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Abstract — We show that organic rigid nanodisks of controlled size can be produced using a balanced pair of
jonic surfactant molecules in a catanionic system. The counter-ion for the cationic surfactant is hydroxide. The
counter-ion of the anionic surfactant is the hydronium ion. Close to equimolarity, counter-ions from water
molecules: fluid solutions of ultra-low conductivity are obrained. This solution contains rigid disks of thickness
4 nm: chains are frozen and surfaces are covered by ion pairs formed by the headgroups. The overall size of the
disks is continuously adjustable from micrometer to nanometer size and is controlled by the excess of one of the
two single chain surfactants involved. Unbound dispersed, nematic and lamellar structures are detected and
located in the ternary equilibrium phase diagram at room temperature. © Académie des sciences/Elsevier, Paris
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Résumé - Fabrication de nanodisques organiques rigides a I'aide d’'un mélange catanionique de
tensioactifs. Nous montrons que des nanoplaquettes rigides de taille contrdlable peuvent étre obtenues en
utilisant un mélange de tensioactifs catanioniques dont I'un porte un H*, l'autre un hydroxyde. On obtient des
solutions diluées isotropes optiquement et qui contiennent des nanodisques rigides d’épaisseur 4 nm. Les
chaines hydrocarbonées sont dans I'état cristallin. La taille des nanoplaquettes organiques formées est continfi-
ment ajustable, de Pordre du micrométre 4 quelques nanomeétres. Les plaquettes sont constituées d’une partie
centrale plate et rigide. Des paires d’ions stabilisent chacune des faces. Un premier diagramme de phase d’équi-
libre schématique comprend des zones isotropes, nématiques et lam ellaires. © Académie des sciences/Elsevier,
Paris

nanodisques / phase lamellaire / surfactants catanioniques

Version francaise abrégée

Depuis les travaux d'Hoffmann et de Kaler, on sait que des mélanges de tensioactifs anioniques et
cationiques en solution diluée peuvent produire des vésicules unilamellaires a 1'équilibre thermo-
dynamique.

Notre but est d'obtenir des systémes colloidaux fortement couplés, dans lesquels les interactions
répulsives s'étendent plus loin que les premiers voisins.
q

Nous montrons que des nanoplaquettes rigides de taille contrdlable peuvent étre obtenues en uti-
lisant un mélange de tensioactifs catanioniques. Si le contrz-ion du surfactant cationique est un
hydroxyde alors que le contre-ion du partenaire anionique est un ion hydronium, des molécules d'eau
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sont formées lors du mélange des tensioactifs. On obtient ainsi des solutions diluées isotropes opti-
quement et de conductivité remarquablement basse (de 'ordre de 100 uS-cm™), ce qui démontre que
les especes ioniques dominantes sont en concentration de 'ordre de 10 pmol-L™".

La solution colloidale obtenue contient alors des nanodisques rigides d'épaisseur 4 nm. Les expé-
riences de diffusion de rayons X aux angles moyens démontrent que les chaines hydrocarbonées sont
dans I'état cristallin & température ambiante : I'intérieur hydrophobe de la nanoplaquette est un cristal
bidimensionnel de chaines hydrocarbonées.

Le diametre des nanoplaquettes organiques formées est continiment ajustable dans une gamme qui
vade 3 Wm 4 30 nm. La distribution de tailles est déterminée par comptage sur des clichés de cryofrac-
ture. Les plaquettes sont constituées d'une partie centrale plate et rigide. Le comportement asymp-
totique mesuré aux tres petits angles en diffusion de neutrons permet de fixer une limite inférieure
pour la longueur de persistance dans le plan 3 1 nm, 4 température ambiante et pour une épaisseur de
4 nm. Cela signifie que le module d'élasticité est de I'ordre de 0,2 GPa, une valeur exceptionnellement
élevée pour un systeme moléculaire organisé constitué¢ de molécules organiques.

