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Lyotropic lamellar phases occur naturally and are a key
architectural feature for life to develop as they enable the
formation of closed-cell topologies.[1] But in addition to
closed-cell topologies, enabling life means that the same
solvent must be on both sides of the cell membrane, hence at
least a double-layered membrane structure is necessary. For
this a lamellar phase must be enabled. Herein we show that
the formation of lamellar phases is not exclusive to alkyl-
chain-based surfactants with a well-defined amphiphilic
structure but that it can also be obtained with metallacarbor-
ane clusters, described previously as q-shaped amphiphiles.[2]

Similarly to phospholipid cell membranes the lamellae
formed can exist both in the liquid and in the solid states
depending on temperature. The determination of the 2D
molecular arrangement in the lamella demonstrated that the
formation of intermolecular dihydrogen bonds, such as -C-
Hd+···d�H-B-, is the driving force in the lamella self-assembly
process. Compared to the common bilayer structure that
originates from the hydrophobic effect,[3] q-shaped amphi-
philes form lamellae with a peculiar monomolecular structure
reminiscent of lamellar sheets observed in inorganic layered
systems.[4] Nano-scale ordering of planar organic–inorganic
hybrid sheets is controlled by temperature and concentration
through a self-assembly process.

The lyotropic lamellar phase, characterized by an ele-
mentary smectic liquid-crystal symmetry, is by far the most

common surfactant mesophase.[5] A vast literature can be
found on the topic as it shows practical applications in many
different fields, such as in detergents, pharmaceutics,[6] food,[7]

or materials synthesis as templates.[8] Its mesostructure
consists of parallel stacks of bilayers, the structural unit of
biological membranes, separated by water layers. To distin-
guish between molten and frozen states of the surfactant alkyl
chains, lamellar phases are referred to as La and Lb (or “gel
phase”).[9] Therefore the surfactant has a liquid-like mobility
in La whereas chain motions are highly restricted in Lb, mostly
limited to rotation about the chain axis as is the case in rotator
phases formed in long-chain alkanes. Surfactants in the
bilayers have mostly an all-trans alkyl-chain conformation
with possible chain inter-digitation or chain tilt in the case of
Lb. Lyotropic lamellar phases have only been observed with
molecules that have a well-defined amphiphilic character.

Herein, we show that metallabis(dicarbollide deriva-
tives),[10] large anions with amphiphilic properties, form
lyotropic lamellar phases at high concentrations in water. In
previous studies, the surfactant-like properties of cobaltabis(-
dicarbollide) anion ([COSAN]� with H+ as the counterion)
were highlighted.[2,11] Even though the central region of
[COSAN]� around the cobalt atom is more polar (and locally
charged) than its two extremities,[12] H[COSAN] (Figure 1)

does not show a classical amphiphilic structure and was
therefore named q-shaped amphiphile in reference to its
molecular shape. H[COSAN] self-assembles in water by
forming isotropic phases: vesicles of monomolecular thick-
ness in diluted regime that turn into small micelles by
increasing concentration.

We focus herein on the diiodo-COSAN ([I2COSAN]�

with H+ as counterion, Figure 1) by determining the temper-
ature–concentration (T/f) phase diagram[13] of the binary
system with water that shows the occurrence of anisotropic
birefringent phases (Figure 2). By combining visual observa-

Figure 1. Chemical structure of the amphiphilic ion, [COSAN]� (left),
and its diiodinated derivative, [I2COSAN]� (right) whose shape is
compared to the Greek letter q (far left).
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tions, dynamic and static light scattering (DLS/SLS), small-
and wide-angle X-ray scattering (SWAXS), 11B{1H} NMR
spectroscopy, polarized optical light microscopy (POM) and
freeze-fracture electron microscopy (FF-TEM), several
ordered and disordered phases were identified over a large
range of temperature and concentration.

In the diluted regime, H[I2COSAN] is found to behave
similarly as H[COSAN] by forming vesicles with a radius of
gyration of around 98.3 nm as determined by DLS/SLS (see
Supporting information, Figure S1). At high concentrations
above 35 % v/v, optical microscopy pictures show birefrin-
gence with the presence of Maltese crosses (left side in
Figure 3a) that are typical of lamellar phases. Applying a soft
shear stress, by sliding the microscopy slide cover slip, the
system can be easily mechanically aligned over one centi-
meter square (right side of Figure 3a). At temperatures below

