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long wavelength (a 0.5-eV electron has a wave-
length of about 2 nm) and may therefore inter-
act coherently with a large area of the mono-
layer (21), hence, many chiral centers. This last
effect is evident in the rapid loss of asymmetry
when the monolayer film has a 1% dopant of its
enantiomer. The results in Fig. 2B suggest that
the latter effect is dominant for this system.

Two important implications of our results
are sketched here. A solid substrate coated
with a thin layer of chiral molecules could be
used to generate highly polarized electron
beams. For example, after an unpolarized
beam of electrons transverses five layers of
L-stearoyl lysine, it will contain twice as
many “spin up” electrons as “spin down”
ones. The second implication relates to the
origin of chirality in nature. Early studies of
the asymmetry in electron scattering from
chiral molecules was motivated by the sug-
gestion (23) that chiral asymmetry may arise
through the preferential destruction of one
enantiomer in a racemic mixture by spin-
polarized electrons produced in 8 decay (24).
Our results suggest that the electron mecha-
nism for generating chiral asymmetry in na-
ture may be viable if the molecules are ori-
ented by adsorption or other means at an
interface. In such structures, the enhanced
asymmetry in the electron molecule scatter-
ing cross sections (compared with the gas
phase) arises from cooperative phenomena
related to the structure of monolayer films. It
remains to be seen, however, if these asym-
metric interactions can give rise to asymmet-
ric chemical transformations.
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Self-Assembly of Flat Nanodiscs
in Salt-Free Catanionic

Surfactant Solutions
Th. Zemb,* M. Dubois,” B. Demé,? Th. Gulik-Krzywicki®

Discs of finite size are a very rare form of stable surfactant self-assembly. It is
shown that mixing of two oppositely charged single-chain surfactants can
produce rigid nanodiscs as well as swollen lamellar liquid crystals with frozen
bilayers. The crucial requirement for obtaining nanodisc self-assembly is the
use of H and OH™ as counterions. These counterions then form water and
lower the conductivity to 10 microsiemens per centimeter. In the case of
cationic component excess, a dilute solution of nanodiscs is in thermody-
namic equilibrium with a lamellar phase. The diameter of the cationic
nanodiscs is continuously adjustable from a few micrometers to 30 nano-
meters, with the positive charge located mainly around the edges.

Above the chain melting temperature, solu-
tions of single-chain ionic surfactants self-
assemble into micelles in water. A large
number of stable shapes such as spheres,
cylinders, and folded bilayers, but not flat
finite discs, have been reported. If anionic
and cationic surfactants are mixed (catan-
ionic), the strong reduction in area per head
group resulting from ion pairing induces for-
mation of molecular bilayers at low concen-
trations. Thus, vesicles may form spontane-
ously. These vesicles are a thermodynamical-
ly stable state (/). The two counterions of the
anionic and cationic surfactant form a disso-
ciated salt. For a catanionic weight concen-
tration of 5%, the resulting ionic strength
exceeds 0.1 M. Vesicles as well as flexible
cylinders have been identified and described
in catanionic surfactant systems (2, 3). Be-
cause of the high ionic strength between aggre-
gates, electrostatic repulsions are screened. The
osmotic pressure of these aggregates is <100
Pa. In the absence of electrostatic repulsion
stabilizing the system, the catanionic bilayers
spontaneously form closed vesicles (4). Hoff-
mann et al. (5) have published a pioneering
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study of catanionic systems without excess salt;
they have observed strongly repulsive charged
cylinders of limited length.

Catanionic solutions described in the lit-
erature usually consist of five components,
including the two counterions, with overall
electroneutrality. The equilibrium-phase dia-
gram at fixed temperature can then be repre-
sented in space in a tetrahedron containing
the single-phase and multiple-phase regions
(6). A highly stable colloidal solution re-
quires a high osmotic pressure induced by
unscreened electrostatic repulsions. This con-
dition is met in pure catanionic surfactant
solutions that contain only recombining H*
and OH™ counterions plus counterions of the
component in excess. In this case, the phase
diagram can be approximated as a triangle,
with only two degrees of freedom.

In this study, we obtained catanionic solu-
tions by mixing myristic acid (C,,H,,COO~-
H™*) and the hydroxide-exchanged form of
cetyltrimethylammonium chloride [C,H,;N-
(CH,); OH™] (7). Obtaining a pure carbonate-
free surfactant solution requires the use of a
glove box under nitrogen to avoid contact with
atmospheric CO, (7). Near equimolarity, at a
total surfactant content of 20 g/liter, the con-
ductivity was on the order of 10 wS/cm, which
corresponds to an ionic concentration on the
order of 10 uM. The Debye screening length
associated with this conductivity is about 100
nm, compared with 5 to 15 nm obtained with
other counterions (8). The pH varied from 7
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near equimolarity to 12 to 13 at large cationic
surfactant excess. As counterions, the OH™
ions do not influence screening length.

