 0 is the complex impedance normalised by
the geometry of the sample, the spectra present a semicircle
followed by a straight line at low frequencies, which are
assigned to ionic conduction and electrode polarisation,
respectively.12 The intercept of the semicircle with the z0 axis
gives a resistivity that corresponds to an ionic conductivity value
of 2.7 10�7 S cm�1. This ionic conductivity is assigned to the
migration of the protons at the surface of the mixed MA–CTA
bilayers. Such lateral proton conductivity has already been
reported in Langmuir monolayers of lipids, including fatty acids
(e.g. stearic and palmitic acids).5,13 The proton conductivity of
fatty acids becomes signicant at low surface area per head-
group (typically, 35–40 Å2), and is mediated by proton transfer
through the hydrogen bond network formed by the carboxylate
headgroups and the rst layers of water molecules. Consis-
tently, it has been demonstrated previously that in the MA–CTA
mixtures, the mean area per surfactant is 20 Å2,14 below the
critical values for the emergence of proton conductivity.
Furthermore, these bilayers consist of a mixture of protonated
myristic acid (–COOH headgroups), deprotonated myristate
molecules (–COO�), whose charge is compensated by CTA
molecules (–N(CH3)

+ headgroups).15 As a result, the bilayers
present a mixture of proton donors and acceptors, respectively
the headgroups of myristic and myristate molecules, which
potentially allows proton migration by hopping even at low
concentrations of water molecules.1
Fig. 1 Dielectric spectroscopy of micron-scale aggregates of CTA–
MA bilayers of composition (C13COOH)0.77(C13COO�)(CTA+).

5930 | Soft Matter, 2014, 10, 5928–5935
Impedance spectroscopy therefore supports the possibility to
prepare materials with proton conducting properties from MA–
CTA mixtures. However, the performances are modest
compared to the upper limit of 2 S cm�1 as estimated from the
conducting properties of single fatty acid lms. This outlines
the necessity to shape the lms at the molecular scale in order
to build a percolating bidimensional network while maintain-
ing a low area per chain. For this purpose, we have explored the
possibility to formulate microemulsions where the mixed MA–
CTA lm stabilises the interface between water and molten
myristic acid.
Phase diagram

Myristic acid (MA) melts at 52 �C and forms an oil phase with
little solubility with water (z10�5 mol kg�1 at 60 �C).16

Accordingly, in the absence of surfactant (cetyl-
trimethylammonium bromide, CTAB), macroscopic phase
separation is observed between water and liquid MA at 60 �C.
Addition of CTAB strongly enhances the macroscopic MA–water
solubility. In particular, the macroscopic phase separation
vanishes at a MA–CTAB–water ¼ 70/19/11 weight composition.
The phase diagram at a xedMA–water¼ 0.16 ratio and variable
T and CTAB surfactant content g (Fig. 2) shows also the usual
features of the so-called “sh-cut” of a microemulsion-forming
system:17 a three-phase body is intercepted in the “head” of the
sh, while the microemulsion domains are observed in the
“tail” of the sh.
Nanostructure of the microemulsions

The nanostructure of the clear, isotropic mixture has been
investigated by SANS. The mixtures prepared with D2O instead
of H2O show a correlation peak around qmax¼ 0.16 Å�1 assigned
to the nanostructure of the oil/water partitioning (Fig. 3). The
lineshape is in good agreement with the Teubner–Strey equa-
tion with additional constant incoherent scattering:18
Fig. 2 Cut of the MA–CTAB–water phase diagram at constant water–
MA ¼ 0.16 (weight) and variable CTAB weight fraction (g). Crosses and
stars are experimental points. Stars are samples studied in the rest of
the article. Lines are guide to the eye.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Adjusted parameters to fit the Teubner–Strey equation with
the SANS data of the isotropic microemulsions (MA–CTAB–D2O¼ 70/
18/12% weight) according to eqn (1), with Dr ¼ 6.3 � 10�6 Å�2: the
correlation length (x) and period (d) of the pair correlation function, the
volume fraction of the apolar phase (f) and the incoherent scattering
(Iinc). Error bars on each parameter indicate a 10% deviation on the chi2

upon optimization of all other parameters

T d (Å) x (Å) f (% v/v) Iinc

66 �C 40 � 1 36 � 3 97.9 � 0.5 0.88 � 0.03
76 �C 39 � 1 36 � 4 97.9 � 0.5 0.88 � 0.03

Paper Soft Matter

Pu
bl

is
he

d 
on

 0
4 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
E

A
 S

ac
la

y 
on

 0
2/

10
/2

01
4 

17
:4

7:
32

. 
View Article Online
IðqÞ ¼ 8p

x

fð1� fÞðDrÞ2
l4 � 2m2q2 þ q4

þ Iinc (1)

where I is the normalized differential scattering cross-section
per solid angle per unit volume, Iinc is the incoherent scattering,
f is the volume fraction of either the polar or the non-polar
phase, Dr is the contrast in scattering length density. The
correlation length x and period d of the pair correlation function
are given by:

1

x2
¼ 1

2

�
l2 � m2

�
(2)

�
2p

d

�2

¼ 1

2

�
l2 þ m2

�
(3)

This shows that the period of the correlation extends typi-
cally over d ¼ 40 Å with a range x ¼ 36 Å (Table 1). No depen-
dence with temperature in the 66–80 �C range has been
observed (Fig. 3), nor signicant differences between SAXS and
SANS patterns (Fig. 4a). The characteristic length of the micro-
emulsion is remarkably short (d ¼ 40 Å), as it corresponds
typically to twice the length of a CTAB or MA molecule, or to the
thickness of a mixed CTA–MA bilayer in water (d ¼ 52 Å).15 The
correlation length is close to the periodicity, which reects
loosely ordered structures. Furthermore, the volume fraction of
the non-polar phase (oil phase + surfactant chains) is found
extremely high (98%) despite the zero mean curvature. It there-
fore suggests a nanostructure similar to a disordered network of
oil-rich collapsed sponge phases, also referred to as “diluted
bicontinuous” phases,19 or high internal phase microemulsion
(HIPME).20 Very few examples of such a microstructure have
been experimentally evidenced for microemulsions. Recently, the
topology of these “frustrated microemulsions” has been pre-
dicted as a function of the rigidity and the composition of the
Fig. 3 SANS pattern of a MA–CTAB–D2O ¼ 70/18/12 weight%
mixture. (a) T ¼ 76 �C (multiplied by 2 for clarity) and (b) T ¼ 66 �C.
Lines: best fits with the Teubner–Strey equation.

Fig. 4 X-ray scattering patterns of MA–CTAB–water mixtures, (a) in
the SAXS and (b) in the WAXS regime, respectively. From top to
bottom: myristic acid at room temperature (multiplied by 2 � 105),
MA–CTAB equimolar mixture at room temperature (multiplied by
200), ternary MA–CTAB–H2O ¼ 70/19/11 weight% mixture at room
temperature (multiplied by 10), the same at 60 �C (multiplied by 2), the
same at 80 �C. Stars indicate the Bragg peaks assigned to the mixed
MA–CTA–water lamellar phase.

This journal is © The Royal Society of Chemistry 2014 Soft Matter, 2014, 10, 5928–5935 | 5931
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solution19,21 showing a locally lamellar structure for rigid frus-
trated microemulsions.
Thermal behavior and structural response

Differential scanning calorimetry (DSC) shows that the micro-
emulsions experience two reversible rst-order phase transi-
tions at Tonset ¼ 52 �C and Tonset ¼ 70 �C (Fig. 5). The rst
transition temperature coincides with that observed for myristic
acid (Fig. 5a), whereas the second transition temperature
coincides with that of equimolar MA–CTA mixtures prepared
without water (Fig. 5c). The rst endothermic peak is therefore
assigned to the melting of the oil phase (MA), whereas the
second endothermic peak is assigned to thermal transition of a
mixed MA–CTA amphiphilic lm at the oil/water interface (a so-
called catanionic lm8,15).

This qualitative assignment is supported by quantitative
exploitation of the thermograms. Comparison of the melting
enthalpies of myristic acid and of the microemulsion shows
that 91% � 1% of the myristic acid melts during this rst
transition, i.e. the rest of the myristic acid forms an amphiphilic
complex with the CTAB molecules in the MA–CTA ¼ 0.5 ratio.

Remarkably, the lower-temperature transition (52 �C) occurs
with a strong, reversible change in the nanostructure (Fig. 4a
and b) whereas the second transition (70 �C) occurs without any
detectable structural change (Table 1, Fig. 3 and 4). The lower-
temperature transition is assigned to the solidication/melting
of the oil phase (myristic acid). At room temperature, the
sample is white and solid, and SAXS/WAXS (Fig. 4) demon-
strates the coexistence of two phases: rst, myristic acid crystals
which produce most of the Bragg peaks in the 0.1–3.5 Å�1 range
(Fig. 4a and b, top). Furthermore, in the ternary MA–CTAB–
water mixture at room temperature, the SAXS/WAXS pattern of
myristic acid crystals is superimposed with four Bragg peaks of
regular spacing (Dq ¼ 0.15 Å�1), and a series of Bragg peaks at
Fig. 5 DSC scans (1 �Cmin�1) of (a) myristic acid (offset of 0.06 J �C�1

g�1), (b) a MA–CTAB–H2O ¼ 70/19/11 weight% mixture and (c) an
equimolar MA–CTAB mixture (offset of �0.03 J �C�1 g�1).

