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Catanionic mixtures are aqueous mixtures of oppositely charged surfactants which display novel phase behavior
and interfacial properties in comparison with those of the individual surfactants. One phase behavior property
is the ability of these systems to spontaneously form stable vesicles at high dilution. The phase behavior of
the mixture sodium dodecyl sulfate (SDS)didodecyldimethylammonium bromide (DDAB) in water has

been studied in detail, and two regions of isotropic vesicular phases (anionic-rich and cationic-rich) were
identified. Cryo-transmission electron microscopy allowed direct visualization of relatively small and
polydisperse unilamellar vesicles on the SDS-rich side. Monitoring of the microstructure evolution from
mixed micelles to vesicles as the surfactant mixing ratio is varied toward equimolarity was also obtained.
Further information was provided by water self-diffusion measurements by pulsed field gradient spin-echo
NMR. Water molecules can be in fast or slow exchange between the inside and outside of the vesicle with
respect to the experimental time scale, depending on membrane permeability and vesicle size. For the SDS-
rich vesicles, a slow-diffusing component of very low molar fraction observed for the echo decays was traced
down to very large vesicles in solution. Light microscopy confirmed the presence of vesicles of several
microns in diameter. Thus, polydispersity seems to be an inherent feature of the system.

I. Introduction of solvent secluded from the bulk. A vesicular solution always
gpresents some degree of polydispersity, and the average vesicle
diameter varies enormously between systems, from small
unilamellar vesicles (1650 nm) to large unilamellar (56500

nm), giant unilamellar (more than 0/m) and multilamellar
vesicles (350 um), also known as onions. The interest in
vesicular phases is ubiquitous, ranging from fundamental areas
within biochemistry and physical chemistry to application
"aspects in microreactor chemistry, pharmacology (drug delivery),
medicine and cosmetiés1® Vesicles composed of single or
mixed phospholipids and other water-insoluble surfactants can
be readily prepared with different sizes and controlled polydis-
persity. This is done by treating mechanically (typically by
ultrasonication), chemically, or by other elaborate methods the

Catanionic mixtures are pseudoternary aqueous mixtures o
two oppositely charged surfactants which display interesting
interfacial and phase behavior properties, determined by sur-
factant mixing ratio, total concentration, and molecular
structure’ =3 At high surfactant concentration and above the
Krafft boundary of the mixture, these systems show a variety
of liquid crystalline phases, namely, lamellar and cubic phases
which are not present in the individual surfactamiater binary
systems:® At low concentration, typically below 5 wt %, their
behavior is dominated by phase separation, with the formation
of highly insoluble precipitates (catanionic solid) at and around
equimolarity. However, with an excess of one of the surfactants,

the precipitate dissolves to yield solutions (and appropriate ~. . ) . . . )
precip y ( bprop &llute lamellar dispersions (biphasic regions with a lamellar

heterogeneous regions) containing self-assembled aggregates - .
different structures. These solutions have been known for a!ohase and excess solution) that these insoluble surfactants form

long time to possess important synergistic interfacial phenomena,In wgtelrl. Ats ;uch, thte vltleS|tchuIar soluttlcins”?re not thlermo_dy-
such as the lowering of critical aggregation concentrations and Fsm'caly N ﬁ (:*dgven qaﬁy ey revert to the onginal equi-
enhanced surface activity, adsorption, and detergency, with 1PruUM 1ametiar diSpersion.

relevance to application-oriented goals. Yet, it is the structural On the other hand, catanionic vesicles ha"‘? been shown o
studies on these isotropic phases that have in recent yearéorr,n spontqneously_ and reversibly and to remain stable for long
attracted considerable interest, mainly due to the fact that P€Mods of time, which strongly suggests that they are thermo-
spontaneous formation of stable vesicles appears to be agenerzﬂynam'ca”y stable systems. Since the initial work by Har-
greaves and Deanférand Kaler and co-workerst?-14 several

feature of these mixtures’ ; ) . -
A vesicle is a colloidal object, usually spherical, which reports have been presented addressing vesiculation of catanionic
. RO . ' i 15-19 ; ; i
consists of a self-folded amphiphilic bilayer enclosing a volume mixtures.~ Theoretical models accounting for the st'al.alhty
of these vesicles have also been propd8etf. However, it is
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tion of vesicles is a central issue. The evolution of the aggregateexamination of phase behavior. Inspection between crossed
structure as the surfactant mixing ratio is varied, namely, the polaroids followed in order to search for birefringent phases.

micelle-to-vesicle transition, is also a topic of interest in Samples belonging to the vesicular region were observed over
catanionic mixture$316.1923 The fact that these aggregate the course of months in order to check for any phase separation
structures often occur for very dilute solutions and often show phenomena, such as flocculation or crystal precipitation.

high polydispersity in size and shape poses difficulties in terms  Light Microscopy. An Axioplan Universal light microscope

of the availability of characterization techniques. Direct ag- from Carl Zeiss, equipped with differential interference contrast

gregate visualization by electron and light microscopy tech- (DIC) lenses, was used. The main goal was to check for the
nigues has to be used in combination with data from more presence of crystals or anisotropic liquid crystals, such as
guantitative techniques such as NMR, light scattering, and lamellar phases, under polarized light. It is well known that

fluorescence. lamellar dispersions containing large multilamellar vesicles show
In previous work, we have reported the phase behavior for domains with a characteristic Maltese cross paftérhloreover,
the catanionic system sodium dodecyl sulfate (SBjode- by use of DIC lenses which enhance contrast between object

cyldimethylammonium bromide (DDAB)water and mentioned  and background and allow a resolution down to Orb, this

the occurrence of vesicles in the very dilute region for both the technique is optimal to detect giant vesicles under normal
anionic- and cationic-rich area, on the basis of particle sizing light.33

by light scatterind. The area of existence of the vesicle Cryo-Transmission Electron Microscopy. Cryo-TEM is
solutions was not determined in detail. Recently, Kondo et al. a particularly suitable technique for the direct visualization of
have investigated the area of anionic-rich vesicles in this systemsurfactant aggregates ranging in size from abet@i®nm to 1