Des paires d'ions stabilisent chacune des faces. Le bord des nanoplaquettes est constitué principa-
lement du tensioactif ionique en exces : la courbure spontanée du tensioactif ionique forme une inter-
face trés courbée vers I'intérieur hydrophobe. La taille des nanoplaquettes est fixée principalement par
chaque fraction molaire des composés anionique et cationique en présence. Lorsque le rapport molaire
tend vers un, la charge électrique globale des nanodisques diminue et I'on produit les nanoplaquettes
les plus grandes, car le colit en entropie de mélange nécessaire a former les bords des nanoplaquettes ne
peut pas étre compensé par le gain d'énergie d'interaction électrique entre plaquettes associé a la dis-
persion des charges.

Ces nanoplaquettes ont été rencontrées en phase isorrope ol les plaquettes sont indépendantes, en
phase nématique et en phase smectique. Un premier diagramme de phase d'équilibre schématique est
déterminé. Les applications possibles des nanoplaquettes sont : 'orientation de molécules adsorbées
sur des plaquettes dans la phase nématique diluée, orientable en champ magnétique et dans la poly-
mérisation en surface des nanodisques de composés inorganiques. L'utilisation de nanodisques ulcra-
rigides de catanioniques comme support réactionnel présente un avantage unique par rapport aux
matrices cristal liquide actuellement utilisées : les nanodisques peuvent étre tranformés en micelles, par
ajout d'un exces de tensioactif cationique.

complete pseudo-ternary phase diagrams of
several catanionic systems and recently elabo-
rated an up-to-date review of the molecular sys-

1. Introduction

Since the pioneering work of Hoffmann [1],

it is known that mixtures of anionic and catio-
nic surfactants — now labelled as catanionics — is
a procedure capable of producing large aggre-
gates of limited size. Limited rods and a
nematic phase have been observed in the tetra-
decylpyridinium—heptylsulfonate-water ~ sys-
tem. The second crucial observation in the
understanding of catanionic systems was the
experimental evidencing of unilamellar vesicles
at thermodynamic equilibrium by Kaler and
coworkers [2]. For instance, by mixing sodium
octylsulfate and acetylerimethylammonium-
bromide, cylindrical micelles coexist with
closed unilamellar vesicles in the diluted region
of the phase diagram [3]. At the maximum con-
centration of existence, these isotropic solu-
tions are in equilibrium with a liquid crystal
which is a concentrated lamellar phase. Khan
and co-workers have systemarically studied
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tems yet explored [4].

In all these systems, two oppositely charged
ionic surfactants are mixed. Excess salt is
formed by liberation of the counter-ions. For a
total surfactant concentration of about 20 g/L,
this means that the ionic strength due to this
added excess salt is of the order of 0.1 M, thus
inducing a Debye screening length of the order
of 0.3 nm. Indeed, strongly screened electro-
static interaction dominates the thermody-
namic behavior of such catanionic systems
containing five components (two surfactants,
two counter-ions and water), bound by one
electroneutrality constraint [5].

The aim of this work is to try to identify
stability regions of ‘true’ catanionics, i.e. cata-
nionic aggregates in the absence of residual
counter-ions. If stable surfactant aggregates
exist in low ionic strength conditions, for exam-



ple micromoles per liter, the electric coupling
will be orders of magnitude higher than in clas-
sical catanionic solutions. These strongly cou-
pled systems described here for the first time
should have some common features with clay
systems, such as diluted solutions of high
osmotic pressure.

The method proposed here to avoid the pres-
ence of excess counter-ions is to use the mixture
of an insoluble fatty acid (myristic acid) with a
cationic surfactant ion exchanged in its hydrox-
ide form. Since the two counterions react to
form water and the cmc of the mixed system is
of the order of ten micromoles per liter, this
choice of catanionic components ensures that
the Debye screening length is larger than the
average interparticular distance, the condition
of highly coupled electrostatic behavior of col-
loids.

The present paper demonstrates the presence
of several microstructures of strongly coupled
charged nanodisks: disks in equilibrium with
micelles, disks in equilibrium with a swollen
lamellar phase and unbound isotropic solution

of disks.