5932 | Soft Matter, 2014, 10, 5928–5935
q ¼ 1.49 Å�1, 1.54 Å�1 and 1.67 Å�1 (Fig. 4a and b, stars). This
additional signature is assigned to a mixed MA–CTA–water
lamellar phase with a repeating distance of 2p/Dq ¼ 42 Å. The
presence of Bragg peaks both in the SAXS and the WAXS regime
supports that the mixed lamellar phase shows long-range order
both in directions perpendicular and longitudinal to the
lamellae. Consistent with this assignment, the Bragg peaks of
the mixed lamellar phase are observed in equimolar mixtures of
MA and CTAB (Fig. 4). At lower angles (q < 0.1 Å�1), the intensity
decays as q�3 due to the interface between MA and the mixed
lamellar phase. The absence of the q�4 signature of a smooth
interface (the so-called Porod's law) is a proof of the roughness
of the interface at these characteristic scales (>10 nm). This
demonstrates that phase separation between the lamellar pha-
ses occurs, similar to the emulsication failure in the classical
all-liquid microemulsions stabilized e.g. by n-alkyl poly(ethoxy)
surfactants.17,22

In an opposite manner, the second phase transition is
assigned to the melting of the mixed amphiphilic lm, but
occurs without detectable structural changes (i.e. no curvature
change): neither the microemulsion periodicity nor its correla-
tion length as determined are affected (Fig. 3a and b, and Table
1) despite the well-dened endothermic peak (Fig. 5). This lack
of response originates from the nature of the high-temperature
transition occurring in the lm at 70 �C, which we have eluci-
dated using IR spectroscopy as a function of temperature.
Elucidation of the higher temperature transition

At low temperature (T < 52 �C), the mixtures therefore consist of
a solid mixture of myristic acid and the MA–CTA–H2O lamellar
phase. These lamellar structures vanish simultaneously and
form the microemulsion at a melting temperature that coin-
cides with that of myristic acid (Tm ¼ 52 �C). This suggests that
myristic acid alone melts at the rst transition and that the
mixed lamellar phase organizes at the water/liquid MA inter-
face. The second thermodynamic transition (Tm ¼ 70 �C) is not
accompanied by any detectable change in the nanostructure.
This suggests that it corresponds to a transition of the MA–CTA
interfacial lm.

This interpretation is supported by infrared spectroscopy
results as a function of temperature (Fig. 6). In the 1600–1800
cm�1 range, characteristic of the carbonyl C]O vibrations
(stretching), three series of spectra are observed. They are
respectively characteristic of the mixtures below and above both
thermal transitions. Below 52 �C, the spectra are dominated by
the vibrations at 1689 cm�1 and 1701 cm�1, assigned to MA
cyclic dimers in the solid phase,23 and a band at 1724 cm�1. The
latter wavenumber value is an intermediate between that of the
strongly bound cyclic MA dimers, and that of the free mono-
mers24 (1774 cm�1 and 1785 cm�1). The band at 1724 cm�1 is
therefore assigned to the C]O vibrations in the mixed CTA–MA
lamellar phase.

Above the low-temperature phase transition (52 �C), the
vibrations assigned to the myristic acid cyclic dimers (1689
cm�1 and 1701 cm�1) strongly decrease (Fig. 6b, squares),
whereas the vibration assigned to the MA–CTA complex
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Infrared spectra of a MA–CTAB–H2O ¼ 70/19/11 weight%
mixture as a function of temperature. (a) IR spectra in the carbonyl
C]O stretching vibration region at different temperatures (full lines: in
the 25–55 �C range; dashed lines: in the 55–65 �C range; dotted lines:
in the 70–80 �C range). (b) Relative area of the peaks as a function of
temperature (squares: myristic acid dimers, 1701 and 1689 cm�1;
circles: 1724 cm�1; triangles: 1709 cm�1).

Fig. 7 Microscopic observations of a solid sample (T < 52 �C, MA–
CTAB–10 mM Rhodamine 6G aqueous solution ¼ 70/19/11 weight%
mixture). (a) The two types of crystals seen in optical microscopy. (b)
Segregation of the mixed MA–CTA lamellar phase (bright regions)
from pure myristic acid (dark regions) as observed by confocal
microscopy and (c) needle-shape of mixed MA–CTA lamellar phases
embedded in myristic acid after 3D-reconstruction from confocal
images.

Paper Soft Matter

Pu
bl

is
he

d 
on

 0
4 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
E

A
 S

ac
la

y 
on

 0
2/

10
/2

01
4 

17
:4

7:
32

. 
View Article Online
increases (1724 cm�1, Fig. 6b, circles). This is consistent with
the melting of the solid MA, and with an increased fraction of
MA in interaction with CTAB by uptake of MA into the mixed
interfacial lm. Above the second phase transition (70 �C), the
intensity of the band at 1724 cm�1 decreases strongly, whereas
vibrations at 1709 cm�1 (Fig. 6b, triangles) and at higher
wavenumbers appear (1736 cm�1 and above). The second phase
transition is therefore assigned to the weakening of the inter-
actions with the carbonyl moieties in the mixed CTA–MA
interfacial lm.