and presented a preliminary view of the phase behavior andum. The samples were prepared according to the usual
vesicle characterizatiot. In this work, we confirm the occur-  procedure, described as follows. The sample is placed in the
rence of the two vesicle isotropic regions on the water-rich controlled environment vitrification chamber at room temper-
corner of this catanionic mixture and present a detailed portrayal ature3* where the relative humidity is kept close to saturation
of the phase behavior. The structural characterization of the to prevent water evaporation from the sample. AL5drop of
vesicles in terms of size, polydispersity, and stability is given the solution is put on a carbon-coated holey #raupported

on the basis of direct structural imaging by microscopy (cryo- by a TEM copper grid. After the drop is gently blotted with
TEM and light microscopy) and water NMR self-diffusion filter paper in order to create a thin liquid film over the grid, it

techniques. is rapidly plunged into liquid ethane at its melting temperature,
DDAB is a water-insoluble, double-chained surfactant with so that a vitrified film is obtained. The vitrified specimen is
a critical packing parameter, as defined by IsraelacR¥dlpse then transferred under a liquid nitrogen environment by use of

to unity26 It forms bilayer structures in water: a concentrated a cold stage unit (model 626, Gatan Inc., Warrendale, PA) into
and a swollen lamellar phase separated by a region of coexist-the electron microscope, a JEOL 2000FX operating at 100 kV
ence of the two phas€s2® and at high dilution a dispersion  with a nominal underfocus of 4m. The working temperature
containing large vesicular assembl#8! SDS, on the other s kept below—168°C, and the images are recorded on Kodak
hand, is a water-soluble, micelle-forming surfactant, with a SO-163 film.
packing parameter of about #/3n dilute solution. Thus, the NMR Self-Diffusion. The self-diffusion coefficients of water
strong electrostatic headgroup interactions will be modulated in the isotropic solutions were determined at’25by the pulsed
by the packing constraints imposed by the geometry, in the field gradient spin-echo (PGSE) NMR technicfié’ by use of
dictation of the preferred aggregate structure for a given two different spin-echo pulse sequences.
composition. In the present report, we address the phase Hahn Spin-Echo.This is the basic pulse sequence for NMR
behavior and microstructure of the anionic-rich side of the phase self-diffusion (Figure 1a), in which two rf pulses are used: a
diagram; the cationic-rich side is dealt with in a complementary 90° pulse at time = 0 and a 180 pulse at time = 7, giving
study. rise to an echo signal &&= 2z. In addition, two field gradient
. . pulses with time duratio® and separatiod\ between their
Il. Experimental Section leading edges are placed on either side of the second rf pulse.

Materials and Sample Preparation. Specially pure SDS  The first gradient pulse labels the spins by their Larmor
was purchased from BDH, England, and used without further frequency, while the second one completely refocuses only those
purification, since the cmc determination by surface tension (du which have not changed their positions during the titneAt
Noty platinum ring method) yielded a value very close to 8 time 2r, the spin vectors are again in phase and a spin-echo
mM, in agreement with the accepted value. DDAB of high occurs, with lower intensity due to translational diffusion. The
purity from Tokyo Kasei, Japan, was used as obtained. The echo intensity at time2for Gaussian diffusion is given by the
samples were mixed either by weight or by volume, depending StejskatTanner equatiot-3”
on their composition. For samples with more than 2 wt % in
total surfactant, the two solids were weighed and thoroughly 1(20) =1 o 22 e—yzgzaZ(A— 5/3)D 1)

; ; ; ; 0
mixed in water. For more dilute samples, the appropriate
volumes of an SDS micellar solution and a DDAB pseudoso-
lution, i.e., a carefully homogenized lamellar dispersion, were . . . . L
mixed. DDAB forms relatively viscous turbid dispersions, relaxation time,y is the proton magnetogyric ratig, is the

which phase-separate after days to weeks (when left undisturbed). ggnltude of the gradient pulsé, Is the self-dlﬁ_usmn °°‘?f'

into a solution with a flow birefringent layer at the top. icient andr, 9, andA are as deflned.abo.v.e. Since the times

However, if homogenized by gentle shaking fer3 days, the T andT; are constant, eq 1 can be simplified to

dispersion changes to a metastable solution, from which the S

required volume was pipetted out. Ik)=15e (2)
Phase Diagram Determination. After preparation, the

samples were left for equilibration for several days prior to the wherek = (ydg)? (A — 6/3). ThusD can be readily determined

wherelyg is the echo intensity fod = 0, T, is the transverse
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a and the surfactant diffusion (this to be included in a coming
90" 180° report) were measured simultaneously in vesicle solutions, it
was convenient to use the stimulated echo. Yet, this sequence

A was not strictly necessary for the monitoring of the water slow-
minimized, consists of three 96f pulses (Figure 1b). The field

) diffusing component, since a signal arising from the water could
o — echo be obtained with the Hahn echo. The stimulated echo sequence,

g 9
gradient pulses are switched on before the second and after the
0 o > third rf pulse. The echo attenuation is given by

A where the influence ofT, relaxation in the spin-echo is

1 - _ _ -
I(T,T) — E IO e TIT, e 21T, e Y2920 A — 013) (3)

%0 %0 %0 where7 is the time between the first two 9(@ulses,T is the

A time between the second and the third 80lse, and the other
parameters are as defined before. A Bruker DMX 200
spectrometer with a gradient probe providing a maximum of
8.8 T/m was used. The wat#l echo intensity was followed
as a function of the gradient strengthwhile 6 was kept
constant.

T T T time

Figure 1. Spin-echo sequences used in the pulsed field gradient NMR
method: (a) Hahn echo; (b) stimulated echo.

