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Rheological behavior

ORIGINAL CONTRIBUTION

in the didodecyldimethylammonium

bromide/water system

Abstract The phase behavior in the
dilute region of the did-
odecyldimethylammonium bromide
(DDAB)/water system is studied
with a battery of techniques. The
critical vesicle concentration (cvc),
measured by tensiometry, conduct-
imetry, ion-selective-electrode po-
tentiometry and dye solubilization,
is similar to the value reported in the
literature. Moreover, the combina-
tion of surfactant-ion-selective-
clectrode and bromide-ion-sclective-
clectrode potentiometry indicates
that the vesicles are substantially
ionized (« = 0.5) in the proximity of
the cvc. The transition from small
unilamellar vesicles to larger multi-
lamellar liposomes was detected at
0.2 wt% by viscometry, conduct-
imetry and dye solubilization
measurements. The rheology of the
DDAB/water system was studied as
a function of surfactant concentra-
tion and temperature. Non-
Newtonian behavior, viscoelasticily,

yield stresses and time-dependent
flow behavior were observed.
Maxima and minima in thc dynamic
moduli and in conductivity are
related to structural changes and
phase transitions. Moreover,

in time-dependent shear flow, Lhe
microstructure is modificd and the
rheological response shifts from
thixotropic to antithixotropic or vice
versa, depending on the DDAB
concentration and the level and
duration of the final applicd stress.
The conductivity behavior in the
Lam, phase region can be qualita-
tively explained by the capillary
superconductivity theory. This con-
ductivity behavior occurs when the
thickness of the aqueous lamella is
of the same order of magnitude as
the Debye length.

Key words Vesicles - Lamellar
liquid crystals * Viscoelasticity
Thixotropic-antithixotropic

Introduction

Didodecyldimethylammonium. bromide (DDAB) is a
double-tail cationic surfactant, whose phase behavior
in water and in water/oil mixtures has been studied in
detail [1-7]. In water, DDAB forms vesicles but not
micelles above its critical vesicle concentration (cve) of
6.5 x 107* wt% [1]. Abovce 4 wt% and up to 30 wt%, a
highly swollen lamellar phase (Lam,;) forms at room
temperature {3]. Another single lamellar phase (Lam,) is
observed between 85 and 89 wt% DDAB. In-between,

there is a wide two-phase region. Both lamellar phases
change into an isotropic phase upon incrcasing the
temperature [7], although more recently it has been
reported that the biphagic (Lam, + Lam,) rcgion has a
critical point at 74 °C and 62.2 wt% surfactant, above
which the Lam, phase prevails up to about 100 °C [8, 9].

The rheology of DDAB-based microstructured fluids
has been scarcely studied. Matsumoto et al. [1] perform-
ed a morphological and rheological study at 25 °C of
DDAB/water mixtures up to 40 wt% surfactant con-
centration. Steady-shear measurements reveal Newtonian



behavior at DDAB concentrations below 1 wt% and
non-Newtonian behavior ut higher concentrations where
the zero-shear-rate viscosity (¢,) increases in a non
monotonous fashion with increasing surfactant concen-
tration. Oscillatory measurcments, performed at shear-
strain deformations within the linear viscoelastic region
(3 = 3%), show that the saumples behave as *“‘weak gels™,
i.c., their dynamic moduli (G’ and G”) are independent
of frequency and G’ > G” [10]. Moreover, Matsumoto
et al. [1] reported that the dynamic moduli and the shear
viscosity (1) go through maxima at 3 wt% and between
15 and 20 wt% DDARB. This anomalous rheological
behavior was explained in terms of structural changes
ocecurring at those concentrations; however, the whole
phase diagram was not covered and measurements were
performed only at room tcmperature.

In this paper, the rheological properties of the
DDAB/water system arc reported as a function of
surfactant concentration und temperature. The phase
behavior at low concentrations and the degree of
ionization of the vesicles are investigated by a battery
of techniques. The rclationship between phase behavior
and rheological propertics is examined. Moreover, the
conductivity behavior in the Lam, region is explained in
terms of the capillary superconductivity theory [11].