2. Experimental

A classical method used for selecting a given
counter-ion for an ionic surfactant is to use ion
exchanging resin, such as BIO-RAD AG MP-1.
The resin is first loaded to saturation with a con-
centrated NaOH 1 M solution. The column is
then washed with 10 % ethanol solution in
water to remove excess sodium ion. A concen-
trated surfactant (0.1 M with 10 % ethanol
added) is then eluted through the column. The
output of the column is evaporated under
reduced pressure, redissolved in water and
lyophilised. Applied four to five times to CTABr
(cetyltrimethylammonium bromide), this pro-
cedure leaves in the final lyophilised surfactant
98.5 % of the desired (OH) counter-ion, but
still of the order of 1.5 % of the initial bromide.

To obtain CTAOH with more 99.9 % ion
exchanged, we have used an improved pro-
cedure. CTABr (0.1 M) is reacted in stoec-
hiometric quantity with Ag,O. Silver oxide
powder gives silver hydroxide in solution
Reaction produces insoluble silver bromide
which is centrifuged twice (4000 rpm and then
20000 rpm twice during one night) to remove
not only large colloidal precipitates, but also the
AgBr nanoparticles. To avoid reaction with dis-
solved CQO,, the whole procedure has to be done

Nanodisks of catanionic surfactants

using degassed water and under controlled
nitrogen atmosphere in a glove box. Capillary
electrophoresis is used to check the absence of
residual parasitic counter-ions (less than 0.1 %)
or residual bromide (less than 0.01 %).

The myristic acid was of commercial origin
and used without further purification. Dosage
using capillary electrophoresis could not evi-
dence the presence of residual parasitic counter-
ions coexisting with H*: the highest possible
value of residual parasitic counter-ions of our
sample i3 estimated to 0.01 molar fraction ver-
sus carboxylate.

Cryofracture experiments were conducted in
original sample or in the presence of 30 % glyc-
erol and allows observation of swollen lamellar
phase with the same method and precision than
described for cationic lamellar phases and ves-
icles [6]. Small angle neutron scattering was
performed at ILL on spectrometers D11 and
D22 using standard data reduction procedures.

SAXS data were obtained on a standard
Guinier-Mering camera for large angles
(0.04 A" < g < 2 A7) and on a home build
Huxley—Holmes type camera for low-¢ spectra
(0.015 Al < g < 0.4 A" [7]. Nature of the
phase with rigid chains was determined by the
method proposed by Tardieu and Luzzatti,
using identification from the position, number
and shape from reflections in the range of 4.2 A
Brage spacing [8].

3. Results

Since rhere is no salt in excess, the two con-
trolling variables are the volume fraction and
the anionic mole fraction

r = [C3COOT/([CTA™]+[C,,COOT)

We describe in this paper mainly the region
r< 0.5, .e. when the cationic surfactant is in
excess, the surfactant aggregate is negative and
the apparent pH measured by an electrode is
higher than 7. The excess of counter-ions cor-
responds to the excess OH™ ions not neutralised
by the fetry acid.

The existence of extraordinarily large sur-
factant aggregates is suspected from unusually
strong light, X-ray and neutron scattering
obtained in the diluted region of the phase
diagram, i.c. when r is of the order of 0.40 and
volume sraction of surfactant of the order of
1-2 %. Unlike the case of limited size vesicles
[9], the SANS observed in the dilute range
behaves as q‘“z as shown of figure 1.
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Since there is no inflexion point visible at
qaround 5.10~ A™!, the in plane persistence
length of platelets producing the scattering
shown on figure I exceeds 1 pm. From the
Guinier plot for flat particles as shown in the
insert, one deduces from the sieep minimum
position that the bilayer thickness is 43 + 0.5 A.
From the SAXS peaks detected at high angles,
we know that the chains are frozen at room tem-
perature in the platelet, thus inducing a high
stiffness of the bilayer. Near from the binary
axis, in the quasi-binary CTAOH/water system
(r = 0), scattering intensity is lower and
compatible with giant wormlike micelles [10].

Diluted samples with volume fraction of the
order of 1 % were studied using electron micro-
scopy. The disks observed in the diluted region
are shown on figure 2. The characteristic sizes,

obtained on the statistics of the order of 100
objects, are shown on table I.
Table I. Composition and known characteristics of the

platelets of thickness 4.3 nm shown on figure 2.

Tableau I. Composition et caractéristiques des nanodis-

ques d’épaisseur 4,3 nm de la figure 2.