[1l. Diffusion of Water in a Solution of Vesicles

The diffusion of water in a solution of surfactant aggregates
is subject to obstruction (excluded volume) and, in the case of
vesicles, also to confinement, due to the existence of the vesicle
membrane separating enclosed water from bulk water. Detailed
considerations on water diffusion in vesicles have been presented
recently?® a concise view relevant to this work follows. The
outcome of a diffusion experiment for water in a solution of
vesicles is dependent on the time it takes for a molecule to travel
the vesicle diametetgi, i.€., the time at which the water rms
displacement equals the vesicle radius; the bilayer permeability
coefficient,P, which sets an average residence time for water
inside the vesicleres and the experimental observation time,
A in the PGSE diffusion experiment. In most vesicle systems,
it is observed thatrgift < Tres i.€., the vesicle membrane
constitutes a barrier for free water diffusion. The water
molecules bounce several times against the vesicle inner wall
V?"“es ofD of (1-2) x 1(.r9 m? s~ andA = 0.1 s, the rms before they leave the vesicle. The?] a situation of fast or slow
displacement measured is of the order of-20 um. exchange of water between the interior and the exterior of the

A Surrey Medical Imaging Systems Inc. (England) NMR  \egicle may be detected, depending on the chosen time scale
spectrometer interfaced to a JEOL FX-100 magnet equipped A

With an externaPH Iocklwas used. The gradient unit box was (i) Fast Exchange Case/ > .. In this case only a single,

of “in-house” construction. Temperature in the probe was 25 45 jation-weighted averaged diffusion coefficient is obtained.
+ 0.3°C, controlled with a JEOL NM 5471 variable-temper- A yyo-site model, similar to the one for free and bound water
ature control unit. A was chosen as 70 or 140 ms, and the i, 4 micellar system, can be appld

pulse length) varied between 3 and 60 ms, at a constant gradient

strength of 0.01 T/m. Samples were left in the probe for 15 Dyps = PreDyes T (1 — PredAD, (4)

min for thermal equilibration before measurement. The water

self-diffusion was measured in SDS-rich solutions. For many WhereDobSis the measured water diffusion Coefﬁciem’es is
samples, a complex echo decay was obtained, composed of ane diffusion coefficient for the water inside the vesicle which
fast- and a slow-diffusing component of very low molar fraction. equals that of the vesicle for the case of relatively small
Only the initial part of the slow-component decay could be ynjlamellar vesicles (since the measured rms displacement of
measured even at the h|gheSt gradient available (01 T/m) ThiSWater is much |arger than the vesicle Siz'@b,is the diffusion
component was assigned to water entrapped inside the vesiclegoefficient for the bulk watemesis the fraction of water inside
within the expel’imental time scale (See discussion belOW). To the Vesic|esl and\ is an obstruction factor (accounting for
further inVestigate the dynamiCS of water eXChange, the stimu- excluded volume effects)_ Assuming the vesicles to be mono-

by measuring the intensity decay of a Fourier transform starting
at the center of the echo (echo attenuation) as a functigpy of
0, or A (typically 6 = is varied, at constant gradient strength
and timeA).

A key point in the PGSE diffusion experiment is that the
transport of a molecule is measured over the time g@pamhich
can be varied in the range of 1 ms to a few secomiss thus
the time scale of the experiment, and if the molecules experience
some sort of boundary with respect to their diffusion durng
the outcome of the experiment is substantially charf§et@ihe
mean square displacement of the molecule measured dtrring
is given by[Z?(= 2DA, whereD is the molecular self-diffusion
coefficient. For the case of water in our samples, with typical

lated spin-echo technique was used. disperse hard spheres,takes the form dP
Stimulated Spin-EchoFor systems containing spins with
short transverse relaxation tinig and a longitudinal relaxation A=1/(1+ d,J2) (5)

time Ty larger thanT,, the stimulated echo is favorably used to

measure self-diffusion coefficients. Surfactant molecules in where®,sis the volume fraction of vesicles. If the first term
vesicle bilayers and in emulsion films, for example, have short of eq 4 is neglected, sing®eDves << Do, and we further identify

T, values. Since both the slow-diffusing component of water pyes & ®Pyes assuming that the vesicle radius is much larger
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than the bilayer thickness, eq 4 can be rearranged to of A available. Depending on vesicle size, water may be in
fast exchange in some vesicles, in slow exchange in others, and
D= 2(1— DIDy)/(2 + DIDy) (6) in the intermediate case for the remaining vesicles. Then the
curvature of the decay of the slow-diffusing component is
with the vesicle radiuR,es obtained by A-dependent in a complex way, and any fitting procedure
becomes difficult. Another source of complication arises from
Ries= 6P,ed(NACia) (1) the fact that for very large vesicles (diametet um) the rms

displacement of a water molecule measured for typicahlues
where Na is Avogadro’s numberC; is the total surfactant is of the same magnitude as the vesicle diameter, in which case
concentration, ands is the average surfactant headgroup area. the molecule experiences restricted diffust®énThis situation
(i) Slow exchange case/X < ) in a monodisperse system.  will also contribute to the profile of the echo-decay of the slow-
In this case there is a fast-diffusing component for the water diffusing component.
outside the vesicles experiencing obstruction and a slow-
diffusing component for the water inside experiencing entrap- |V. Results and Discussion
ment. For monodisperse vesicles, assuming thalthalues . .
are the same for the water inside and outside the vesicles 1~ General View of the Phase Behavior The phase

(reasonable if the vesicles are not too small), the echo attenuatior€havior for the catanionic mixture SB®DAB —water over
is a biexponential function df: the entire concentration range was reported previously at 40

°C# The temperature used was a few degrees above the Krafft
[ = (1 — g KDout 1 e KDres ) boundary of the system. Several liquid crystalline phases,
(/1o = (1~ Pued Pres ®) namely, cubic and lamellar, were found in complex phase

whereD,: andDyes are the diffusion coefficients for the water equilib_ria (FigL_”e 2a). _In this_ work,_the ph_ase beh_avior in the
very dilute region was investigated in detail, atZ5since the

tsid d inside th icles, tively. Th icle radi
outside and InsIce the VEsIcTes, respectively © vesicle ra IusKrafft boundary was found to depend only on those of the

is obtained fromDyy: by noticing thatDo,: = ADy. Moreover, U
out DY 9 out 0 individual surfactants (17C for SDS and 20C for DDAB).