Experimental

DDAB (Kodak) with a purity higher than 99% was recrystallized
first from a 50/50 (v/v) acctoneicthyl ether mixture and was then
from ethyl acetate and was dricd in a vacuum oven. Samples were
prepared by adding water.to the dried surfactant, then they were
heated, homogenized and allowed to reach equilibrium for at least
I week at 25 £ 0.1 °C. -

Conductivity was measurcd at 25°C and 1000 Hz with a
Labcraft CMS 064-774 conductimeter and an immersion cell with a
constant of I em™". Turbidity was measured at 600 nm in quartz
cells with path lengths of 0.5 cm using a Perkin Elmer Lambda 11
spectrophotometer. Solubilization of Sudan 1 (99% pure from
Fluka) in the aggregates was foliowed with a Spectronic 20
spectrophotometer at a  wavelength of 490 nm. The critical
aggregation concentration was also detected by adding a drop of
a dilute aqueous solution o Rhodamine 6G (99% + purity from
Carlo Erba) to DDAB/water samples. This dye changes its color
and fluorescence (from fluorescent orange to non fluorescent
sensitive red) when aggregutes form [13]. The change in color can
be detected by cye.

lon-selective-electrode potentiometry was conducted using a
CRIBBAB voltmeter with an Orion 9435BN Br-selective electrode
and a homemade surfactant-ion-selective (DDA"') electrode. The
DDA’ -selective electrode was made as follows. Dilute equimolar
aqueous solutions of DDAB und sodium dodecy! sulfate (99% pure
from Aldrich) were mixed to produce a complex that precipitates.
This precipitate was filtered and washed several times with doubly
distilled water and was.then dricd. Next, 0.3 g of this complex,
0.3 g poly(vinyl chloride) (PV(') und 0.06 g dibutyl phthalate (used
as a plasticizer) were dissoived in 3 ml tetrahydrofuran (Merck).
This solution was loaded in o petri dish and allowed to dry to yield
a thin membrane film; this was glued to the end of a PVC tube with
tetrahydrofuran. Then the tube was filled with an aqueous solution
of 0.1 mM NaBr and | mM DDAB, and a silver electrode (which
acts as the internal electrode) was introduced into the tube. The

reference clectrode for both the Br - and the DDA '-sclective
electrodes was an Orion saturated calomel electrode.

Rheological properties were measured with a Carri-Med
C50 controlled-stress rheometer and cone-and-plate-gecometry
(0.035 rad and 4 cm) and with a Rheometrics RDS 11 mechanical
spectrometer and conc-and-plate-geometry (0.1 rad and 2.5 c¢m).
Since the domain structure of DDAB liquid-crystalline samples is
quite sensitive to shear deformation history, samples were carefully
loaded on the rhecometcr plate with a spatula and then the cone was
slowly lowered. To prevent changes in composition by water
evaporation during measurements, a chamber containing wetted
sponges was placed around the cone-and-plate fixture. The
viscosity of the dilute solutions was measured at 25 °C with a
calibrated Cannon Fenske no. 50 viscometer.

Results

The surtace tension and absorbance duc to Sudan 111
solubilization is shown in Fig. 1 as a function of DDAB
concentration. The slope of the surface tension curve
changes abruptly at 0.086 mM (4 x 10™% w(%) and al
about 0.86 mM (4 x 1072 wt%); in the latter case, the
surface tension remains constant with increasing DDAB
concentration. Sudan HI solubilization absorbance
is small in dilute samples but increases abruptly with
DDAB concentration at about 0.043 mM (2 x 107°
wt%). A second transition, signaled by another sudden
increase in absorbance, is detected at (.63 mM
(2.9 x 1072 wt%). The turbidity measured at 600 nm
(not shown) increases rapidly with DDAB concentration
above 0.023 mM (1.08 x 10™* wt%). The first transition
was also detected visually at 0.05 mM (2.3 x 107 w(%)
by observing the color change of Rhodaminc 6G in
DDARB solutions.

