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The phase behavior and aggregate morphology of mixtures of the oppositely charged surfactants cetyltri-
methylammonium bromide (CTAB) and sodium octyl sulfate (SOS) are explored with cryotransmission electron
microscopy, quasielastic light scattering, and surface tensiometry. Differences in the lengths of the two
hydrophobic chains stabilize vesicles relative to other microstructures (e.qg., liquid crystalline and precipitate
phases), and vesicles form spontaneously over a wide range of compositions in both CTAB-rich and SOS-
rich solutions. Bilayer properties of the vesicles depend on the ratio of CTAB to SOS, with CTAB-rich
bilayers stiffer than SOS-rich ones. We observe two modes of microstructural transition between micelles
and vesicles. The first transition, between rodlike micelles and vesicles, is first order, and so there is
macroscopic phase separation. This transition occurs in CTAB-rich solutions and in SOS-rich solutions at
higher surfactant concentrations. In the second transition mode, mixtures rich in SOS at low surfactant
concentrations exhibit no phase separation. Instead, small micelles abruptly transform into vesicles over a
narrow range of surfactant concentration. Since the vesicles that form in mixtures of oppositely charged
surfactants are equilibrium microstructures, the microstructural evolution is related solely to the phase transition
and is thus under thermodynamic control. This differs from experiments reported on the dissolution of
metastable vesicles, such as the detergent solubilization of biological phospholipid membranes, which may
be controlled by kinetics. Despite these differences, we find that the evolution in microstructure in our mixtures

of oppositely charged surfactants is analogous to that reported for biological membrane solubilization.

Introduction vesicles as surfactant of opposite charge is added is of

Aqueous mixtures of oppositely charged surfactants exhibit considerable interest. There is a vast literature describing the
interesting phase behavior and properties. We have found thatcourse of vesicle/micelle transitions in mixtures of lipids and
vesicles form spontaneously when oppositely charged surfactantdietergents of biological utility=® Structures similar to those
are mixed in aqueous solution. To tailor microstructure and found in biological phospholipid syster’rgiform in mixtures of
solution properties for successful application of these mixtures, OPPOsitely charged synthetic surfactatfts?* Common to both
it is important to understand how the solution composition and Piological systems and synthetic surfactant mixtures are cases
molecular architecture of the surfactants influence the resulting Where strong growth of long (several micrometers) rodlike
microstructure and phase behavior. In particular, we seek to micelles occurs between vesicular and micellar phases. For the
identify the conditions that favor formation of equilibrium ~Mixtures of oppositely charged surfactants, this occurs as the
vesicles and how to tailor the size and surface charge densityMixture composition becomes more neutral. In these cases,
of these vesicles. For example, branching in the surfactant tail samples at compositions |ntermed|at(_a to the micellar and vesicle
appears to stabilize vesicles with respect to the formation of Phases separate into two macroscopic phaedn other cases,
lamellar phases or precipitate. This is evidenced by formation N0 Macroscopic phase separation is obseheet micelles and
of vesicles over five decades of surfactant concentration in VSiCles coexistin a single phase. Thus, mixtures of oppositely
mixtures of cetyltrimethylammonium tosylate (CTAT) with chgrgeql surfactants can bg used as models _of b|olog|(_:a_l systems
sodium dodecylbenzenesulfonate (SDB3)On the other hand, to |d§nt|fy_the role that various factor§ .play in determining the
lamellar liquid crystals or a crystalline precipitate forms when Telationship between solution conditions and the resulting
surfactants with linear alkyl chains of the same length are Microstructural evolution. .
mixed3* In the latter case, vesicles are present only inanarrow ~ Here we explore the phase behavior and morphology of
range of concentrations, and the vesicles that do form are largemixtures of surfactants with highly asymmetric chain lengths:
(>200 nm) and highly polydisperse. cetyltrimethylammonium bromide (CTAB) and sodium octyl

