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Phase behavior for the mixed aqueous surfactant systems of cationic octadecyl trimethyl ammonium chloride
(OTAC)/anionic ammonium dodecyl sulfate (ADS)/water was examined. Below the total surfactant
concentrations of 1.5 m molal, mixed micelles were formed. At the total surfactant concentrations higher than
1.5 m molal, there appeared a region where mixed micelles and vesicles coexist. As the surfactant concentration
increased, the systems looked very turbid and much more vesicles were observed. The vesicles were
spontaneously formed in this system and their existence was observed by negative-staining transmission
electron microscopy (TEM), small-angle neutron scattering (SANS) and encapsulation efficiency of dye. The
vesicle region was where the molar fraction α of ADS to the total mixed surfactant was from 0.1 to 0.7 and the
total surfactant concentration was above 5 × 10−4 molality. The size and structure of the vesicles were
determined from the TEM microphotographs and the SANS data. Their diameter ranged from 450 nm to 120
μm and decreased with increasing total surfactant concentration. The lamellar thickness also decreased from
15 nm to 5 nm with increasing surfactant concentration and this may be responsible for the decrease in vesicle
size with the surfactant concentration. The stability of vesicles was examined by UV spectroscopy and zeta
potentiometry. The vesicles displayed long-term stability, as UV absorbance spectra remained unchanged over
two months. The zeta potentials of the vesicles were large in magnitude (40-70 mV) and the observed longterm stability of the vesicles may be attributed to such high ζ potentials.
Key Words : Phase behavior, Cationic-anionic system, Vesicle, Zeta potential, SANS