A r=45.4 % a=25 D = 2600 £ 500 nm
B r=43,0% a=138 D =330+ 120 nm
C r=41.6 % a=155 D =80+40nm
D r=39.0 % a=1.1 D=30+5nm

Total surfactant mass fraction ¢, molar fraction 7, 2 area
per charge in nm?, D average diameter and median devi-
ation obtained by measurement of 60 platelets on the
TEM image.

Concentration massique ¢, rapport molaire  de tensioacrif
anionique, # aire moléculaire par charge structurale en
nm?, D diamétre moyen et écart médian obtenu par
mesure de 60 objets.
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Figure 1. SANS produced by a diluted (¢ = 1.5 %) isotropic (U) dispersion of nanodisks. Due to the low structural charge,

the structure factor can be neglected. The scattering observed is compared to the form factor of an infinite disk of chickness
4.26 nm. Form factors of spherical and cylindrical micelles presenting a first oscillation at the same g-value are shown for

comparison.

Figure 1. Spectre de diffusion de neutrons d’une solution de nanodisques rigide peu chargée, le rapport molaire = 45,7 %
et la concentration 1,5 %. En raison de la faible charge scructurale (2= 0,11 nmz/q), le facteur de structure est négligeable. Le

spectre est comparé au facteur de forme d’'un disque plan infini d’épaisseur 4,26 nm. A titre de contre-exemple, les facteurs de

forme de micelles sphériques et cylindriques présentant un premier minimum au méme endroit que I'expérience sont tracés

en pointillés a la méme échelle.
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In all of the samples imaged, the net surface
charge is positive, due to the excess of cationic
surfactant. Moreover, the equilibrium size is
strongly dependant on the ratio between ani-
onic and cationic surfactant: overall size shrinks
from over a micron to 30 nm within a molar
ratio change of less than 10 %.

The apparent pH, measured with an standard
electrode, is close to 13 for all the samples: OH~
is the dominant counter-ion; its concentration
is close to the excess of cationic surfactant for
samples which are not in contact with atmos-
pheric CO,. The conductivity is also low, in the

Nanodisks of catanionic surfactants

order of 100 microsiemens, demonstrating that
there is no excess salt formed by residual para-
sitic counter-ions [10]. These sample contains
only disks, without coexistence of spherical or
giant flexible cylindrical micelles. This is shown
on figure I: we have superposed to the data the
SANS spectra calculated for non-interacting
micelles: these are orders of magnitude lower.
Simulation on the insert gives bilayer thickness
from the dip position as: 4.3 nm.

What is the mechanism of formation of these
platelets which exist only in a narrow range of
molar ratio between the two surfactants? A par-

Figure 2. Cryoerching TEM images obtained from nanodisks in the diluted region of the phase diagram: (A) molar ratio
R = 45.4 %, concentration (by weight) ¢ = 0.17 %; (B) R = 43.0 %, c= 3 9%; (C) R=41.6%, ¢ = 3 % ; (D) R =39.0 %,
¢=3%. From (A) to (D), the structural charge of nanodisks increases and the average diameter decreases.

Figure 2. Clichés de microscopie électronique d'échantillons obtenus par cryodécapage dans la zone diluée en eau. (A) Rapport
molaire R = 45,4 %, concentration massique ¢ = 0,17 % ; (B) R=43,0%, c=3%; (C) R=41,6%, c=3 % ; (D) R=39.0 %,
¢ =3 %. De (A) a (D), la charge électrique nette négative des nanoplaquettes croit et la taille des nanodisques diminue.
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tial molar separation between edges and faces is
the driving force. Edges are enriched in anionic
surfactants, while faces are an equimolar mix-
ture of anionic and cationic surfactant. The
reasons for this behavior are the following:
(a) CTAOH with a low amount of myristic
amount form cylindrical micelles (r < 0.1)
found in the phase diagram; (b) size of platelets
is increasing when approaching equimolarity, as
it should because it is more and more difficult
to form edges with high curvature (c) charged
edges produce a strong scattering peak in con-
centrated samples (¢ > 2 %) while ion pair
formation on the faces of nanodisks induces
freezing of the hydrocarbon chains [10].