the enclosed water must be diffusing with the vesicle, i.e., its ™ ‘ oo di iah f
diffusion coefficient equals that of the vesicle (see discussion € surfactant concentration is presented in weight percent (for
a maximum of 3 wt % in total surfactant) or, when convenient,

above), which is several orders of magnitude smaller an | total surfactant mol 1806, = Cane 4 C
Hence, in a slow exchange case, the fast and slow decays arélr_] otal surfactant molar concentratio; = Csps DDAB-
he mixing ratio is given as the molar fraction of DDAB in

well separated and from a plot of Idgg) vs k one can obtain h ¢ turex —C {(Cenat C
®yes by extrapolating the slow decay to= 0. The hydrody-  the surfactant mixturéXppas = Copas/(Csps + Cooas). .
namic radius of the vesicle can then be also directly obtained S Shown in Figure 2b, both solution and liquid crystalline

from the StokesEinstein equation accounting for excluded Phases appear in the phase diagram of this mixture. At
volume and hydrodynamic effects. equimolarity, crystals of the complex DDM®S™ (catanionic

(iii) Intermediate Case and Polydispersity Effects. The surfactant) form in a clear solution which contains the remaining

cases described before can be considered as the two extremedaBr- Appropriate heterogeneous regions were also experi-
As a consequence, there is a certain time scale for which theMmentally found in both the SDS-rich and the DDAB-rich side,
exchange dynamics is intermediate between slow and fast. ThePearing in mind that since catanionic mixtures are in reality
intermediate case shows up in a semilog plot of the echo decayfoUr-component systems, multiphase regions can only be
vsk, whenA is increased, as a departure from two straight lines @PProximately depicted in triangular phase diagrérisin the
(slow case), with the appearance of a gradual curvature until cationic-rich side, an isotropic bluish turbid solution was found,
one straight line is obtained (fast case). In any vesicle solution CONSisting of a narrow lobe up to about 0.8 wt % DDAB (Figure
there is always size polydispersity. Therefore, there is a range2P)- At higher surfactant concentration, the phase behavior is
of residence times for the water inside the vesicles, since thedominated by the DDAB-rich swollen lamellar phase and the

residence timeyesis proportional to the vesicle radius throdgh ~ catanionic crystals in appropriate two- and three-phase regions.
A detailed study of the phase behavior and microstructure in

Tyes= R,ed3P (9) the DDAB-rich side will be reported laté?f.

The phase behavior in the SDS-rich area, depicted in the
where P is the bilayer permeability coefficient for water. phase diagrams of Figures 2b and 3a, will now be described in
AssumingP on the order of 10*—1073 cm s'%, as measured  detail. It is the result of combined data from direct imaging
for fluid lecithin bilayers? a residence time of about 10 ms is methods, such as electron and light microscopy, and comple-
obtained for a 100-nm-radius vesicle, while a time of about 1 mentary methods such as NMR water self-diffusion, ocular
s is obtained for a 1@m vesicle. Hence, a complex water inspections, and turbidity measurements.
echo decay may arise due to the simultaneous effect of size 1.1. Single-Phase Region (Solutior§DS forms a micellar
polydispersity and the three possible cases of exchange for asolution in water with a cmc of 0.24 wt %. A solution is still
given size and a given time scale described above. If there ispresent on addition of DDAB but only up tdppag = 0.06,
slow water exchange faall polydispersevesicles in solution, which defines a solubilization boundary at this composition
at a certain time scale, then the echo decay of the slow (Figure 2b). The solution is colorless for an SDS concentration
component is not a mono- but a multiexponential function of higher than 1 wt %, but slightly bluish below this value. For
k.32 An appropriate distribution function @ has to be chosen  Xppag > 0.06, samples with more than 0.5 wt % SDS display
to fit the data, such as the KohlrauseWilliams—Watts type a two-phase region, consisting of a precipitate-like material and
distribution or, more meaningfully, the log-normal distributfén. a bluish solution. However, between 0.5 and 1.2 wt % SDS,
The latter can then be converted, in principle, to a distribution the precipitate-like material dissolves at a certéimas and a
function of particle radius. However, it may happen that a bluish solution reforms. For less than 0.5 wt % SDS, as DDAB
situation ofall-in-slow or all-in-fastexchange is never detected is added, a single-phase solution region is always present up to
for the vesicles due to high polydispersity and the limited range the appearance of the catanionic crystalsXgpas = 0.34
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Figure 2. Phase diagrams for the SB®DAB—water system: (a) Over the entire concentration range &C4@s reported previousfyphase
notations are L, isotropic micellar; E, normal hexagonal; |, cubic;-R, lamellar; and G, crystalline phases; (b) at°®5in the water-rich corner

(maximum surfactant concentration 3 wt %); abreviations are blu, bluish; turb, turbid; sol, solution; lam, lamellar phase; and cryst, crystals. See

Figure 3 for the description of multiphase regiordV.
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Figure 3. Phase microstructure in the SDS-rich side of the SDS
DDAB—water system at 25C. (a) Solution regions of different
microstructure are M, spheroidal micelles:H¥ ~, coexisting micelles
(spheroidal, belowXppag = 0.13 and disklike, above) and vesicles;
and V-, vesicles. Points AE give the composition of the samples
shown in Figures 4AE. Multiphase regions are |, solution and lamellar
phase of high (subregion)lor low (subregiond) density; Il, vesicle
solution, lamellar phase and catanionic solid; and lll, catanionic solid
and vesicle solution. Numbers are the valueX@fas for relevant phase
(or region) boundaries. (b) Expanded view of water apex, where
multiphase IV is a mixture of solution and catanionic solid.

M

gave evidence for the lamellar liquid-crystalline nature of this
phase (cf. Section 4). In Figure 3a, it can be seen that region
| is actually subdivided intos) where the lamellar phase is of
higher density than the solution, angl Wvhere the opposite
occurs. It is likely that this lamellar phase is the same as the
one occurring at much higher SDS concentratiop,iD Figure
2a* Region Il is a narrow three-phase regiotpbhag = 0.34—
0.39), containing a bluish solution in which mixed lamellar
domains/catanionic crystals separate at the top (cf. Section 4).
Samples in this region phase-separate rather slowly (hours to
days). On the other hand, faXppag = 0.39-0.50, the
DDATDS™ catanionic crystals immediately precipitate out from
a colorless solution (region IIl). A significant observation was
the detection of region IV, seen in detail in Figure 3b. It defines
as a solution in which the catanionic solid appears with time,
either as dispersed flocs or, for more dilute samples, as a white
precipitate. This region sets a stability limit for the solution
phase. If a solution wittXppag = 0—0.06 is continuously
diluted, no detectable precipitation occurs, wherea$ifas >
0.06, a precipitate always appears at some point in dilution.
The solution/precipitate boundary was not investigated in detalil,
but it was observed that fofppag = 0.13-0.20, precipitation
occurs at 0.025 wt % SDS, whereas ¥ypag = 0.25-0.29, it
occurs at 0.10 wt % SDS. Thus, Aspag is made higher, the
solution phase becomes less stable than the catanionic solid.
2. Investigation of Solution Microstructure by Cryo-
TEM. The microstructural characterization of the SDS-rich

(Figure 2b). Turbidity measurements made in this region, at solution was done by direct imaging using the cryo-TEM

constantC; and increasing molar fraction of added DDAB-0
0.34), showed a marked increase in turbidity at Xgoas =

technique. Both dilution paths and paths with a variable mixing
ratio at a fixed total surfactant concentration were investigated.