Introduction
The surfactants used in industrial products, processes, and
practical applications almost consist of a mixture of surfactants. Mixed systems are less expensive than isomerically
pure surfactants and they often provide better performances
which arise from the deliberate formulation of mixtures of
different surfactant types to exploit synergistic behavior.
Hence, it is essential to understanding how surfactants
interact in mixtures.1
In solutions containing two or more surfactants, the
tendency of aggregated structures formed is substantially
different from that in solutions consisting of only pure
surfactant. Such different tendency results in dramatic
changes in properties and behavior of mixed surfactants
solutions.2 Especially, mixing two surfactant ions of opposite charges, cationic/anionic (catanionic) surfactant mixtures
show remarkably different physicochemical properties and
behavior such as reductions in critical micelle concentration
and surface tension.3,4
Vesicles can be formed spontaneously for various mixed
surfactants systems. These vesicles have a limited solubility
in water and a low permeability. However, once they are
formed, they remain as vesicles for a long time due to their
excellent stability. Since vesicles contain the continuous
a
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phase in their core and their sizes can be of 30-100 nm, they
can be used as microcapsules and also as capsules for agents
in assays and drug delivery, microreactors for artificial
photosynthesis, and substrates for a variety of enzymes and
proteins.5 As for the drug delivery vehicles, catanionic
vesicles are as effective as niosomes which are derived from
aqueous nonionic surfactant solutions, and more stable than
liposomes.6 Recently, vesicles have also provided compartments for preparation of nanoparticles.7-9
There have been observations of spontaneously formed
vesicles in mixtures of surfactants; to name a few of them,
for catanionic systems with single alkyl chains cetyltrimethylammonium tosylate (CTAT)/sodium dodecylbenzene
sulfonate (SDBS),5,10,11 dodecyltrimethylammonium chloride
(DTAB)/sodium dodecyl sulfate (SDS),12,13 cetyltrimethylammonium bromide (CTAB)/sodium petyl sulfate (SPS),14
CTAB/SOS (sodium octyl sulfate),14,15 and CTAB/SPDS
(sodium pentadecyl sulfate)14 and for mixtures of cationic
surfactant with double alkyl chain and anionic surfactant
with single alkyl chain didodecyldimethylammonium bromide
(DDAB)/SDS16 and DDAB/sodium decyl sulfate (SDeS)17
have been examined.
Cationics have been known to exhibit excellent antistatic
effects and softness. Hydrocarbons higher than are normally
employed in cosmetics and toiletries18,19 and octadecyl
trimethyl ammonium chloride (OTAC) is probably the most
commonly used in these applications. As for anionics, SDS
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is the most well-known, and widely used in industry, and
plus it has been extensively studied in relation for its micellization, properties, and phase behavior.20,21 However, in acidic
solutions or at high temperatures, SDS undergoes autocatalytic acid hydrolysis, and dodecanol and sodium hydrogen sulfate are produced.22-24 These products are believed to
cause skin irritation.21 In contrast, ammonium dodecyl sulfate
(ADS) is less hydrolyzed in acidic solutions25 and less skinirritant than SDS.21,22
For these reasons, the use of ADS and OTAC in the
cosmetic and toiletry industry has been expanding26,27 and
this is why the mixed systems of these surfactants were
chosen. Previously mixed micellization of ADS/OTAC aqueous solutions were reported.28 In this article, we report the
phase behavior and spontaneous vesicle formation of this
mixture. The phase behavior of the ADS/OTAC mixed
system was examined by visual inspection, electrical conductometry, surface tensiometry, transmission electron microscopy (TEM), and small-angle neutron scattering (SANS).
Also, the size, structure, and stability of spontaneously formed ADS/OTAC vesicles were examined by TEM, encapsulation efficiency of dye, SANS, UV absorbance spectroscopy,
and zeta potentiometry.
Experimental
Materials. The cationic surfactant octadecyltrimethyl ammonium chloride (OTAC) and anionic surfactant ammonium
dodecyl sulfate (ADS) were purchased from Fluka. OTAC
had a stated purity of 98% and ADS was in a form of 30%
aqueous solution. For further purification the surfactants
were first placed in a rotary evaporator to reduce the water
and volatile material content. Then, OTAC was recrystallized twice from absolute ethanol. ADS was also recrystallized
first from 90% ethanol and then twice from absolute ethanol.
The purified surfactants were finally dried in an evacuated
desiccator.29 Water was distilled and deionized. For the
formation of vesicles, ADS and OTAC at various molar
ratios and total concentrations were weighed, delivered to
water, and then mixed thoroughly through magnetic stirring.
Electrical Conductivity Measurements. The critical micelle concentrations (CMC's) were determined by electrical
conductometry and interfacial tensiometry. For the conductivity measurements of surfactant solutions, a Radiometer
(Paris, France) Model CDM 210 conductivity meter and a
Model CDC641T conductivity cell with platinized electrodes
were used. Platinized platinum electrodes were chosen to
improve the accuracy of the conductivities by reducing any
electrode polarization effects. The conductivity cell was
calibrated with standard KCl solutions and its cell constant
was determined to be 0.7443 cm−1. The surfactant concentrations were changed by additions of deionized water from
a burette to the surfactant solution, which was contained in a
jacked, thermostatic beaker. The surfactant solution was
mixed thoroughly by magnetically driven stirring. The
temperature was controlled within 0.1 oC by a thermostat
bath (Model VS-1205WP-CWO, Vision Scientific, Seoul,
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Korea).