The microstructural evolution of the spherical micelles sulfate (SOS). The complementary techniques of quasielastic

(characteristic of aqueous solutions of each pure surfactant) intolight scattering (QLS) and cryotransmission electron microscopy
. . p rould bo add p (cryo-TEM) are used to probe microstructural evolution of
* Author to whom correspondence should be addressed. ; ; ; ; ot
TCurrent address: Department of Chemical Engineering, Stanford mixed micelles into vesicles along a dilution path.
University, Stanford, CA 94305-5025. .
* Current address: W. L. Gore and Associates, Inc., 297 Blue Ball Rd., Materials and Methods
Elk§t0n, MD 21921. _ o _ CTAB, obtained from Kodak Chemicals, was recrystallized
Current address: Department of Chemical Engineering and Materials from a 1/1 mixture of ethanol and acetone. HPLC grade SOS

Science, 151 Amundson Hall, University of Minnesota, Minneapolis, MN : . .
55455, Y P was obtained from Kodak and treated for surface-active impuri-
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MA). The SOS concentration following this treatment was WaTHI
determined using a two-phase titration with standardized ‘
Hyamine 16223 Samples were prepared by first making stock
solutions of either cationic or anionic surfactant at the desired
concentration in distilled deionized water. Stock solutions of
each pure surfactant were equilibrated at room temperature and
filtered through a 0.2um filter prior to preparing samples.
Samples were prepared by mixing the stock solutions at the
desired ratio, and compositions reported are on a weight percent
basis. After brief vortex mixing, the solutions were not
subjected to any type of mechanical agitation. All samples were
equilibrated at 25C in a thermostated bath for many months.

Surface tension was measured using a thermostatéssKru
Wilhelmy plate tensiometer. Since the cationic surfactant is
preferentially adsorbed on glassurfactant adsorption alters
the bulk composition. Thus, dilute samples for tensiometry were
prepared in dishes pretreated with multiple rinses of a solution
at the desired concentration and maintained at@5 Repro-
ducible results were obtained if the glassware was rinsed three
or more times. cquanmolar

Quasielastic light scattering (QLS) measurements were madeFigure 1. Ternary phase diagram for CTAB/SOSfBiat 25°C. One-
with a spectrometer of standard design (Brookhaven Model BI- pPhase regions are unshaded and represent SOS-rich vesicles (V), rodlike
200SM goniometer and Model BI-9000AT correlator) and a Micelles (R), and SOS-rich micelles (M). Two-phase regions are shaded
Lexel 300 mW Ar laser. All measurements were made at a and_are (_:TAB-nch rodh_ke micelles and vgsmles_«fRV), SOS-rich

- . > . . rodlike micelles and vesicles (R V), SOS-rich vesicles and lamellar

scattering angle of 90and the intensity autocorrelation function phases (V+ L), and an isotropic liquid and precipitate along the
was analyzed by the method of cumulatts. equimolar line. Very small amounts of turbid clouds form in samples

Specimens for cryo-TEM were prepared in the controlled in the SOS-rich vesicle lobe with compositions above the horizontal
environment vitrification system (CEVS) described in detail by dashed Iin_e. Precipitate also forms at low con(_:entrations (up to 0.1 wt
Bellare!s Specimens of the microstructured liquid are prepared *0)- There is also an unresolved multiphase region (1). The dashed arrow
by placing a 3-5 uL drop of the sample on the surface of a Lip;esvi?éshtthpee?étjrt]'togar;?sth represented in Figure 3. Compositions are
holey carbon film (Lacey-substrate, made by Ted Pella, Redding, . o .
CA), which was held by a pair of self-locking tweezers mounted ~_ Micellar phases exist on the binary surfactanater axes
on a spring-loaded shaft inside the environmental chamber. Thin©f Figure 1. Vesicles form in the water-rich corner of the phase
liquid films, spanning the holes on the film and ranging from diagram and are found in both CTAB-rich and SOS-rich
50 to 500 nm in thickness, were then formed by gently blotting S@MPples. Samples with a bluish appearance are designated as
away excess liquid on the grid by touching it with a filter paper. containing vesicles, ar_ld the presence of vesicles is conflr.med
The films were vitrified by plunging the grid into a vial of liquid Py QLS and TEM, as discussed below. The CTAB-rich vesicle
propane or ethane, held at its freezing point by a surrounding lobe is small and narrow in extent, while the SOS-rich vesicle