The plot of conductivity versus DDAB concentration
exhibits two transitions at low concentrations as cvi-
denced by changes in the slope: one at about 0.018 mM
(8.5 x 107* wt%) and the other at 0.43 mM (2 x 1072
wt%) (Fig. 2). To analyze further the conductivity data,
the equivalent conductivity, A, as a function of /¢ and
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Fig. | Surface tension and Sudan IHl solubilization absorbance,
measured at 490 nm, versus didodecyldimethylammonium bromide
(DDA B) concentration
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Fig. 2 Electrical conductivity as a function of DDAB concentration.
Insets: equivalent conductivity. A, versus square root of DDAB
concentration and differential cquivalent conductivity, Ay, versus ¢
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Iig. 3 Concentrations of [ice Br™
aggregated DDAB (O)

(@), free DDA (o), and

the differential equivalent conductivity, Ay (= 1000A
x/Ac), versus ¢ (=[c, + ¢,.1]/2), are shown in the
insets of Fig. 2. A drops abruptly with concentration
up to the first transition, where a small minimum
followed by a plateau is observed; then it drops with
increasing DDAB concentration with no evidence of the
sccond transition from dyc solubilization and conduc-
tivity measurements. Ay, on the other hand, exhibits two
plateaus at low and high concentrations and two drops
scparated by a zonc with a small slope at intermediate
concentrations. The drops in Ay occur at the same
concentrations where the slope of the conductivity plot
changes.

The concentrations ol free Brrand DDAY and of
aggregated DDA™ (on o monomer basis), obtained from
ion-selective-clectrode mcasurements, arec shown in
Fig. 3. Free-ion and aggregated-ion concentrations and
the degree of ionization were calculated with a proce-
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Fig. 4 Relative viscosity as a function of nominal volume (raction

Table | Concentrations where transitions were detected by the

different methods

Method

First transition

Second transition

(mM x 10%) A(mM x [0%)

Electrical conductivity 1.7-1.9 43
Equivalent conductivity 3.0 -
Differential equivalent 1.7-1.9 43
conductivity

Surface tension 7.0-8.6 86
Ion-selective clectrodes 5.0 40-50
Sudan 111 solubilization 4.3 63
Turbidimetry 2.3 —
Rhodamine 6G 5.0 -
Viscometry - 88

dure described clsewhere [12] with the assumption that
the aggregates do not contribute significantly to the
ionic strength of the solution [13]. Both DDA and Br~
concentrations increase up to 0.05 mM, where the
aggregates form, then the concentration of free DDA
becomes almost constant, whereas that of frec Br™ keeps
increasing, which indicates that the aggregales are
strongly ionized. ]

The relative viscosity, n/c, versus the nominal volume
fraction, ¢,,,(=c¥/1000) is shown in a log-log form
in Fig. 4 ¢ is the DDAB molar concentration above the
cve and ¥V (+796.9 cm*/mol) is the surfactant molar
volume. The latter was calculated using the model of
Gruen [14] to cstimate the volume of the hydrocarbon
groups and with literature data for the volume of the
nitrogen atom in an glkylammonium group [I5]. The
relative viscosity - decreases with volume fraction up
0 ¢oom = 0.0074 (cppas = 8.81 mM). Then the slope
becomes steeper, suggesting a structural change at this
concentration. The concentrations at which (he (wo
transitions were dctected by the different techniques
employed as well as literature values are reported in
Table 1. Note that the concentrations where the transt-
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tions arc observed vary slightly depending on the
method used.

Strain-deformation sweeps (not shown) were per-
formed as a function of DDAB concentration at 25 °C
and at a constant frequency of 10 rad/s to detect the
linear viscoelastic region. This region, defined here as the
region where the elastic modulus (G’) is independent of
the applied strain level, is restricted to small values. The
critical strain deformation, y., decreases with increasing
DDAB concentration: 7. is about 4% for the 15 wt%
sample and only 2% for the 30 wt% sample. In the
biphasic (Lam;+ Lam,) region, y, £ 2% and in the
Lam, phase, y, £ 0.5%. All the dynamics experiments
reported here were performed in the linear viscoelastic
regime, except when indicated otherwise.

The creep flow and the creep recovery of a 20 wt%
DDAB samplc are depicled in Fig. 5. Curve A in Fig. 5
shows the compliance, ./, as a function of time when the
applied stress is small (z = | Pa). The deformation curve
in this case 1s similar to that ot viscoelastic solids, such as
asphalt, melted metals and cross-linked polymers [16], in
which the deformation becomes constant with time after
the initial clastic responsc: when the stress is released,
the deformation immediately relaxes. On the other hand,
when a larger stress is appiied (t = 20 Pa), the material
behaves as a viscoelastic liquid, i.e., an clastic response
at very short times (less than 2 s), followed by flow up to
a steady state, which is r¢ached after about 100 s (curve
B in Fig. 5). When the stress is removed, the sample
relaxes immediately to u finite deformation value, then
it relaxes more slowly. These results suggest that the
sumple has a yield stress (ty), i.e., it has a Bingham
plastic like behavior [16]. 1, was determined by per-
forming creep experiments. Samples at all concentra-
tions exhibit yield stresses. The inset depicts in
semilogarithmic form the compliance, J, as a function
of time for various stresses.
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Fig. § Compliance versus time lor creep flow and creep recovery of a
20 wt% DDAB sample, when the applied stress is | Pa (A4) and 20 Pa
(B). Inset: plot of In J as a function of time for two values of the stress
I Pa (A4) and 20 Pa (B)