Surface Tension Measurements. The surface tensions of
surfactant solutions were measured with a du Noüy KSV
(Helsinki, Finland) Model Sigma70 and Cahn (DCA-315,
USA) tensiometers using a platinum ring. The surfactant
solutions were added by a microsyringe to water in a
thermostatted glass vessel, and the surface tension was
measured after thorough mixing with a magnetic stirrer. The
temperature of the surfactant solutions was controlled within
0.1 oC by a Jeio Tech (Seoul, Korea) Model VTRC-620
thermostat bath.
Phase Behavior Study. For the phase behavior of the
ADS/OTAC/water system, samples of known compositions
(wt %) were placed in a microprocessor-controlled thermostat with viewing windows (Vision Scientific, Seoul, Korea,
Model VS-1205WP-CWO) for several days. Then, phase
separation was visually observed and the number of phases
of each sample was recorded. The phase separation was
assumed to be complete when there was no appreciable
change in phase volumes. In each phase region subdivisions
were made by measuring mixed CMCs with conductometry
and tensiometry and observing vesicles with electron microscopy.
Vesicle Observation by Negative-Staining Transmission
Electron Microscopy (TEM). Samples were negatively
stained with 2% (w/w) uranyl acetate solution according to
the previously reported procedures.30 Vesicles were observed
and their electron micrographs were taken by JEM 200CX
(Tokyo, Japan).
Zeta Potential Measurements by Photon Correlation
Spectroscopy. Zeta (ζ) potentials of vesicles were measured
by ZetaSizer 2000 (Malvern Instruments Ltd.). The principle
on which the measurements were based was the Doppler
electrophoresis with light scattering. The samples of the
vesicles of ADS/OTAC mixed surfactants were prepared at
the total surfactant concentrations slightly above the phase
boundary, so that the ζ potential measurements were affected least by multiple scattering and so that noninvasive
measurements were done without any dilution of the samples.
Each sample was injected to the cell by the syringe and at
this time care had to be taken of not producing bubbles in the
cell. If the bubbles were produced in the cell, their movement would be seen as the movement of particles and would
change the result. The viscosity of 1.002 cP and dielectric
constant of 80.4 were used for the calculations, since the
solvent used was de-ionized water and the very small
amount of surfactants used would make presumably this
values changed little.
UV Absorbance Measurements. UV absorbance was
measured by UV/VIS spectrophotometer (V-550, Jasco) to
examine vesicle stability and concentrations of the dye,
bromophenol blue, encapsulated in the vesicles. The aspectra
of the dye had specific peak at 590 nm. From the magnitudes
of the peak, the concentrations of bromophenol blue in the
solutions were determined.
Encapsulation of Vesicles. Aqueous solutions of bromophenol blue (0.05-0.3 mM) were as used in place of water in
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making vesicles. When vesicles were formed in the dye
solutions, the vesicles should contain some portion of the
dye bromophenol blue in their core. When this vesicular dispersion flows through the chromatography column packed
with Sephadex G-25 gel (100-300 μm, Aldrich), the other
portion of the dye which was uncaught by the vesicles
should be in the effluent solution flowing out of the column.31
The concentration of the dye in the effluent solution was
determined by UV absorbance and the encapsulation efficiency was calculated.
Small-Angle Neutron Scattering (SANS). This experiment was performed at the SANS facility of the Korea
Atomic Energy Research Institute. The scattering vector q
and neutron wavelength ranged from 0.006 to 0.6 Å−1 and 4
to 8 Å, respectively. Also, wavelength resolution was 10%
with full width at half-maximum value. The samples were
prepared in D2O solution and kept in quartz cylindrical cells
(Next Instrument Co.) with a path length of 2 mm and
outside diameter of 22 mm. The calibration of absolute
scattering intensity was carried out using silica samples. The
scattering intensity was furthermore normalized with respect
to that of D2O.32
Results and Discussion
Phase Behavior. The phase behavior of a mixture focuses
on the examination of how many phases exist and what their
compositions and structures are. Through this examination
properties of the mixture can be better understood.33
At 40.5 oC the aqueous mixture of the catanionic system
displayed the regions of single, two, three and four phases,
as shown in Figure 1a. The two- and three-phase regions
almost filled the triangular coordinates. The four-phase
region appeared when ADS and water were rich and OTAC
was poor, and the four phases consisted of opaque solid,
opaque liquid, transparent crystal, and transparent liquid. As
the temperature increased to 51.2 oC, the four-phase region
disappeared and the three-phase region shrank. Instead, twophase region expanded. This may arise from the fact that the
solubility of the precipitates of ADS/OTAC increased with
temperature.
At the higher temperature of 60.3 oC the two-phase region
expanded further (Figure 1b). Around the composition of
ADS/OTAC/water = 18/10/72 (wt% ratio), single phase was
observed. This single-phase region was neighbored by the
three-phase region as well as the two-phase region. Hence, it
appears that this observation violated the so-called “alternation rule”,33 which states that an alternation between odd
and even numbers of phases occurs (in increment of one)
along isoplethal and isothermal process trajectories.
Phase behavior of very dilute aqueous mixtures of the
anionic ADS and cationic OTAC was examined and the
results are presented in a triangular coordinate in Figure 2a
and in a rectangular coordinate Figure 2b. The concentration
of each surfactant was less than 0.2 wt % and the total
surfactant concentration was below 0.4 wt %. The phase
diagram is characterized by four distinct phase regions28 of