pool of liquid nitrogen. Later, the grid was transferred under 00€ is considerably larger. Micelles form along the binary
liquid nitrogen onto the tip of a Gatan Model 626 cold-stage. surfactant-water axes. As SOS is added to CTAB-rich micellar

Specimens were held at168 °C and imaged at 100 KV in a solgtions, there. is strong rodlike micel[ar growth, as indicated
Model 2000 FX JEOL transmission electron microscope under PY increased viscosity and viscoelasticity. Samples become
low electron doses. Electron images were recorded on So_mcrea_smgly_ more wscoelast_lc at high surfactant concentrations.
163 plates at under-focus conditions and were later developedSOS-rich micelles are spherical atlow amounts of added CTAB,
for 12 min using full-strength D-19 developer (Kodak). v_vhlle at hl_gher _rat|os of CTAB to SOS and higher concentra-
tions, rodlike micelles form.

The micelle-to-vesicle phase transition is of considerable
interest. For CTAB-rich samples and SOS-rich samples at

The CTAB/SOS/water phase diagram (Figure 1) representshigher surfactant concentration, there is an intervening two-
the results of observations of more than 250 samples made ovephase region of rodlike micelles and vesicles. Samples separate
the course of many months. When samples are initially into two phases: one phase scatters more light than a micellar
prepared, vesicles often form over a wide range of compositions. solution and is viscous, while the other phase is not viscous.
However, as the samples age, the range of compositions thatDepending on the composition, the appearance of the second
yield vesicles shrinks considerably, particularly at the lamellar phase ranges from clear and colorless to bluish and somewhat
phase boundary. Small amounts of the lamellar phase form inturbid. At higher surfactant concentrations, samples contain
two-phase samples close to the vesicle phase and become visiblenore than two phases and may contain vesicles, rodlike micelles,
only after aging for days or weeks. Boundaries are assignedand liquid crystalline microstructures. SOS-rich samples exhibit
only when the visual appearance does not change with time.different behavior for low surfactant concentrations (see Figure
Note that aqueous mixtures of cationic*(R™) and anionic 1). Inthese samples there is limited micellar growth with added
surfactants (RX™) are actually five-component systems in the CTAB or increased dilution, and the colorless micellar solutions
sense of the Gibbs phase rule;’)R, R"X*, RTR™, X*X, progressively scatter more light than micellar solutions of pure
and water. Therefore, the pseudoternary phase diagram forSOS as the micellar phase boundary is approached. Samples
R™X~, R™X*, and water represents only a portion of the phase become noticeably turbid over a very narrow increment of
prism. The full prism is needed to represent compositions in concentration, and the phase boundary between micelles and
multiphase regions when the surfactant ion and associatedvesicles is set at the point at which samples appeared turbid.
counterion separate into different phases, as is the case when For SOS-rich samples with mixing ratios (given as weight
precipitate forms. of CTAB to weight SOS) between 60/40 and 35/65 CTAB/