We therefore assign the second phase transition to the
rupture of the hydrogen bond network formed at the surface of
the amphiphilic MA–CTAB lm at the interface between water
and oil (molten MA). This assignment is further supported by
the enthalpy associated with this transition (13 kJ per mole of
chain in the MA–CTAB complex), which is consistent with
values usually reported for hydrogen bond networks in fatty
This journal is © The Royal Society of Chemistry 2014
acids.25 Furthermore, the formation or destruction of such a
hydrogen bond network is expected to alter only marginally the
bending modulus of a mixed equimolar MA–CTA bilayer.26

Assuming similar behaviour for monolayers, we elucidate the
absence of nanostructure modication as the higher-tempera-
ture transition is crossed (Fig. 3 and 4).
Soft Matter, 2014, 10, 5928–5935 | 5933
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Crystallisation

Below the low-temperature phase transition (Tonset ¼ 52 �C), the
microemulsion converts reversibly into the mixture of myristic
acid crystals and of the mixed lamellar phase (Fig. 4). The mixed
lamellar phase is unable to self-assemble at temperatures above
the crystallisation temperature of myristic acid, as shown by
SAXS and SANS in the 60–70 �C range (Fig. 3 and 4). The
formation of the mixed lamellar phase is therefore not driven by
the formation of hydrogen bonds, but rather by the crystal-
lisation of myristic acid. Upon crystallisation of the solvent
(myristic acid), the segregation of the aqueous nanodomains is
forced, as observed upon freezing of colloidal suspensions.27

The mixed MA–CTA lamellar phases form aer coalescence
under this effective attractive force. Conversely, upon melting,
the mixed lamellar phases disperse again in the liquid MA
phase and lose long-range correlation.

Consistently with the generic phase diagram proposed to
describe the segregation of nanoparticles upon freezing of the
solvent,28 the morphology of the aqueous domains in the solid
phase is anisotropic (aspect ratio > 5). This is evidenced by
optical and uorescence confocal microscopy (Fig. 7) of
mixtures containing an aqueous solution of Rhodamine 6G
(10 mM) instead of water to label the aqueous phase in
confocal images. Comparison between optical and confocal
images (Fig. 7a and b) of the same zone shows the two
different types of crystals: myristic acid is assigned to the dark
areas in confocal images, whereas the bright dye-rich areas
are assigned to the mixed MA–CTAB–water crystals. The
optical observation conrms the phase segregation between
myristic acid and the mixed lamellar phases, as evidenced by
the X-ray scattering at small angles (Fig. 4), and 3D recon-
struction from the confocal images (Fig. 7c) where an aspect
ratio of the mixed MA–CTA–water lamellar crystals is found to
be above 5.

This situation is consistent with the so-called “unstable”
regime of segregation28 expected for the migration of nano-
meter-sized domains at freezing front velocities typical for
myristic acid (20 mm s�1 at supercooling of a few degrees29).
Conclusion

We therefore have identied the MA–CTA mixtures as potential
proton conductors. However, the modest proton conductivity of
the as-prepared mixtures (10�7 S cm�1), as compared to the
hypothetical upper values (2 S cm�1), stresses on the need for
proper formulation into a well-organised lm e.g. in terms of
percolation. This issue is potentially solved by the bicontinuous
microemulsions we have identied in the water–CTAB–MA
phase diagram, with molten MA playing both the roles of the oil
phase and the co-surfactant. The microemulsions identied in
this MA–CTAB–water system show two thermal transitions. The
unexpected high-temperature transition between two micro-
emulsions has been assigned to the presence of the mixed MA–
CTA lm. As it occurs in a highly imbalanced microemulsion, it
has no structural signature. Our rst conclusion is that it
suggests a possible and general way to stimulate
5934 | Soft Matter, 2014, 10, 5928–5935
microemulsions (e.g. change in surface properties by tempera-
ture) without changing their nanostructure.

Furthermore, we have shown that upon cooling, the mixed
MA–CTA surfactant lm segregates very quickly from liquidMA to
form the mixed lamellar phases. This general understanding
opens possible routes to avoid destruction of the nanostructure in
solidifyingmicroemulsions, without having necessarily to prevent
crystallisation of the continuous phase. Such nanostructure
control is a prerequisite in order to use the temperature-driven
solidication of microemulsions for the design of bulk materials
with properties controlled at the molecular scale, e.g. the
connectivity, the composition and the packing of the interfacial
lm, and potentially translate directly the 2D conductivity of the
lms into high 3D conductivity in bulk materials.
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