Figure 1. Overall phase diagram of ADS/OTAC/water system at
(a) 40.5 oC and (b) 60.3 oC.

isotropic molecular solution (I), micellar solution (M), vesicles (V), and a mixture of micelles and vesicles (M+V).
The isotropic solution is clear and its region (I) is extended
up to the pure component CMCs in aqueous solutions that
are 0.392 m molal (0.0137 wt fraction) for OTAC and 6.258
m molal (0.1771 wt fraction) for ADS, respectively.34 The
isotropic solution region at the ADS-rich side is wider than
that at the OTAC-rich side because of the disparity of CMC
(CMC of ADS is about 20 times larger than that of OTAC).
The OTAC-rich isotropic region is seen very small near the
water apex in the triangular coordinate.
In the micellar region (M) mixed micelles of ADS and
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Figure 3. Plots of logI vs. logq of the SANS data for aqueous (a)
10 mM ADS and (b) 9 mM OTAC solutions. The slopes and the
correlation coefficients are (a) –3.902, 0.9826 and (b) –3.994,
0.9950, respectively.

Figure 2. Phase behavior of very dilute aqueous mixtures of the
anionic ADS and cationic OTAC (a) in a triangular coordinate and
(b) in a rectangular coordinate. See the text for the symbols.

OTAC were formed. The mixed CMCs were measured by
surface tensiometry and electrical conductometry, and the
phase boundary between the isotropic and the micellar
regions were determined by connecting these mixed CMCs.
In the region denoted as V, the mixture fluid was turbid
and the turbidity appeared to increase with total surfactant
concentration. At the fixed total surfactant concentration the
turbidity increased with α , the ratio of ADS moles to total
mixed surfactant moles. In this region the existence of
vesicles was confirmed by negative-staining transmission
electron microscopy (TEM) and entrapment of a dye. With
the equal amount of each surfactant (i.e., α = 0.5), precipitates were observed, which are believed to be the catanionic surfactant complex OTA+ DS−.
In the region denoted as M+V, the mixture fluid was tinted
blue when the total surfactant concentration was less than
about 2 m molal. It became turbid as the total surfactant
concentration increased. In this region mixed micelles and
vesicles coexisted, as evidenced by SANS. An observation
unique to this region is that the region is so narrow for α
values between 0.5 and 0.7 that it appears to neighbor with
the vesicular region at these α values. Hence, micelles in the

M+V region (probably wormlike micelles as observed in
another catanionic system of cetyltrimethylammonium-ptolunesulfonate and sodium dodecylbenzenesulfonate)10
might change to vesicles with addition of ADS (i.e., with
increase in α).
Characterization of the Phase Regions. Region M: The
region M of Figure 2 was investigated by SANS. At α = 0
and α = 1, i.e., for pure-component micelles of OTAC and
ADS, the SANS data (Figure 3) shows that the micelles are
spherical according to the Porod law,35 because the exponent
in the plot of logI vs. logq is 4. The SANS intensity I is
usually described by the power law I(q)~q−n and the exponent n provides the information on the shapes of the
surfactant association structures, as presented in Table 1.
The power-law exponent n were determined as 3.902 and
3.994 for aqueous 10 mM ADS and 9 mM OTAC solutions.
In determining n, the high-q portions of the plots were
used.36-38
The shape of the micelles observed by SANS is in agreement with that by geometric analysis. Geometrical packing
properties of surfactant molecules are one of the important
factors for the formation of association structures. It is
usually expressed by the so-called critical packing parameter
or surfactant number, N P c = v/a0 lc , where v is the volume
of the hydrocarbon chain and is determined by
v = (27.4 + 26.9 nc) × 10−3 (nm3)