In the absence of excess counterions, two
quantities control the composition of the quasi-
ternary system. The location of a sample in the
ternary-phase triangle will be represented by
using the total amount of dry surfactant ¢ (in
weight %) and the molar fraction of anionic
surfactant » given by

r = [C;;COO H )/{[CsN(CH;); "OH]

+[C;COO H]} N

Myristic acid is insoluble in water; therefore
we have focused our attention on composi-
tions where cationic surfactant is in excess
(r < 0.5; pH > 7). The conductivity is dom-
inated by the excess hydroxide counterions
and the monomeric cationic surfactant. When
r—> 0.5, the surface charge density decreases.
If we assume ideal mixing, the structural
charge of the bilayer formed is given in
charge per square nanometer by

REPORTS
Z =rA (cationic, solid) + 74 (anionic, solid)

+ (1 — 2r)A4 (cationic, liquid) (2)
where the area per molecule 4 is close to 0.25
nm? when chains are solid and 0.6 nm? when
chains are liquid (6). Cryofracture experi-
ments were performed by the same procedure
as in the swollen lamellar or vesicle phases of
other cationic double-chain surfactant solu-
tions (8), adding 30% glycerol (9)

First, we consider the case of a transparent
nonbirefringent dilute sample (¢ = 0.1%). Its
appearance is quite different from other catan-
ionic solutions, which have a bluish appearance
when vesicles are formed. An exceptionally
intense small-angle neutron scattering (SANS)
signal decreasing as the second power of the
scattering vector is produced (Fig. 1A, III). The
power law behavior observed at the surfactant
volume fraction in water (f) close to zero is
g2, where ¢ = 4m/\ sin(8), \ is the incident
radiation wavelength, and 6 is half the scatter-
ing angle. This indicates the existence of flat

Fig. 1. (A) SANS (in ab-
solute units, cm™') ob-
tained with increasing sur-
face charge. For decreasing
surface charge (I to Ill), dif-
ferent microstructures are
encountered: |,r = 0.11 and
¢ = 1.92%, strongly repul-
sive worm-like giant mi-
celles form (L,). I, r
0.305 and ¢ = 0.76%, a
swollen lamellar phase (L7)
of periodicity 78 nm is evi-
denced by five Bragg reflec-
tions (intensity scale X 10
for clarity). Ill, for r ~ 0.5
and ¢ = 3%, a dilute un-
bound dispersion of discs
(U*) is seen (intensity
scale X 1000). (B) Revers-
ibility of static light-scatter-
ing intensity versus scatter-
ing vector [log scale arbi-
trary units (a.u.)] equilibrat-
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objects, at least in the micrometer range, be-
cause ¢ 2 decay extends to ¢ < 8 X 1074 A1,
The local minimum at high g (¢ = 0.15 A=1)
gives the bilayer thickness 2 = 4.2 nm.

In the very low ¢ range, static light-scat-
tering measurements (Rayleigh ratio) also
show ¢~2 behavior over the whole accessible
angular range (Fig. 1B). Heating the sample
to 50°C reduces the scattering by more than
one order of magnitude. The strong initial
light-scattering signal is completely restored
after cooling back to room temperature. This
reversibility demonstrates that the discs are
dispersed at thermodynamic equilibrium. The
in-plane coherence length is in the microme-
ter range (¢~ 2 extends to ¢ < 8 X10~% A~!
with both light and neutron scattering). In-
creasing the concentration of the catanionic
solution produces a clear birefringent gel.
The observed interlamellar spacings of sev-
eral hundred angstroms are unusual for fro-
zen chains and are produced by lateral coales-
cence of discs. Five sharp Bragg reflections
can be observed in Fig. 1A, II. Thus, bilayers
are extremely stiff; no spacing out-of-plane
fluctuations are detectable.

When the molar ratio is decreased to » <
0.10, an isotropic micellar phase of giant
worm-like flexible micelles (L,) forms, pro-
ducing only a broad interaction peak at g =~
0.05 A~! as indicated in Fig. 1A, 1. The
strong-intensity light scattering observed in
this L, region indicates that micelles are giant
flexible, and not small globular, objects, as
expected from curvature theory, close to a
lamellar phase region (/0).