0.25 (data not shown). Even to the naked eye, solutions changelhe microstructural characterization was based on many mi-

from moderately to fairly bluish and turbid around this value.
Hence, a broken line was drawn in Figure 2Xgbag = 0.25
to indicate this observation.

1.2. Multiphase RegionsA two-phase region is present
above the solubilization boundary (I in Figure 2b), consisting

crographs per sample. From these, five representative micro-
graphs (Figure 4AE) were selected, corresponding to points
A—E in Figure 3a. On the basis of the cryo-TEM study,
boundaries were drawn inside the solution phase, separating
regions of different microstructure: M, micellar region; VvV

of a bluish solution in which a cloudy phase separates either atvesicle region; and MV, region of coexisting micelles and
the bottom (as mentioned above) or at the top. Light microscopy vesicles (subdivided into two regions, as shown later).
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Figure 4. Microstructure of SDS-rich solutions in the SBSDAB —water system as obtained by Cryo-TEM: (A) (1.0 wt % SB§sas = 0.20),

small unilamellar vesicles, either spherical (a) or nonspherical (b), in coexistence with disklike micelles, seen in face-on (c and d) and)edge-on (e
projections; (B) (1.0 wt % SDSppas = 0.30), unilamellar vesicles; (C) (0.5 wt % SD&pas = 0.11), spheroidal micelles in coexistence with

small unilamellar vesicles; (D) (0.5 wt % SDRppag = 0.30), unilamellar vesicles; (E) (1 wt % SD®spas = 0.09), clusters of large bilayer
fragments (lamellar phase) coexisting with micelles and small unilamellar vesicles (multiphase ggdiam, 1100 nm.

2.1. M and M+V~ Region. Samples lying in the Mt V~ a suitable distinction between these aggregates, it is to be
region were found to contain micelles in coexistence with small realized that a TEM micrograph is a 2D projection of a 3D
unilamellar vesicles of diameter between 15 and 40 nm. The reality, since the depth of focus is much larger than the sample
size and shape of the micelles as well as the volume fraction of thickness. Hence, a disklike aggregate is clearly distinguishable
vesicles are dependent on the mixing ratio between the two from a vesicle in TEM: while the vesicle displays an edge
surfactants. contour due to mass thickness contrast, the disk in face-on

Figure 4A, for 1 wt % SDS an¥ppas = 0.20 (A in Figure position with respect to the electron beam has uniform contrast
3a), shows the coexistence wfo main types of aggregates: from center to edge and thus no contour. In Figure 4A, the
(i) small unilamellar vesicles and (ii) disklike aggregates. For vesicles appear as spherical aggregates with a diameter-of 20
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Figure 4. Cont.

30 nm, showing a clear edge contour (a) or as nonsphericalcould be continuously followed. Spheroidal micelles coexist
structures, displaying a low-contrast contour (b). In turn, clear with vesicles forXppag = 0.03-0.12, and they constitute the
evidence for the presence of disks comes from the fact that bothdominant agreggate form. This can be observed in Figure 4C,
face-on projections without contour (c and d) and edge-on atXppag = 0.11, where spheroidal micelles not larger thar65
projections (e) are visible. These projections result from the nm in diameter are visible together with small unilamellar
different orientation of the disks with respect to the electron vesicles. ForXppag = 0.13-0.22, however, the spheroidal
beam. The face-on projection is either quasicircular (c) or in micelles are replaced with disklike micelles. These disks are
most cases elliptical (d), suggesting that the disks are anisotropicmostly seen in the edge-on orientation with an average length
in shape. The edge-on projections (e) have a length in the rangeof 50 nm, similar to those in Figure 4A (at higher SDS
of 30—70 nm. Such disklike aggregates were reproduced for concentration). Another significant observation, based on many
the same composition 2 months after the initial imaging. As micrographs, is that @ppag increases within the full range of
mentioned below, similar aggregates were found for other the solution region, an increasing number of vesicles of about
compositions in the phase diagram. On the basis of thesethe same size range is visible, indicating that the volume fraction
observations, they are regarded as disklike micelles. One canof vesicles is gradually increasing.
speculate that their stability may derive from an accumulation  The influence of dilution in the solution microstructure was
of the single-chained SDS in the highly curved rim and a more also investigated, for two dilution paths. Xgpag = 0.20, when
even distribution of both surfactants in the flat part. the SDS concentration decreases from 1 to 0.2 wt %, disklike
Spheroidal micelles are nevertheless the dominant structuremicelles are still present in coexistence with vesicles. Hence,
in the M+V~ region for Xppag < 0.06, i.e., below the  dilution does not seem to induce microstructural change for the
solubilization boundary. A detailed investigation of samples range of mixing ratios where disks occur. On the basis of this
with 0.40-0.50 wt % SDS and increasing,pas was carried observation, a dashed line was drawn inside the\W region
out. Since for these compositions a bluish solution was always for constantXppag = 0.13, dividing it into two subregions
present up to solid formation, a micelle-to-vesicle transition (Figure 3a): below the line, spheroidal micelles coexist with
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vesicles and above it, only disklike micelles and vesicles are L I I I R I R I
present. For a loweKppas Vvalue, however, a dilution path 1L o 20mM |
results in different effects. Samples at fixé@pas = 0.06 ?@ié@ .. o 30mM
ranging from 10 to 0.1 wt % SDS were imaged (data not shown). - : Ne; .03 ® 35mM 1
At 10 wt % only spheroidal micelles and no other type of 0.96 L ' 5 I & 40mM ]
aggregates are present. Between 1 and 0.1 wt %, spheroidal | O-. . 219@ &8s -
micelles and small vesicles are always observed, but with dilu- ~ o - L N O Q LS
tion the fraction of vesicles increases significantly, at the expense < 0.92 L . E] O A g ]
of micelles. At 0.1 wt % SDS, practically only vesicles were O 77 [ Aan Bg o 8]
seen, some of which with larger size (£0200 nm). Dynamic - b CN £
light scattering results reported beftralso indicated large 088 L S P2
aggregates in solution (260 nm) at less than 0.1 wt % SDS and | R ]
roughly the same mixing ratio. It is thus clear that dilution at - : ; A .
this mixing ratio induces (i) a change from a micellar solution solution  two-phase :  solution -~ 4
to a solution of coexisting micelles and vesicles and (ii) an 0.84 bbb b o oo
increase in the fraction of vesicles and in their average size. 0 005 0.1 015 0.2 025 03 035 04
A qualitative explanation for these dilution effects might be XDDAB