(1)

and lc is an optimal length close to the fully extended
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Table 1. The exponent n and the shape of the surfactant association
structures
n

Shape

Remark

1
2
4

Cylinder or Rod
Bilayer
Sphere or Globule

Porod law35

hydrocarbon chain length l. The length lc is determined by
lc = l × 0.77 = (0.154 + 0.1265nc) × 0.77 (nm)

(2)

Here nc is the carbon number of the alkyl chain of the
surfactant and the factor 0.77 accounts for the fact that the
alkyl chain is usually not fully extended. The validity of this
factor was already discussed by Tanford.39 Meanwhile, the
head group area ao of the surfactant is determined from the
slope of surface tension versus concentration, γ -logC.40
When the surfactant molecules are conical, i.e., when
v/aolc < 1/3, micelles are formed. In contrast, when they are
cuplike, i.e., when 1/2 < v/aolc < 1 vesicles are formed.41 For
OTAC and ADS, the values of the critical packing parameter
were determined as 0.2 and 0.37 from the γ -logC plots.42
These values point to the fact that OTAC and ADS surfactants are likely to form spherical micelles in aqueous
solutions, because N P c is less than or around 1/3.41
Knowing that the micelles were spherical, their sizes were
determined by the Guinier law,43 which states that the intensity is described by I(q) = I(0)exp[−(Rg/3)q2] for which 0.5 <
qRg < 1.4 with Rg being the radius of gyration. Plots of lnI vs.
q2 yielded −Rg /3 as the slope and the radius R was found
from the R = 5/3R g ;44 the radii of OTAC and ADS were
determined as 30 and 20 Å (the diameters were 60 and 40
Å), respectively.
Region M+V: In this region the mixed surfactant samples
appeared to be tinted blue at lower and turbid at higher total
surfactant concentrations. This may indicate the coexistence
of micelles and vesicles in this region; micelle-rich at lower
and vesicle-rich at higher concentrations. In fact, SANS
measurements support the coexistence of the micelles and
vesicles in this region. Figure 4 shows the SANS data for the
samples of 0.75 and 1.5 mM total surfactant concentrations
at α = 0.2. The n values in the logI vs. logq plots were 1.35
and 1.52, which correspond to the values between 1 for the
cylinder and 2 for the bilayers. These results imply that
cylindrical or rod micelles and vesicles coexist in this region.
Region V: Spontaneous vesicle formation was observed in
the region denoted as V. The total surfactant concentration
for which vesicles were observed was as low as 0.5 m molal
and it depended on α . Vesicle formation was confirmed by
negative staining transmission electron microscopy (TEM)
and by entrapment of bromophenol blue dye. Figure 5 shows
negative staining TEM micrographs at α = 0.7 and 0.5,
respectively. Vesicles and vesicle bilayers are clearly seen.
Vesicles similar to those in Figure 5 were observed at all α
values except at α = 0.5. At α = 0.5 cation/anion (or
catanionic) mainly complexes were observed as precipitates
with a few vesicles (Figure 5b). This finding is consistent

Figure 4. Plots of logI vs. logq of the SANS data for the mixed
surfactant samples of the total surfactant concentrations of (a) 0.75
mM and (b) 1.5 mM at α = 0.2.