From the shape and position of the wide-
angle x-ray scattering peak (Fig. 2) produced
by the birefringent lamellar sample (Fig. 2)
corresponding to the lateral interchain dis-

0.4 —
0.3+
e 25°C
L 0.2
G
0.1+
J: 50°C
0.0 T T T 1 T
0.0 0.5 1.0 1.5 2.0
q (A"

Fig. 2. Wide-angle x-ray scattering obtained on
a Guinier-Mering camera with image plates.
Sample composition: r = 0.45 and ¢ = 4%.
Scattering curves at 25°C (sharp peak) and
50°C (broad peak) show the transition from
frozen chains (L) to liquid chains (L),
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tance of 4.2 A in the bilayer, we conclude that
the hydrocarbon chains are frozen (/7). The
peak at 1.5 A~! corresponds to the lateral
interchain distance of 4.2 A in the bilayer.
The swollen gel made of positively charged
membranes is therefore labeled Lg. A two-
dimensional array of alternating charges sta-
bilizes the bilayer in a sandwich-like struc-
ture. The stiffness of the unbound discs pro-
duced in phase U™ (unbound) by diluting the
lamellar phase is deduced from the large g
range where the ¢g~2 behavior is observed.
This power law extends to <0.001 A™!: the
unbound nanodiscs appear flat on more than
1 wm in real space (Fig. 1A, ITI) and therefore
have the same rigidity as catanionic bilayers.

We obtained freeze-fracture electron micro-
graphs for rigid nanodiscs with increasing sur-
face charge (Fig. 3). The electron micrographs
focus on the coexistence between the swollen
(Lg) phase and isolated discs. The size of the
dispersed discs decreases when surface charge
increases. Nanodiscs dispersed in a lamellar
matrix at maximum swelling decrease from 3
mm to 30 nm when the molar ratio is decreased
from 0.45 to 0.39 (Fig. 3, A to D). The lamellar
phase in equilibrium with micelles is shown in
Fig. 3E. A dispersion containing only micelles
cannot be resolved by freeze-fracture electron
microscopy (Fig. 3F).

The osmotic pressure of a catanionic sample
for ¢ = 0.04% and r = 0.45 was 500 = 100 Pa
(12). If this dispersion of nanodiscs were in a

Fig. 3. Coexistence of
discs of finite size with a
lamellar phase observed
by freeze-fracture elec-
tron microscopy. (A) A
swollen (L{) phase (peri-
odicity 64 nm) coexists
with large discs of diam-
eter 2to 3 pm (r = 0.447
and ¢ = 3.9%). (B) At
higher charge (r = 0.43),
discs shrink to 250 nm
and the periodicity of the
coexisting lamellar phase
is 100 nm. (C) At r =
0.416, average disc diam-
eter (40 nm) is smaller
than the smectic period-
icity, producing local seg-
regation. (D) Microphase
separation between discs
of diameter 30 nm and a
smectic of periodicity 46
nm occurs for r = 0.39.
(E) At r = 0319, the
large excess of cationic
surfactant induces for-
mation of micelles coex-
isting with the lamellar
phase. (F) Only giant mi-
celles are present for r <
0.1. Bar = 500 nm. Shad-
owing method ensures
that objects observed are
discs and not pores.
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metastable state, the expected thermodynamic
equilibrium phase at finite dilution would be a
smectic phase in equilibrium with excess water.
Thus, the total osmotic pressure would be close
to zero (/3). Samples showed no sign of sedi-
mentation or phase separation after weeks of
storage at room temperature in a sealed contain-
er. Under the same conditions, other catanionic
systems in the presence of excess salt show
closed vesicles as the equilibrium structures at
high ionic strength (/). We can rationalize the
high osmotic pressure in our samples as fol-
lows: the background electrolyte is the critical
micellar concentration of the mixed surfactant,
which is on the order of 30 pM. The surface
potential, deduced from the Grahame equation
(10), is on the order of 300 mV, and the mea-
sured osmotic pressure of the lamellar phase at
maximum swelling (80 nm) is 500 Pa when it
coexists with discs.

According to the thermodynamics of surfac-
tant self-assembly, the stability of discs is very
improbable because flat parts and highly curved
edges must coexist in a single microstructure
(14). How can catanionic nanodiscs be the most
stable shape in the case described here? If the
edges of the nanodiscs were not covered by
surfactant, rigid nanodiscs of bilayers could
form only at a high energetic cost, on the order
of y(2wDr), where +y is the oil-water surface
tension, 2¢ is the disc thickness, and D is the
disc diameter (15). The formation of nanodiscs
described here requires ion pairing on faces

coexisting with highly curved interfaces form-
ing the edges. Adding excess cationic surfactant
reduces the equilibrium size of the nanodiscs.
Therefore, part of the excess cationic surfac-
tant forms the edges of the discs. The final
size is a balance between the entropy of
mixing and electrostatic coupling between
discs; increasing the excess charge favors
small discs until the phase transition toward
worm-like micelles (/6). One of the conse-
quences of this partial charge separation in
the disc is that catanionic nanodiscs bear
high-charge density at the strongly curved
edges, in contrast to clay particles where
edges are hydrophobic (7). The molar ratio
of the two components gives us a direct way
to control the diameter of the nanodisc.