found in the cmc reduction effects typically observed in Figure 5. Reduced water self-diffusion coefficient as a function of

catanionic rnlx.ture§. As the molar fraction Of, the minority molar fraction of added DDAB, at constant total surfactant concentra-
surfactant is increased, the cmc of the mixture gradually tion, ¢, = Cops+ Copas. ForC; = 20 mM, a continuous solution region
decreases, reaching a minimum at the equimolar ratio. At a exists; forC, = 30—40 mM, a two-phase region separates the solutions
low amount of added cationic surfactant)Xésas = 0.06, the (cf. phase diagrams and text). Lines are guides to the eye.
decrease in the cmc of SDS is probably not significant.
Therefore, upon dilution below the cmc value, an increasing constant at about 30 nm with increasiKgpag; also, a narrow
fraction of SDS is in monomeric form, the aggregates are size distribution (26-40 nm) is seen throughout the region. As
increasingly enriched in DDAB, and their shape and size change Xppag approaches the lowerVboundary at 0.22, the polydis-
(electrostatic and packing effects). Kppag = 0.20, on the persity increases, with the formation of larger aggregates<{100
other hand, dilution within the solution region does not change 200 nm) and bilamellar vesicles (vesicles with two concentric
the monomeric surfactant concentration which is expected to bilayers). AsXppag increases from 0.25 to 0.31 within the
be very low (due to significant cmc reduction); thus no vesicle region, the average vesicle size also increases from 30
significant structural changes take place in the solution. to 50 nm; simultaneously, the size distribution becomes wider
A small number of vesicles was detected by cryo-TEM for (from 20-100 nm to 26-250 nm).The increase in aggregate
such a low value oXppag as 0.03, at 0.5 wt % SDS. The size can be intuitively understood if one considers tha{mass
SDS-rich solution thus contains large aggregates already withincreases, more of a double-chained cationic surfactant is
a very small addition of DDAB. It is likely that the packing incorporated into a negatively charged vesicle; consequently,
constraints imposed by DDAB on the mixed surfactant mono- the bilayer mean curvature decreases. In turn, an explanation
layer are so strong that it is more favorable for the system to for the increase in polydispersity with increasikgpas does
evolve into a mixture of aggregates of large difference in not seem so straightforward.
curvature (micelles and vesicles) than for the micelles to grow  Dilution within the vesicle region does not seem to have any
indefinitely (e.g., to long rods or threadlike micelles). Never- significant effect on the average size and size distributions of
theless, there must be a region in the phase diagram where onlyvesicles. This is exemplified by Figures 4B and 4D, where there
micelles are present (region M); hence, a lower boundary for is only a decrease in concentration of similarly sized vesicles
M + V~ was drawn, and the M region was defined in Figure on going from 4B to 4D. Consequently, a dilution path simply

3a. induces a gradual reduction of the volume fraction of vesicles
Cryo-TEM evidence for the two-phase regiondescribed by a decrease in concentration of aggregates with essentially
before was also obtained and is shown in Figure 4EXf@ns constant size.

= 0.09 and 1.0 wt % SDS. Spheroidal micelles and small  Finally, it should be noted that cryo-TEM is suitable for the
unilamellar vesicles in the range of 2000 nm are seen imaging of colloidal particles in the range 03000 nm, but
(solution phase). In addition, large bilayer fragments organized any particles larger than this are excluded from the vitrified
in clusters of more than 0/m appear, indicating the presence sample. Thus, the characterization of size distributions solely
of a lamellar phase. on the basis of this method may be biased toward that particular
2.2. V" Region. The boundaries for the vesicle regiomV  size range.
(Xppas = 0.25 and 0.34, Figure 3a) were defined on the basis 3. Water Self-Diffusion Measurements. Water self-dif-
of cryo-TEM results. Bluish solutions within that composition fusion measurements were done in order to obtain (i) further
range contain only vesicles (Figures 4B and 4D). As mentioned information on the evolution of aggregate structure with DDAB
before, turbidity measurements gave further evidence for the addition and (ii) an estimation of vesicle sizes which would
lower boundary of V, since a significant increase in turbidity — allow us to complement the cryo-TEM data.
was measured arounbpas = 0.25. In general, practically Figure 5 shows the reduced diffusion coefficient of water
only unilamellar vesicles with a size distribution falling in the (the observed diffusion coefficien, over the value for neat
range of 26-200 nm were imaged; the size range is often biased water,Dy, at the same temperature) as a functiorKebag, at
toward a narrower width, 2070 nm (Figures 4C and 4D). constant total surfactant concentrati6p For C; = 20 mM
The effect of increasingXppas On the vesicle size and  (0.5-0.7 wt % in total surfactant)p/Dg can be continuously
polydispersity was investigated, at fixed total surfactant con- monitored fromXppag = O until the formation of a catanionic
centrationC; = 20 mM (around 0.5 wt % SDS). Inside the solid, while for higher concentrations a two-phase region
M-+V~ region, the average vesicle size appears to remain separates the M/MV~ and the V' solutions (Figure 3a). Since
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water in a solution of vesicles, at 1.1 wt % SDS aXihas = 0.29, ) . . . _—
where a slow-diffusing component of very low molar fraction is Vvolume fraction), an estimation of sizes along a dilution path