Results
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Figure 2. Surface tension of aqueous solutions of pure and mixed o , ) . MY
surfactants at 28C. The break in the surface tension curve represents 0.0 0.5 1.0 1.5 2.0 25 3.0
the onset of aggregation (critical aggregation concentration, cac). The
cac for pure SOS is 2 orders of magnitude higher than that of pure wt% Surfactant
CTAB and 3 orders of magnitude higher than that of the mixtures. Figure 3. Apparent aggregate radius as a function of surfactant
The cac for all measured mixing ratios falls in roughly the same range concentration along a dilution path for mixtures of CTAB and SOS.
(35—70uM). The mixtures of surfactants show a lower ultimate surface The bulk mixing ratio is 10/90 CTAB to SOS. Apparent radius is
tenSion Value ”(’25 dyn/Cm) than eithel’ Of the two pure Surfactants measured Using QLS 1 month after Samples were prepared'
(CTAB ~ 35 dyn/cm; SOS~ 40 dyn/cm). Lines are shown to guide
the eye. TABLE 1. QLS Results for Mixtures of CTAB and SOS,

Measured Immediately Following Preparation and after

SOS, the SOS-rich vesicle phase is in equilibrium with a Aging Several Months

lamellar liquid crystalline phase. At higher SOS concentrations initial preparation aged preparation
iq the mgltiphase region, sqlutions appear bluish and are mixing surfactant radius radius
viscoelastic at low concentrations and turbid and birefringent rato  (wt%) (nm) polydispersity (nm) polydispersity
at higher concentrations. Some s_ar_np_les in this region become; 5,94 17 19 0.09 158 0.24
nonhomogeneous with time, and it is likely that these samples 1.4 18 0.08 134 0.26
are kinetically trapped multiphase samples. 1.2 16 0.06 91 0.25

A crystalline precipitate, presumably the equimolar salt 20/80 2.5 36 0.16 74 0.17
CTA*:0S", forms in equimolar mixtures as well as in dilute 5(5) i? 8'%2 }gé 8'32
(<0.1-0.2 wt %) solutions at all mixing ratios investigated, as 34,79 20 35 0.16 136 0.25

indicated in Figure 1. Dilute samples in the vesicle phase close

to the precipitate phase boundary often contain turbid wisps tyrbidity. This transition occurs at a composition in good
that are so easily dispersed by mixing that attempts to character-agreement with the experimental micelle/vesicle phase boundary
ize them with optical microscopy are unsuccessful. Because shown in Figure 1. The apparent radii of the vesicles range
of the proximity of the precipitate phase boundary, the wisps from 100 to 150 nm.
may be a fine precipitate or a dilute dispersion of multilamellar  The time scale for the transition from micelles to vesicles is
vesicles (MLVs). very different from that of the reverse transition from vesicles
The critical aggregation concentration (cac) for a variety of to micelles. To form vesicles, micellar solutions at the desired
mixing ratios, calculated from the break in a plot of surface mixing ratio are diluted with water and vortex-mixed. The
tension versus the logarithm of the concentration, is shown in samples attain their equilibrium size very slowly, with the
Figure 2. The critical micelle concentration (cmc) of pure SOS apparent radii increasing rapidly in the first hour and much more
is approximately 3 wt % (120 mM), and that of pure CTAB is  slowly over the next three months. In contrast, the reverse
approximately 0.03 wt % (0.88 mM), in agreement with transition occurs rapidly and the equilibrium micellar size is
literature values. The critical aggregation concentrations (cac’s) established within seconds. These results highlight the impor-
for mixtures of CTAB and SOS are significantly lower and range tance of properly aging vesicle solutions prior to determining
from 0.001 to 0.002 wt % ((37) x 107> M). Mixtures of properties such as size and polydispersity.
CTAB and SOS produce a lower surface tension than is  The evolution of apparent radius with time was followed with
observed for either pure surfactant. Precipitate appears inQLS. Samples were prepared by diluting micellar stock
samples in the vicinity of the cac after equilibration for several solutions at the desired mixing ratio to the target surfactant
days, thus the cac for mixtures of CTAB and SOS corresponds concentrations. The results for samples prepared close to the
to the solubility of the equimolar precipitate. The value of the micelle/vesicle phase boundary (mixing ratio of 10/90 CTAB
solubility product (acta+)(asos—)] for this salt, calculated  to SOS and total surfactant concentrations of 1.7, 1.4, and 1.2
from the dependence of the cac on bulk mixing ratio, ig 9 wt %) and well within the vesicle phase (mixing ratio of 30/70
1029 moP L2, CTAB to SOS and 2.0 wt % surfactant, and mixing ratio of
To study the transition from micelles to vesicles for SOS- 20/80 and 1.5, 2.0, and 2.5 wt % surfactant) are shown in Table
rich mixtures, the apparent aggregate size was measured using.. Initially, all three samples prepared at a mixing ratio of
QLS along several dilution paths. Figure 3 shows the apparent10/90 CTAB to SOS have approximately the same apparent
aggregate radius as a function of surfactant concentration for aradius of 16-19 nm. After aging for several months, the sizes
mixing ratio of 10/90 CTAB to SOS. There is a gradual increase increase substantially, as shown in Table 1, with apparent radius
in aggregate size as the phase boundary is approached, withnversely proportional to the surfactant concentration. Poly-
apparent radii considerably greater than those corresponding tadispersity increases significantly, and the signal-to-noise ratio
spherical micelles. Below 1.8 wt % surfactant, there is a sharp is halved. Turbid clouds that are easily dispersed are occasion-
increase in aggregate size, accompanied by an increase in samplally observed in these samples. The behavior of samples
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Figure 4. Apparent aggregate radius with time for mixtures of CTAB