Figure 5. Negative staining TEM micrographs at (a) α = 0.7 and
(b) α = 0.5.

with the previous observations that the greatest amount of
precipitation was observed at an equimolar mixture.17,45 The
complexes (OTA-DS), which are highly insoluble in water,
might consist of octadecyltrimethyl cation (OTA+) and
dodecyl sulfate anion (DS-). During the formation of the
precipitates, NH4Cl was produced and affected the pH of the
mixture along with the unreacted monomer ions and
counterions. The pH changed in the range of 4.5 and 6 and it
decreased with the total surfactant concentration, irrespec-
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Table 2. Values of v/aolc at different mole ratios (α’s) of ADS to
OTAC

α

ao (nm2)

v/aolc

0.1
0.3
0.5
0.7

0.50
0.41
0.13
0.42

0.55
0.67
2.10
0.66

tive of α .
ADS and OTAC molecules are conical and they form
spherical micelles in aqueous solutions of respective pure
surfactants. However, when these surfactants are mixed in
water, they are paired to result in the truncated conical shape.
The critical packing parameter v/aolc at various α’s is
calculated with ao obtained by the surface tension data for
the mixed surfactant samples.28,42 Its value (Table 2) falls in
1/2 < v/aolc < 1, except at α = 0.5 for which precipitates were
observed. The v/aolc values support that catanionic vesicles
were formed at these α’s.
The existence of vesicles was also checked by encapsulation of the bromophenol blue dye. The color change in the
vesicle samples before and after gel filtration was obvious.42
Encapsulation of dissolvable substance is one of the important functions of vesicles, and such encapsulation may make
vesicles excellent drug delivery vehicle. The encapsulation
efficiency (EF) was calculated by EF = (Ct,dye − Cun,dye)/Ct,dye
where Ct,dye and Cun,dye are the total and uncaught dye
concentrations, respectively. EF for the ADS/OTAC vesicles
were measured as 17%, which was higher than EF for the
sodium 10-undecenoate/DTAB vesicles reported in the
literature.31
Spontaneously Formed ADS/OTAC Vesicles. Stability
of Vesicles: UV absorbances of the vesicles right after their
formation and after 4, 7, 10, 30, and 65 days were measured
to examine the stability of the vesicles. Figure 6 shows the
absorbance spectra at different days. The absorbances
remained virtually unchanged for two months, implying that
the vesicles exhibit long-term stability.
Zeta potentials of the vesicles were measured at different
total concentrations and the results are presented in Figure 7.
As α increased, ζ potential decreases and becomes negative
between α = 0.5 and 0.6. For α values smaller than 0.5, ζ
potentials are positive because the mixed systems are OTACrich. and ADS-poor. Generally it is thought that value of
zeta-potential is zero at α = 0.5 since relative molarity of
ADS and OTAC is identical. However, Figure 7 shows that
the zero value of ζ potential takes place around α = 0.6. As
α increases, the system becomes ADS-rich and therefore the
ζ potentials become negative. The absolute values of ζ
potentials in the vesicle region are large in magnitude (40-70
mV). Hence, strong repulsive forces exist among vesicles
and the long-term stability of the vesicles, which were
manifested in the UV absorbance spectra, may be attributed
to their high zeta potentials.
Sizes of Vesicles: The sizes of vesicle at α = 0.7 and various total different surfactant concentrations were measured

Figure 6. Changes in UV absorbance of ADS/OTAC vesicle
samples at α = 0.6.

Figure 7. Zeta potentials of ADS/OTAC vesicles at various α and
total surfactant concentrations of 3 ( △ ), 5 ( □ ), and 10 ( ○ ) mM.