20 8C and volume fractions above 40% SWAXS spectra show
in the low q-range a series of diffraction peaks with a 1:2:3:4
… ratio which is a signature of a lamellar ordering (see the
spectrum at 21 8C in Figure 4b) that confirms the microscopy
observation. The occurrence of many sharp peaks in the large
q-range, above 8 nm�1 indicates a supplementary solid-like
molecular ordering typical of Lb phase. By increasing temper-
ature above 27 8C, these Bragg peaks turn into a broad peak
centered at 9.7 nm�1 (d = 0.65 nm) characteristic of the
melting effect within the lamella. The H[I2COSAN] mole-
cules of the layers undergo here a transition from solid- to
fluid-like behavior which is the characteristic of a Lb to La

transition. This transition was confirmed by 11B{1H} NMR
spectra of 1m solution of H[I2COSAN] in water as function of
T 8C, see Figure S2. Between 20 and 27 8C two series of Bragg
peaks in the low q regime are observed (see Figure 4b at
27 8C) indicating that Lb and La phases coexist and that the
transition is first order. The lamella thickness (d) can be
estimated from d* values, the periodicity of the lamellar
structure, and the [I2COSAN]� volume fraction, f, with d* =

d/f. d lies between 1.1 and 1.4 nm which is in the order of the
molecular length (ca. 1.1 nm for the molecular long axis).
Therefore the lamellae are made of monomolecular layers
with the H[I2COSAN] molecules oriented orthogonally to the
lamella plane. It has already been shown that H[COSAN]
adopts such a molecular arrangement in the wall structure of
vesicles formed in the diluted regime.[2] By increasing further
the temperature, the solution becomes isotropic with no
birefringence and is referred to as the micellar phase, L1.

At intermediate concentrations, between around 4–5%
(around 100 mm) and 40% v/v a stable highly viscous “gel” is
observed at temperatures below 25 8C. Optical microscopy
shows birefringent micrometric inhomogeneity (“hairy-like”)
with a large millimetric spherullitic texture (Figure 3c) which
is commonly observed during crystallization of polymer melts
in highly ordered lamellar regions.[14] SWAXS spectra in this
concentration regime also show a series of diffraction peaks
with a 1:2:3:4… ratio in the low q values and Bragg peaks in
the large q domain, above 8 nm�1, as in the pure Lb phase
(Figure 4b). However, the SWAXS spectra differ from the
one observed with the Lb at higher concentrations. A broad
peak is superimposed on the scattering curves and presents
a maximum intensity at q values around 1 nm�1, depending on
concentration. This contribution to the scattered intensity can
be attributed to the presence of nano-aggregates as it was
previously concluded for H[COSAN] in a similar concen-
tration range.[2] These aggregates were described in a first
approximation as small spherical micelles with an average
aggregation number of approximately 12 and with a radius of
around the length of the COSAN� ion that is, 1.1 nm.
Increasing temperature induces the melting of the gel in
a pure isotropic micellar phase, L1 (Figure 2). This transition
is concomitant with the disappearance of the lamellar
signature in the SWAXS spectra, leaving only the micelle
signal (Figure 4 a, upper curve).[2] Consequently the “gel”
phase is made of a mixture of L1 and Lb phases dispersed in
micro-domains that do not phase separate macroscopically.
Such local segregations of two distinct phases, lamellar and
diluted phases, on a colloidal scale has been observed with

Figure 3. a) Polarized optical microscope images of the “gel” phase
[L1 + Lb] , b) freeze-fracture TEM picture of the pure Lb phase showing
the lamellar arrangement with an apparent inter-lamellar distance of
roughly 5 nm confirmed by SWAXS, and c) optical microscope picture
showing a spherulite texture of the “gel” phase [L1 + Lb] .

Figure 2. Binary phase diagram of H[I2COSAN] in water showing the
existence of lamellar lyotropic phases, La and Lb, isotropic micellar (L1)
and vesicular (V) phase. [L1 +Lb] refers to a “gel” phase being
a microscopic demixion of L1 and Lb. Round data points correspond to
experimental transition phase limits. The vertical dashed lines corre-
spond to the samples at the two concentrations considered in Figure 4
concerning the SAXS study at different temperatures (squares).
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some double-chained surfactant systems[15] as well as in purely
inorganic clay systems forming the so-called tactoids.[16] For
surfactant systems the notation [L1 + Lb] or [Lb] is commonly
used to refer to such Lb + L1 dispersions.