to SOS. Micellar stock solutions with mixing ratio 20/80 CTAB to
SOS are diluted to 2.5 wt %), 2.0 wt % (@), and 1.5 wt % @)
surfactant, which are concentrations within the vesicle lobe. The
apparent radius is measured with QLS. After 3 months, apparent radius
becomes constant for all three final concentrations for 20/80 CTAB to
SOS, indicating that vesicles are equilibrium structures at these
compositions.

prepared at these 10/90 compositions near the micelle/vesicle
phase boundary is very different from those prepared at the
composition ratios of 20/80 or 30/70, which are well within
the vesicle lobe. The radius of the latter samples increases
rapidly in the first hour after sample preparation and attains an
equilibrium size within 3 months (Figure 4). The polydispersity
and signal-to-noise ratio also remain constant with time for these
samples.

It is well-known that alkyl sulfate surfactants are subject to
degradation by hydrolysis of the sulfate head group to the
corresponding long chain alcoh®l. Because of the long
equilibration times required to properly determine the phase
behavior, we investigated the effect of small amounts of added
octanol on phase behavior and vesicle properties. A dilution
series at a mixing ratio of 10/90 CTAB to SOS was prepared
in which octanol replaced 0.20% of the SOS. Samples

gontea;rr]IgﬁoggtaP;Lgt?hgﬁné?eoasrlt::j gllutlgﬁ t;ir;jsc:/(i)tﬂ :iergg)na vesicle phase at 0.5 wt % surfactant and 10/90 CTAB to SOS. Samples
PP y ! ' = prepared from this solution did not show micelles but only unilamellar