using light scattering (Malvern Instruments Ltd, UK) and
Laser Particle Analyzer (LPA-3000, Otsuka Electronics) and
the results are presented in Figure 8. At lower surfactant
concentrations two methods yielded almost identical vesicle
sizes and at higher concentrations light scattering provided
20% larger sizes than laser particle analyzer. As the surfactant concentration increased, the vesicle size decreased; it
decreased sharply up to 2 mM and then the rate of decrease
was substantially reduced. The decrease in vesicle size with
increasing surfactant concentration is in good agreement
with an early study by Evans and Ninham46 on didodecyl
dimethyl ammonium hydroxide (DDAOH)/ water system.
SANS Analysis of Vesicles: Figure 9 shows the SANS data
for the vesicle samples with the total surfactant concentrations of 4 mM at α = 0.2 and 5 and 8 mM at α = 0.3. Over
the entire range studied, the decay pattern in the plots of I(q)
vs. q obeys the power law, I(q) ~ q−n. The values of n are 2,
2.45 and 2.5. The decay patterns for these n values are
compared to that of 2 (i.e. q−2, solid line in Figure 8) which
represents scattering from a bilayer structure.47 The proximity of n to 2 supports that the colloidal particles formed
were vesicles.
The SANS spectra of the vesicles at other α values exhibit
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Figure 10. Plot of logI vs. logq for vesicle samples at α = 0.7 and
total surfactant concentrations of 1 ( ◇ ), 2 ( △ ), 5 ( □ ), and 10 ( ○ )
mM.
Table 3. The lamellar thickness as a function of total surfactant
concentration for the vesicles at α = 0.7
Total surfactant concentration (mM)

dL (nm)

1
2
5
10

15 ± 2
12 ± 2
9±1
5±1

Figure 9. SANS data for the vesicle samples of 4 mM at α = 0.2,
and 5 and 8 mM at α = 0.3.

similar behavior. Figure 9 shows the SANS data for α = 0.7.
The absolute values of the slopes (2.3 to 2.5) in the lnI − lnq
plots are very close to 2, irrespective of total surfactant
concentration. This result also manifests that the particles
formed were vesicles.
The lamellar thickness (dL) of the vesicles can be obtained
from the slope of Sheet Guinier plots, ln[I(q)q2] vs. q2, of the
SANS data.48 Figure 10 shows such plots and the slopes
(solid lines) at low q values. The thickness dL was calculated
2
from d L /12 = slope and the results are presented in Table 3.
As the total surfactant concentration increased, the lamellar
thickness decreased. This may be responsible for the decrease
in vesicle size with increasing surfactant concentration,
which were manifested by light scattering and laser particle
analyzer.
Conclusions
The phase behavior of the ADS/OTAC/water system was
investigated. When water is very rich and the total surfactant
concentration is below 0.4 wt %, four distinct phase regions
of isotropic molecular solution (I), micellar solution (M),
vesicles (V), and a mixture of micelles and vesicles (M+V)
have been observed. Each of the phase regions was examined by visual inspection, CMC measurements, transmission
electron microscopy (TEM), small-angle neutron scattering

Figure 11. Sheet Guinier plots of SANS spectra for the vesicles at
α = 0.7 and total surfactant concentrations of 1 ( ◇ ), 2 ( △ ), 5 ( □ ),
and 10 ( ○ ) mM.

(SANS), light scattering, and laser particle analyzer.
In the vesicular region, the ADS/OTAC mixed surfactant
vesicles were formed spontaneously. Their existence was
observed by TEM and their characteristics were examined
by geometric analysis of critical packing parameter, encapsulation efficiency (EF), and SANS. The vesicle’s EF of the
bromophenol dye was 17%. The size of vesicles ranged
from 450 nm to 120 μm and it decreased with increasing
total surfactant concentration. Such observation was also
made with the didodecyl dimethyl ammonium hydoxide and
water system.
The bilayer structure of the vesicles was confirmed by the
power law I(q) ~ q−2 of the SANS spectra. The lamellar
thickness of the vesicles was also determined from the
spectra and it decreased from 15 to 5 nm with increasing
total surfactant concentration. This result may be responsible
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for the decrease in vesicle size with increasing surfactant
concentration.
The vesicles exhibited long-term stability, as UV absorbance
spectra remained almost same for two months. Zeta potentials
of the vesicles were large in magnitude (40-70 mV) and the
observed long-term stability of the vesicles may be
attributed to such high ζ potentials.
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