The driving mechanism is therefore a com-
petition between local deviation from average
concentration, at an entropy cost versus elec-
trostatic energy, focused on edges kin the
absence of salt [11]. The mechanism is close to
the driving force for vesicle formation in
catanionics mixtures with high salt content,
where mixing entropy competes with bending
energy as demonstrated by Safran [12, 13].
Spontaneous vesicles have already been evi-
denced in pure double chain hydroxide sur-
factants, binary analogs of the systems
described here. The difference is that the chains
are not frozen, therefore vesicles are formed
(14]. In catanionic systems with fluid chains,
the free energy terms involved in this compe-
tition have been calculated and compared to
the position of the lamellar phase in the com-
position triangle [15].

Figure 3 shows scattering spectra obtained on
the phases on equilibrium with platelets. Lg is a
lamellar phase with frozen hydrocarbon chains.
This lamellar phase swells up to 200 A perio-
dicity in the absence of dissolved CO, and
more than 1000 A in the presence of dissolved
CO,. The mechanism for that increased stabil-
ity range is adsorption of carbonate ion on the
globally neutral faces of the platelet. Bragg
peaks remain sharp; to our knowledge perio-
dicities exceeding 600 A for some compositions
with still 7 Bragg orders visible on a log scale are
the highest values ever evidenced by SANS
expenmcnts for a swollen Lg gel. Extreme swell-
ing of DMPC bilayers exceedmg 1000 A usu-
ally require addition of a sterically stabilizing
polymer, such as a hydrophically modified
polysaccharide [16].

In the diluted region around 7 = 40 % with an
overall concentration of 2 %, an isotropic to
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nematic transition takes place. After gentle cen-
trifugation, the sample phase separates between
ar. isotropic supernatant, which is a diluted
solution of positively charged uncorrelated
nanodisks. We label this phase by U*. This iso-
tropic liquid phase separates with a birefrin-
gence nematic phase of disks. The SANS
spectra of this nematic phase N* is shown on
figure 3. This nematic phase is often in coex-
isrence of microphase separated domains of U*
phases: this produces the strong increase of the
scattering at low angle. We denominate by [N']
these biphasic samples. This coexistence of
nematic and isotropic phase of colloids has
been predicted by Marcelja and Ninham
twenty years ago [17].

The apparition of a closed vesicles has nether
been observed when cationic surfactant is in
excess: this is due to the high bending rigidity
of the bilayers, induced by the microcristalline
nature of the frozen hydrocarbon chains.

Diluted regime of nanodisks represents a new
structure in surfactant self-assembly. We have
shown here proofs using scattering and electron
microscopy of the existence of nanodisks of
limited and controlled size. In the literature, a
similar example exists. This microstructure of
limited size, where ionic surfactants form the
charged edges of a rigid disk without charges on
the faces has been recently inferred from ori-
entation of the molecules observed in a mag-
netic field applied on a diluted solution
DMPC/DHPC [18]. The only experimental
proof is NMR peak splitting and the faces are
uncharged, due to the zwitterionic nature of
DMPC. We are convinced that the finite plate-
let structure described by Vold as ‘ideal bicelle’
really exists as thermodynamic state of mixed
surfactant self-assembly.

The phase diagram for the pure system and
the system in contact with dissolved CO, plus
some residual conterion bromide is shown on
Sfigure 4. A part of pure isotropic, nematic and
lamellar phases, some biphasic regions have
been identified after systematic investigation of
the composition in the water corner of the
phase triangle:

— nanodisks in equilibrium with a concentrated
lamellar phase of periodicity of about 40 A;

— lamellar phase in equilibrium with cylindrical
flexible giant micelles;

— nematic phase in equilibrium with a diluted
solution of nanodisks.
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Figure 3. SANS (in log scale) produced by:

— a diluted lamellar phase of negatively charged nanodisks (r = 50.2 %. ¢ = 3 %); seven diffraction peaks can be ob-
served; the strong ¢ increase at low angle is the sign of a microphase separation occuring in the smectic bulk (Lg ks
— a sample of initial composition (r = 34 %, ¢ = 1.96 %), who has macroscopically phase separated in two fluids. The
concentrated phase is a nematic phase of positively charged nanodisks ((N*]). The diluted phase is an optically isotropic
phase of unbound nanodisks (U™).