turbid phase appears in the samples. Thus, the phase behavigfggjcles.
of samples with added octanol is different from that of the
undoped samples. The apparent radius of aggregates in samplegdius less than 20 nm and appear clear to the eye, did not show
containing added octanol is similar to that of aggregates forming any large aggregates such as vesicles or elongated rodlike
without octanol; however, the octanol-containing structures micelles. The surfactant in these solutions appears to aggregate
initially have a much higher polydispersity. The presence of only as small €200 A) globular or spherical micelles. Electron
octanol does not significantly affect the concentration at which mjcrographs (not shown) prepared from solutions containing
the increase in apparent radius is observed upon dilution of ap.75-1.8 wt % total surfactant show similar dotted features,
micellar solution. and larger aggregates are not observed. Although, it is
The SOS used in this work was carefully purified to remove impossible to identify individual spherical micelles from cryo-
surface-active impurities and was shown to be free of octanol electron micrographs, the speckled pattern appears only in
by the absence of a minimum in a plot of surface tension versussamples prepared from such micellar solutions and not in
concentration. We also investigated with NMR the possibility micrographs of deionized water.
that octanol was forming during aging. SOS samples (1.0 wt  Micrographs prepared from samples containing 6.5
%) were aged for 4 months, both at room temperature and underwt % total surfactant show similar features, and larger aggregates
refrigeration. In NMR measurements, no trace of octanol was are not observed. This is curious since these samples appear
detected in any of the aged SOS samples. Instrument resolutiorbluish to the eye, are slightly turbid at lower surfactant
set the lowest detectable octanol concentration at 0.001 wt %.concentrations, and show large sizes by QLS. Thus, images of
All of these results show sulfate hydrolysis is not the cause of large aggregates are expected in the micrographs. Although
the observed long-term changes in aggregate morphology.  specimens for cryo-TEM were prepared with great care to avoid
The microstructure present in samples prepared along thethe exclusion of larger aggregates from the sample, there is likely
dilution path studied by QLS (10/90 CTAB to SOS and-2.0  only a low number density of large aggregates in these samples,
0.5 wt % total surfactant) was also probed with cryo-TEM. As and thus they are not captured. Vinsatral? reported similar
expected, micrographs prepared from samples with-2.8 findings.
wt % surfactant, which contain aggregates of hydrodynamic  Vesicles are imaged in the more dilute samples, and Figure

Figure 5. Cryoelectron micrograph of unilamellar vesicles from the
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Figure 6. Cryoelectron micrograph showing well-formed spherical vesicles from the bottom phase of a two-phase sample at 4.57 wt % surfactant
and a mixing ratio 80/20 CTAB to SOS.

5 is an electron micrograph of vesicles from a sample at 0.5 equimolar mixtures. This likely represents the fact that the
wt % surfactant. This dilute sample shows only large unila- asymmetric tails cannot pack efficiently into a crystalline lattice,
mellar vesicles of radius varying from 100 to 150 nm. Note and so formation of precipitate is limited.
that the bilayers appear flexible and the vesicles are not The |imit of the vesicle phase at high surfactant concentration
spherical. Such shapes may be the equilibrium conformationsis set, at least approximately, by the close packing of vesicles.
of vesicles because of the low bending rigidity of mixed This concentration is generally only a few percent and is a
bilayers}”~19 or they may reflect deformations due to shear fynction of the total surfactant concentration and surfactant
during sample preparation. The radii of the vesicles imaged sojubility. Above this concentration, the surfactants form a
are in good agreement with those measured with QLS (ca. 93muyltilamellar phase. Close packing will occur at lower
nm). concentrations if the vesicles are large, so vesicle phases at high
In CTAB-rich samples, a two-phase region separates the surfactant concentration must contain small vesicles with highly
micelle and vesicle phases. Figure 6 shows a micrograph of curved bilayers. We have previously repof&that whenever
the bottom (clear) phase of a two-phase sample at 4.57 wt %the tail lengths of the two surfactants are not equal, the extent
surfactant and a mixing ratio of CTAB/ SOS of 80/20. Spherical of the vesicle lobe is largest for mixtures rich in the shorter
unilamellar vesicles with well-formed bilayers, approximately tailed (more soluble) surfactant, and this effect is obvious in
100-300 nm in diameter, are present in this sample. In contrast Figure 1. Surfactant solubility is also important in setting the
to the SOS-rich vesicles, the bilayers are mostly spherical and|imit of vesicle stability because it determines the amount of
do not appear to be deformed by shear. The top (viscous) phas&urfactant in the form of aggregates for a given bulk composi-
(not shown) appears to contain a highly interconnected network tion. A relatively low surfactant solubility implies a large
of threadlike micelles. amount of aggregated surfactant and thus a high number density
of vesicles.