The inter-lamellar distance (d*) in the Lb micro-domains
of the [L1 + Lb] phase can also be calculated from the position
of the first order peak in SWAXS spectra such as d* = 2p/q.
Dilution, as well as a decrease in temperature, leads to
exfoliation (or swelling) of the lamellae whose periodicity
range from approximately 2 up to around 7 nm that corre-
sponds to the maximum swelling (Figure S3). Pictures of the
lamellar arrangement in the Lb phase obtained by freeze-
fracture transmission electron microscopy (FF-TEM) confirm
the 1D long range ordering of the lamella as inferred from the
sharpness of the peaks observed in SWAXS as well as the
order of magnitude of d* (Figure 3b). Swelling of layered
systems is a general process observed for example during the
dilution of lamellar phases made of surfactants, inorganic
covalently bound sheets such as clays[17] or other systems
made of phosphatoantimonate layers.[18]

At constant temperature in the [L1 + Lb] region d*
continuously decreases by increasing H[I2COSAN] concen-
tration (Figure S3) whereas the intensity of the micelles
signal, which is related to the micelle concentration, decreases
(Figure S4). Therefore the compositions in the micro-phases
change continuously while the concentration varies. As
a consequence, the biphasic [L1 + Lb] region does not

represent the case of a macroscopic phase separation with
identified tie lines. For a macroscopic phase separation
between a lamellar phase and a second liquid phase the
osmotic equilibrium condition, that is, jp1�p2 j= 0 with pi the
osmotic pressures in the two phases in equilibrium, sets the
spacing observed between the lamellae.[19] In the present case
the interfacial energy of contact between the two micro-
phases cannot be neglected in the thermodynamic analysis
leading to the master equation jpLb�pL1 j= gA with g and A
the interfacial tension and specific surface between the micro-
phases respectively. For macroscopic dispersions, the large
size of the domains leads to small specific surfaces and to
a negligible contribution of the interfacial energy resulting in
a constant d* value along a given tie line when concentration
is varied. Consequently, the variation in d* observed at
constant temperature can be explained by considering a sig-
nificant contribution of the interfacial energy between the
micro-phases.[15]

To go further in the determination of the lamella
molecular organization, the position of the three main
Bragg peaks observed at around 8.6, 11.2, and 20.5 nm�1

(Figure 4) in the pure Lb and in the biphasic [L1 + Lb]
phases can be analyzed. These peaks correspond to the
diffraction of crystallographic planes within the monolayer
(in-plane diffraction peaks noted qI.P.), as inferred from the
saw-tooth shape of the peaks,[20] while the diffraction peaks
(qa or qb) observed at lower q values correspond to out-of-
plane diffraction. The peaks positions could be well indexed
with an oblique lattice, with lattice parameters a = b = 7.4 �
and q = 80.58, which is one of the five types of the 2D Bravais
lattices. The peaks in the SAXS spectra were then indexed
according to the crystallographic planes (01) or (10), (11), and
(2̄1), respectively, for the first, second, and third peak
observed. We can thus propose a 2D lattice of the lamellae,
as shown in Figure 5, which is in good agreement with the
molecular distances with one [I2COSAN]� ion per lattice. In
this structure it was considered that [I2COSAN]� ions present
a twofold symmetry with the two iodine atoms in trans
position, as shown in Figure 1, which represents the most
stable rotamer, that is, transoid, as supported by the crystal
structures (codes DEXPIF, IHOHAP, IHOHET, and
IHOHIX) in the Cambridge Structural Database. The 2D
arrangement shows that [I2COSAN]� ions are not in close
contact but are separated by a distance of 3.5 � that may be
due to the presence of intermolecular dihydrogen bonds, such
as -C-Hd+···d�H-B- or B-Hd+···d�H-B, reducing the energy of
the crystal. Such dihydrogen bonds are observed in the solid
state for the [BEDT-TTF][I2COSAN] (CSD code
IHOHAP)[21] which has dihydrogen B-Hd+···d�H�B bonds of
3.500 � matching the value found in our case (Figure S7).
According to the 2D structure, it is then likely that the self-
assembly process of [I2COSAN]� ions in monomolecular
lamella relies on a network of such H-bonds while the
formation of bilayers with classical surfactants is mainly
driven by the hydrophobic effect. Interestingly the molecular
area occupied by a [I2COSAN]� ion in the monolayer
decreases from 53.9 �2, that is, the area of the 2D crystal
lattice, in the Lb phase, to 43 �2 in the La phase. This latter
surface area was calculated as the square of the average