Figure 3. Spectres de diffusion de neutrons en échelle logarithmique :

— d’une phase lamellaire diluée de nanodisques chargés négativement (r = 50,2 %, ¢ = 3 %) ; sept ordres de diffraction
sont observés ; la remontée aux petits angles est le signe d’unc séparation en microphases [Ly].

- d’un échantillon de composition initiale (r = 34 %, ¢ = 1,96 %) ayant démixé en une phase de disques cationiques en
phase nématique (|N*]) et une phase de disques isotropes (U*). La phase nématique présente une séparation en mi-

crophases.

4. Discussion

Since the discovery of the linear swelling of
the sponge phase [19, 20] and reverse sponge
phase [21], which have been demonstrated to
be connected structures, isolated disconnected
platelet structure have been proposed, for
example by Hoffmann. these platelets of fixed
size were produced under shear from a catani-
onic gel Py phase [22]. These objects but not
directly ogserved as adjustable size isolated
flat disks directly evidenced by electron micro-
sCopy.

These disks are extraordinarly rigid objects.
From the microscopy pictures and undetectable

in-plane correlation length, we evaluate a bend-
ing radius of 1/H = 3 pum for isolated platelets
of size /= 0.3 pm and thickness & = 4.3 nm. The
Young bending elasticity modulus Y can be
derived from the bending elasticity £ using:

F=12Yd*1*13) H = 112 K. H*

Where K is the molecular film bending con-
stant. At thermal equilibrium, equipartition
theorem assigns an energy of £ = 1/2kT =
4.107°] to the bending mode oflength | of the
disk. The Young elasticity modulus is therefore
2 10 Pa for platelets, corresponding  to

K. =500 kT, twenty times larger than values
reported for phospholipids with frozen chains.
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Figure 4. Schematic equilibrium phase diagram showing the relative location of the four structures described in this work:
— U is the diluted solution of unbound nanodisks,

— N* is the nematic phase of positively charged objects,

- LB+ is the lamellar phase of positively charged bilayers made with frozen chains,

- L, is the isotropic solution of giant micelles obtained when CTAOH is overwhelming.

Figure 4. Diagramme de phase d’équilibre schématique indiquant la localisation relative des quatre structures rencontrées
dans la partie du diagramme riche en tensioactif cationique :

~ U est la phase isotrope de nanodisques en solution diluée,

~ N* est la phase nématique d’objets chargés positivement,

~ Ll3+ est la phase lamellaire a chaines rigides,

- L, est la solution isotrope de micelles géantes flexibles observées quand I’hydroxide de cétyltriméthylammonium est

trés majoritaire.

This unique high value of bending elasticity,
even higher than rigidity of crystalline material
such as clay, originates from the alternated
charge network on present on the faces of nan-

odisks.

5. Conclusion

The new microstructure in surfactant self-
assembly described here can have several uses as
a colloidal dispersion media:

(a) The diluted nematic phase of stiff disks
can be used to orient adsorbed molecules, in
order to allow direct determination of coupling
constants from NMR shifts, a new technique
recently proposed for structural investigation of
oligopeptides by liquid state NMR [23].

(b) These platelets could be used as a tem-
plate for inorganic polymerization. For exam-
ple, silica polymerisation in the form of
nanometric lamellae has been made with infi-
nite bilayers of pure cationic surfactants [24].
Using nanodisks, finite flat silica platelets could
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be produced by coating of catanionic nano-
disks.

Finally, this model system of disks of known
structural charge on edges, controlled size, and
globally neutral charges should have some com-
mon and some distinctive features with clay
platelets. The main difference is that catanionic
diks are charged on the edges, as opposite to
clay particles. If a simple procedure for evalu-
ating osmotic pressure in the presence of single
chain surfactants become available [25], the
sensitivity of the osmotic pressure in this highly
charged system upon the addition of small
quantity of salt to this system could be very sen-
sitive tool to test the prediction of modern the-
ories of dispersion forces berween added ions
and the neutral faces of the nanodisks [26].
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