observed; the monoexponential decay for neat water (linear fit) is also can be obtained. In Figure 7, ti¥Dg values for samples at

shown for comparison. fixed Xppag = 0.29 (at midrange inside J are plotted vsC;
o = 10-60 mM. The vesicle size was obtained from eq 7, with
the surfactant concentration is kept constant, changesi two major assumptions. First, vesicle monodispersity was

reflect changes in solution microstructure (changes in size, assumed, which obviously does not correspond to the real case.
shape, or number of aggregates). As seen in Figure 5, up toHowever, the obtaine® value is averaged over the entire
Xopas = 0.06,D/Dy is virtually constant and equal to unity for  population of vesicles in fast exchange so the extraction of a
all concentrations. This implies that any aggregates present aremean size has physical meaning. Second, a valug of 35
causing nondetectable obstruction to water diffusion; the solution A2 in eq 7 was used, and this is justified as follows. The mixing
contains mainly micellar aggregates which at low concentration ratio in the sample i€spgCppas = 2.5, and this is taken as
cause minimal obstruction effects. At abdigbas = 0.07, there  the vesicle composition (no other aggregates are present and
is a break in the curve for 20 mM afDo decreases gradually  the SDS monomer concentration is negligible). Due to elec-
until solid formation. In the current method, this break signals trostatic attractions between the surfactant headgroups, a good
the detection of vesicles causing entrapment and obstructionestimation of the averages value is given by the vesicle
effects to water diffusion (cf. eq 4). A¥ppag increases, the  composition and the minimal cross sectional area of a hydro-
volume fraction of vesicles increases at the expense of micelles,carbon chain in a fluid state, ca. 28.AA simple calculation
hence the observed decrease in the reduced diffusion coefficientyjelds a; ~ 35 A2. From the data in Figure 7, several
In the region of only vesiclesXppas = 0.25-0.34, the small  conclusions can be drawn. First, the vesicle sizes obtained are
decrease irD/Do can be explained by vesicle growth. This on the order of 36:35 nm and thus in reasonable agreement
decrease is most evident at the highest concentration, since watefith the cryo-TEM data. Second, the vesicle size is practically
diffusion is more sensitive to obstruction and entrapment at high jndependent of concentration, which indicates that along a
surfactant concentrations. Overall, these results are consistenyjilution path the volume fraction of vesicles decreases by
with the cryo-TEM data. They imply a continuous transition  keeping the size constant, also in agreement with cryo-TEM
from micelles to vesicles as DDAB is added to an SDS solution, ghservations.
followed by a moderate vesicle grOWth in the vesicle region. The Origin of the slow Component in the echo decays was
In Figure 6, a plot of the echo attenuation (Iiy) vs k is investigated for the solution in Figure 6 by varying the
shown for water in a vesicle solution (1.1 wt % SD&pae = observation timeA. In Figure 8a log-log plots of the echo-
0.29), at a typical value oh = 100 ms. The echo decay for decays forA = 10—1000 ms are shown, for better visualization
neat water is also presented. As is evident, the echo decay inof the slow-component decay. Asincreases, the fraction of
the vesicle solution is nonexponential; there is a fast- and a the slow component gradually decreases. Forthmange used,
slow-diffusing component. When the slow decay is extrapolated the decrease is of about 2 orders of magnitude, from an already
tok = 0, the obtained molar fraction is about 0.001. So despite |ow initial molar fraction of 0.001. Attempts to fit the whole
the fact that practically all water spins are in fast exchange curve with a biexponential function were unsuccessful, which
between the vesicle outside/inside, there is a slow componentindicates a distribution of diffusion coefficients for the slow
originating from vesicles in slow or intermediate exchange component. No meaningful fit for the slow decay was obtained
(section 1ll). These vesicles cannot be those in the range of either with a KohlrauschWilliams—Watts distribution or a log-
20—70 nm imaged by cryo-TEM, since the volume fraction of normal distribution function; also apparent in Figure 8a is the
enclosed water for this particular solution is much higher than A-dependence of the profile of the slow decay. Altogether,
0.001 (by about 2 orders of magnitude). Moreover, the these facts point out to an exchange dynamics described in
residence time of water in 20/0 nm vesicles is shorter than  section Ill(iii), that is, size polydispersity and different regimes
the experimental time scale &f = 100 ms used (cf. eq 9). of exchange for the vesicles act simultaneously to create a
The plot in Figure 6 is representative of the echo decays complex decay. The effect of sonication on the profile of the
obtained for samples in the "Vregion. Since from the  echo decay for the same solution further clarifies this point. In
discussion above a situation of fast exchange is present in allFigure 8b the influence of sonication time on the echo decay is
vesicles except for a negligible fraction (less than 0.001 in shown for fixed A = 20 ms. The cavitation induced by
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Figure 8. log—log plot of the echo decay of water as a functiorkof Figure 9. Semilog plot of the echo de(_:ay for water as a function of
= (y0g)? (A — 6/3) for a vesicle sample with 1.1 wt % SDS aXgbas k = (y09)? (A — 6/3) for samples with constant total surfactant

= 0.29: (a) for increasing values of the experimental time sdale ~ concentrationCi = Csps + Copas, and increasing molar fraction of
(ms) and (b) at fixedA = 20 ms, for samples treated by sonication ~added DDAB Xooas: (a) G = 20 mM and (b)C: = 40 mM. Linear
with increasing time (0 s to 30 min); the decay for neat water is also fitS 0 the echo decay fokopas = 0.10in (a) andXopas = 0.02 in (b)
shown (linear fit). are shown.