Figure 4. SWAXS spectra of H[I2COSAN] in water at different temper-
atures at a) 23.5 and b) 59 % v/v.
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distance between [I2COSAN]� molecules (6.6 �) given by the
broad peak position in the La phase at 9.4 nm�1. Consequently
the density in the film increases during the solid-to-liquid
phase transition, like water does when it turns from ice into its
liquid state, which is an indication for an intermolecular H-
bond network being strongly involved in the structuration of
the 2D I2COSAN film. Note that the I2COSAN density
increases by about 29 % (1�(ALa)3/2/(ALb)

3/2) during the Lb–La

transition whereas the density
of water increases only by 8%
from ice to liquid water. This
significant difference may be
related to the large difference
in the H-bond length between
water, around 1.97 �, and
I2COSAN. Moreover the
increase in the interlamellar
spacing while melting (Fig-
ure S2) may indicate that the
I2COSAN molecules also
partly disorder out of plane
disorder.

Further increase in the
temperature leads to La–L1

transition that shows a dra-
matic change in the aggregate
curvature from plane inter-
face to small nanometric
micelles. Such a transition is
ubiquitous in most surfactant
binary phase diagrams.[13]

During this transition the
average molecular area fur-
ther increases from 43 to
57.8 �2, calculated as the
square of the average inter-
molecular distance between
H[I2COSAN] molecules
(7.6 �) a value determined
from the broad peak position
in the L1 phase at 8.0 nm�1.
For H[COSAN] micelles the
intermolecular peak position
was found at higher q values,
10.8 nm�1 (d = 0.56 nm)[2]

compared to 8.0 nm�1 (d =

0.785 nm) for [I2COSAN]�

the difference being explained
by the presence of the two
bulky iodine atoms that
increases the distance
between closest neighbor mol-
ecules. The increase in the
molecular area from La to L1

phase can be rationalized in
terms of a decrease in the
packing parameter, P[22]

which is a geometrical param-
eter giving a relationship

between the molecular structure and the aggregate state
(P = 1 for plane structures, P = 1/2 for cylinders, and P = 1/3
for spheres). P is defined as P = v/al, with v, the molecular
volume, a, the molecular area, and l, the molecular length. As
v and l are constant, the temperature induced transition from
La to L1 phase is then controlled by the increase in a as noticed
experimentally by the increase in the average distance
between close neighbor molecules.

Figure 5. Molecular representation of the lamellae formed by I2COSAN in water: a) lamellar phase showing
smectic arrangements of I2COSAN monomolecular layers and water layers, b) lateral view of the lamella
and c) schematic representation crystal lattice of the 2D structure showing selected interatomic distances.
Hydrogen bonds indicated by broken lines.
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In conclusion, we have shown that the [I2COSAN]�macro
ion combines properties of purely organic surfactants and
purely inorganic sheet systems, such as clays. Similarly to
surfactants H[I2COSAN] self-assemble in layers that 1) form
lyotropic lamellar phases in the concentrated regime, 2) that
are able to bend into (closed) vesicles in the dilute regime,
and that 3) show a transition from solid-like to liquid-like
state on increasing temperature. On the other hand, lamellas
formed by H[I2COSAN] are made of monomolecular sheets,
such as clay systems, but with the sole difference that they are
not covalently bound. The cohesive energy between
[I2COSAN]� ions, that leads to the lamella formation,
originates presumably from intermolecular dihydrogen
bonds whose formation is possible owing to the different
polarity of the B�H bond vertexes in the [I2COSAN]� cluster.
Monolayers of [I2COSAN]� are less rigid than purely
inorganic covalently bound sheets so their bending is then
accessible with thermal energy leading to the formation of
vesicles which is not possible with clay systems. The formation
of a lamellar phase seems to be a general property of
metallabis(dicarbollide) systems as it could also be detected
with H[COSAN] but at higher concentrations (see the
SWAXS spectra Figure S6). This information on the inter-
molecular forces involved in the self-assembly of COSAN
derivatives in water is essential for a rational design for their
applications in many different fields, such as in the reprocess-
ing of spent nuclear fuel,[23] in analytical chemistry as main
component in ion-selective electrodes,[24] in solar cells design
as fast redox shuttle,[25] in medicine as promising building
block for drug design,[26] or in boron-neutron capture
therapy.[27] The organic–inorganic hybrid lamellar phases
studied could have potential applications as new liquid-
crystal systems for display or memory storage if the cobalt
center can be replaced with a magnetic atom, such as iron.
The tunable oxidation state of the theta-shaped amphiphile
metal[28] could also be used to design active nano-materials for
sensing and for photonic applications.

Received: August 21, 2013
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