The SOS-rich bilayers imaged in Figure 5 are apparently quite

Phase behavior and microstructure in mixtures of oppositely flexible, so the bending constant of these bilayers is low.
charged surfactants are influenced greatly by the relative sizesConversely, bilayers rich in CTAB (Figure 6) are considerably
of the hydrophobic portions of the surfactant molecules. stiffer, and mostly spherical vesicles are observed. Theoretical
Mixtures with unequa| tail |engths promote the formation of calculations of the curvature elasticity of bilayers formed from
vesicles relative to either multilamellar structures or the crystal- Single surfactants show that the bending energy of a bilayer is
line precipitate. When tail lengths are equal, as in mixtures of Proportional to the length of the surfactant chain and ranges
DTAB and SD$' large polydisperse vesicles and multilamellar from ~5 to 45 kT as the chain length increases from 8 to 16
vesicles are formed, the vesicle phase is Very narrow, and thecarbons. Furthermore, the bending elastic constants are Sig'
crystalline precipitate forms over a wide range of compositions. Nificantly reduced when short- and long-tailed surfactants are
In contrast, when the tail lengths of the two surfactants differ, mixed*81 This trend is supported by the apparent flexibility
as in the case presented here, the vesicle phase is considerab®f the bilayers formed in mixtures of CTAB and SOS.
enlarged and precipitate is formed only at high dilution, or in The micelle-to-vesicle phase transition is first order for

Discussion
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CTAB-rich mixtures and for SOS-rich mixtures at higher Conclusion
surfactant concentrations. At low surfactant concentrations there

is limited micellar growth in SOS-rich mixtures and the Vesicles form in mixtures of oppositely charged surfactants

" . . . . with asymmetric chain lengths. The chain length asymmetry
transition occurs without phase separation. It is surprising that " ; . .
appears to stabilize vesicles relative to other microstructures,

cryo-TEM micrographs show only small micelles, while QLS .such as the liquid crystalline lamellar phase, as well as the

measurements indicate the presence of large aggregates in : 1 . ) -
samples in the transition region (Figure 3, Table 1). This has crystalline precipitate. Further, we find that the bilayer proper

also been reported for the solubilization of lipid ties' are also determined by the compositipn; in_particular,
membrane&7.92922 This phenomena is likely due to a low vesicles p_repared Wlt_h an excess of Iong-tallec_i sqrfactant are
number den-sity of vesicles in the sample. Light scattering is m_ade of bilayers conS|derany_ stiffer than those_ rich in the sr_lort-

o N 2 7 tailed surfactant. As a result, important properties of the vesicles
extremely sensitive to the largest particles in the solution;

therefore, vesicles are detected even if they are very dilute Forand the extent of the vesicle phase can be controlled with
! . y ery : parameters that are experimentally accessible, such as surfactant
a cryo-TEM experiment, on the other hand, a minute amount

S . ..~ geometry and composition.
of solution is sampled, and the chances of this sample containing . . . . )
- . X The micelle-to-vesicle transition proceeds via a first-order
a statistically under-represented population are slim.

) ; ) phase transition for CTAB-rich mixtures and SOS-rich mixtures
The time evolution of aggregate size, as followed by QLS, 4t higher surfactant concentrations. At lower concentrations,
shows that the behavior of samples within the transition region 5 hhase separation is observed and the microstructure, deter-

is very different from that observed for samples with composi- mined from cryo-TEM observations, abruptly transforms from
tlons_vyell Wlth_m the vesicle [obe. In particular, sa}mple§ inthe gmgal| spherical micelles to large unilamellar vesicles over a very
transition region have a high degree of polydispersity that narrow range of composition. Thus, we find that mixtures of
increases with time and a poor signal-to-noise ratio that worsensgpnositely charged surfactants exhibit many features similar to
with time. These observations are consistent with the presencenose observed in biological mixtures and may be a convenient

of a heterogeneous size distribution, such as one with small j,5ge| system for the investigation of phase behavior and
aggregates contaminated with large polydisperse patrticles, thatmorphology.

changes with time. The QLS results, combined with the
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