On the basis of results obtained on more
than 100 samples of different compositions
(0.1% < ¢ < 20%; 0.5 < r < 0), prepared in
the presence of atmospheric CO,, we located
the single-phase regions in the water-rich
corner of the phase diagram (Fig. 4). How-
ever, in the absence of atmospheric CO,,
which decreases the conductivity of the
sample to <10 pS/cm, a dilute isotropic
solution (U™) to nematic and then to smec-
tic (L) phase sequence is observed with
increasing concentration.

In the presence of CO,, the maximum
concentration where unbound freely rotating
discs (U™) are observed is ¢ = 0.1%. At r ~
0.5, the lamellar phase in equilibrium with
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nanodiscs corresponds to a concentration of
¢ > 60%—that is, D* spacings of 6 nm.
When r decreases, the lamellar phase in equi-
librium with uncorrelated discs swells up to
D* spacings of 80 nm. At » < 0.35, the (L)
phase is in equilibrium with giant worm-
like micelles. Osmotic equilibrium between
coexisting phases imposes a rapid shrink-
ing of the maximum swelling of the lamel-
lar phase, as previously observed in other
surfactant two-phase regions (/8). At low
myristic acid content (» < 0.1), only giant
micelles are obtained.

The charged (L) phase (Fig. 1A, II)
swells up to spacings of hundreds of ang-
stroms, even with frozen hydrocarbon chains
(Fig. 2). The macroscopic appearance is a
clear birefringent gel. For most phospholipids
in the frozen (L;) state, including mixtures of
charged and uncharged phospholipids, swell-
ing is limited to water thicknesses of only a
few nanometers, 10 times smaller than those
reported here. This unique swelling property
of the catanionic (LJ) phase with hydroxide
counterions results from the absence of dis-
persion forces (19).

Only two surfactant microstructures with
finite and composition-dependent sizes have
been described. Finite-sized needles of de-

Fig. 4. Equilibrium-
phase diagram estab-
lished in contact with
atmospheric CO,, show-
ing giant micelles (L),
lamellar phase with
frozen chains (L}), and
stability region of un-
bound freely rotating
nanodiscs (U*). The
nematic regjon is ob-
served only in the ab-
sence of CO, (not
shown). The molar ra-
tio 0 <<r < 0.5 and the
total surfactant con-
centration 0% < ¢ <
40% are given,

water

0
"

05 04 03 02 0.10
r

Fig. 5. Schematic view
of the sandwich-like
microstructure of a
nanodisc. Inner layer
contains  crystallized
hydrocarbon  chains.
Faces are built from
ion pairs, which act as
double-tailed zwitteri-
onic surfactants form-
ing bilayers. The cat-
ionic component is
red.

x
+

s
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fined persistence length (5) were obtained in
a pure catanionic system and discs were ob-
tained in the presence of excess salt (20).
Mixing long- and short-chain zwitterionic
phospholipids produced uncharged discs ori-
enting in a magnetic field (27). Rigid colloi-
dal particles are known to appear as fibers,
helices, or multilayered tubules made from
flat sheets (22). To our knowledge, no micro-
structure of dispersed isolated flat discs with
a thickness of nanometers and a controllable
diameter from 30 nm well into the microme-
ter range has been reported.

The sandwich-like structure of nanodiscs
with a rigid outer layer of low charge and ion
pairs forming the faces is presented schemati-
cally in Fig. 5, assuming simplistic ordering of
head groups and compatibility between surface
ordering of ionic head groups and frozen
chains. Different melting temperatures have
been observed recently in another catanionic
system for these two surface lattices (23).

The morphology obtained with our catan-
ionic mixtures may be used to produce me-
soporous materials or to orient solubilized
molecules. The size, surface potential, and
electrokinetic properties of this new type of
rigid colloidal particles may thus be consid-
ered for molecular templating (/4). The

* X
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x
x
X
xx %
I+
+
X

w*

XX

I+
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-t -t -b bttt - 4+
sttt totoFeF-t - et
ettt toFoFotot - F 4+

40

nematic phase of the rigid nanodiscs contains
an unexpectedly high amount of water (up to
95%). This may be used to obtain the aniso-
tropic movement needed to deduce bond an-
gles from nuclear magnetic resonance shifts
for nonpolar molecules dissolved in the sol-
vent, such as oligopeptides (24). Finally, it is
likely that this type of stiff catanionic disc
could be used as an easy-to-remove template
surface for polymerization of inorganic ox-
ides—for example, as flat or folded silica
discs of nanometer thickness (25).
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