ultrasonication in a polydisperse vesicle solution/dispersion giant vesicles in low concentration was indeed confirmed by
breaks any large aggregates (giant vesicles or onions) intolight microscopy, as shown below.
bilayer fragments that reseal to form small unilamellar vesicles. ~ The occurrence of any water slow-diffusing component for
The longer the sample is treated, the more the size distributionsamples in the M- V™ region was also investigated. In Figures
is shifted to lower sizes and the narrower it becomes. As can9a and 9b the echo decays are plotted for different values of
be seen in Figure 8b, by increasing the sonication time from Xooas, at fixed concentratio@; = 20 and 40 mM, respectively.
10 s to 1 min, the fraction of slow component decreases At 20 mM the slow component is detected only Kspas >
drastically (ca. 2 orders of magnitude). For a period of 0.10; below this value, only a monoexponential decay is
sonication of 5 min and more, the slow component is absent. obtained (straight line). At 40 mM, the slow component is
The results in Figures 8a and 8b can be interpreted if one traced atXppag = 0.06, corresponding to the solubilization
considers that there is a broad distribution of very large vesicles boundary in the phase diagram; the samples below this value
in solution and that these vesicles have a very small volume show only a monoexponential decay (straight line). In both
fraction. As the observation tim& is increased, some of these cases, the fraction of slow component clearly increases as the
vesicles change from a regime of slow & 7.9 to fast A > amount of added DDAB increases and it is highest for
Tre9 €Xxchange and consequently the volume fraction of water compositions in the V region. These results clearly indicate
enclosed by them no longer contributes to the magnitude of that giant vesicles are already present at low amounts of added
the slow component. As the sonication time increases, at fixed DDAB and not just in the vesicular region"V Moreover, as
observation time, the larger vesicles in slow exchange are Xppag increases, an increasing fraction of giant vesicles is
increasingly destroyed into smaller ones at fast exchange andpresent.
consequently the fraction of slow component rapidly decreases. 4. Light Microscopy Observations. Representative samples
The fact that the slow component could still be detected (though were inspected in a light microscope equipped with DIC lenses
only marginally) atA = 1000 ms (Figure 8a) implies that to check for the presence of the large vesicles detected by the
vesicles larger than 1@im are present, according to the water self-diffusion. At 1.1 wt % SDS an¥ppag = 0.29
dependence of residence time on radius. The existence of sucl{corresponding t&€; = 55 mM), aggregates larger than Q.8
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spherical vesicles of diameters in the range 6fL0 um could

be detected. This observation is reasonably consistent with the
detection by PGSE NMR of a slow-diffusing component of
water forXppag = 0.11, shown in Figure 9a (fofppag = 0.10,
probably the fraction of the giant vesicles is too low to be
detected by this method). Afppas = 0.29, giant vesicular
aggregates of sizes—¥0 um were observed, indicating an
increase in polydispersity.

Outside the isotropic solution region, light microscopy showed
that the precipitate-like material in region | consists of a lamellar
phase. At lower total surfactant concentration, a mixture of
flocculated multilamellar vesicles (onions) of several in size
and tubular structures was detected. At higher concentration,
a flow birefringent phase with mosaic texture was viewed under
polarized light. The top flocs in multiphase region Il appear
as a mixture of solid crystallites and flocculated onions and
tubules ofum size.

V. Summary

1. Sequence of Aggregate Structures upon DDAB Addi-
tion. The sequence of aggregate geometries in the SDS/DDAB
mixture, as the surfactant mixing ratio is varied, can be
rationalized at a qualitative level in terms of an interplay between
electrostatic effects and geometric packing constraints. When
the cationic double-tailed surfactant DDAB is added to a micelle
of the single-tailed anionic SDS (or to an SDS-rich aggregate)
two major effects are expected: a decrease in both intra- and
interaggregate electrostatic repulsions, due to partial surface
charge neutralization and higher concentration of counterions,
and an increase in the effective surfactant packing parameter
due to the incorporation of a double-chained surfactant in the
amphiphilic interface. These two effects will in turn induce,
concomitantly, an increase in the size of the surfactant ag-
gregates and a decrease in the preferred curvature of the
surfactant film.

The addition of DDAB to SDS micelles, however, was seen
to induce initially very limited micellar growth. Only a few
molecules of DDAB seem to be incorporated into a spheroidal
micelle before another type of aggregate of much larger
aggregation number and lower mean curvattaevesicle-is
formed. A continuous transition from the region of only
micelles Kppas < 0.03) to that of only vesicles (0.25 Xppas
< 0.34) is thus present, involving a wide region of coexistence
of the two types of aggregates. This type of continuous, non-
first-order micelle-to-vesicle transition has been observed in

) . . . . o other catanionic systeni31516.19.23 |t contrasts with first-order
E'girg ;?xtb;g'}tlnigtot% z;pS;;;Di:u:rbglztg;|s(g)s’?/||:it:10|)r/1 \'/rért;fa%%‘c’/ transitions _reported in othe_zr mlxturé"s,whlph involve a _
vesicles with 0.82.0 um diameter are seen: (b)-30 um-sized macroscopic phase separation between micellar and vesicle
vesicles, occasionally attached to each other, and tubular structures alsgolutions. In the SDS/DDAB mixture, a structural change
present; and (c) a giant vesicle of 4th diameter. Bars: (a) and (b),  occurs in any case to the micelles which coexist with vesicles;
10 um; (c), 20um. at some critical ratio of added DDAB (cXppag = 0.13), the

spheroidal micelles are no longer stable and disklike micelles
were indeed observed (Figure 10g. Giant vesicles of a  were found to exist.
diameter between 0.8 and/n are the dominant structures Discoidal micelles have been reported previously in very few
(Figure 10a), but a smaller fraction of even larger structures, mixed surfactant systems on the basis of cryo-TEM imaging,
5—40 um vesicles and tubules, are also seen (Figures 10b andin mixtures of double-chained lipids with asymmetric chain
10c). The occurrence of these giant vesicular aggregates isiengtH3 and, recently, in the SDSecithin systenf4 They were
sparse compared with typical lamellar dispersions of similar ajso believed to be intermediate structures in lecithiite salt
surfactant concentration. Therefore, one concludes that thesystemét5 but recent studies C|ear|y indicate Cy]indrica] po]ymer-
aggregates have a rather low volume fraction in the solution, |ike micelles to be present inste4d. Formation of disklike
in agreement with water self-diffusion data. micelles as an intermediate geometry in micelle-to-vesicle

Samples at lower fixed concentratidl,= 20 mM, and with transitions thus seems to be relatively uncommon. The change
mixing ratios outside the vesicle region were also inspected. in aggregate geometry during the solubilization of phospholipid
For Xppag = 0.10 and slightly higher, a small number of bilayers by surfactants has been recently theoretically mod-
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