7, is shown as a function of DDAB concentration in
Fig. 6. The yield stresses are small in the low-concen-
tration biphasic region and larger in the Lam, rcgion: in
the latter, 7, increases with DDAB concentration, then it
goes through a maximum at 20 wt% and a minimum at
the phase boundary with the biphasic (Lam; + Luma)
region, and then increases again up to thc phase
boundary with the Lam, region.

Frequency sweeps performed in a controlled-stress
rheometer at stress values below and above the mca-
sured 7, of the 20 wt% liquid-crystalline sample
(ty = 5 Pa) are shown in Fig. 7. When the applied stress
(v =2 Pa) 1s smaller than 1, the material behaves as a
weak gel (Fig. 7A). By contrast, when the applied
stress (t = 10 Pa) exceeds 7, (unsteady-state conditions),
a viscoclastic response is observed, wherc G’ and G
increase with w in the terminal region with slopes close
to those reported for flexible polymer solutions [16].
Also, a crossover between G” and G” at a frequency
equal to the reciprocal of the largest relaxation time of
the system is observed (Fig. 7B). Above this characler-
istic frequency, G’ becomes larger than G”.

The dynamic moduli (G" and G”) mcasured at
10 rad/s und the clectrical conductivity arc shown in
Fig. 8 as a function of DDAB concentration. Both
dynamic moduli cxhibit maxima at 3, 20 and about
90 wt% DDAB. Matsumoto et al. [I] also rcported
maxima in G’ and G” at 3 and 20 wt% DDAB. Notice
also that the samples in the Lam, region have larger
moduli than those in the Lam; region. The clectrical
conductivity, in turn, increases with DDAB concentra-
tion up to a maximum at 10 wt%:; then it decrcases and
goes through a minimum at 25 wt%, after which it
increascs again with surfactant concentration. A shallow
maximum is also observed near the phase boundary
with the Lam, region. The conductivity couid not be
measured at higher concentrations due Lo the high
viscosity of the samples, which makes the insertion of
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Fig. 6 Yicld stress as a {unction of DDAB concentration
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Fig. 7 Frequency sweeps pertormed in a controlled-stress rheometer
on a 20 wt% DDAB lamellar liquid-crystalline sample when the
applied stress is A 2 Pa and B 10 Pa: clastic moduli (®) and loss
moduli (o)
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Fig. 8 Elastic (®) and viscous (o) moduli and electrical conductivity
(A) as a function of DDAB concentration

the cell and the complcic covering of the electrodes
difficult. )
Temperature sweeps performed at 10 rad/s are shown
in Fig. 9. The 20 wt% sample, which is in the Lam,
region, exhibits a predominately elastic response, i.e.,
G’ > G”, in the whole temperature range. Moreover,
an inflexion in both G’ und G” is detected at about
20 °C, which corresponds to the Kraft temperature (7j)
of DDAB in water at this concentration. The 90 wt%
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Fig. 9 Temperature sweeps performed at 10 rad/s on a 20 wi%
sample, elastic (@) and loss (&) moduli, and on a 90 wt% sample,
clastic (M) and loss (CJ) moduli
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Fig. 10 Applied stress and shear viscosity as a function of time in an
exponentially increasing and decreasing stress program applicd (o a
10 wt% DDAB sample

sample, which is in the Lam, region, exhibits very large
moduli at temperatures below 7 and a sharp drop in
both moduli at 7. Above Ti, G’ is larger-than G” und
both are fairly independent of temperature, although a
small inflexion is detected at about 55 °C.

The stress versus time and the viscosity response of a
10 wt% DDAB sample in an exponentially increasing
and decreasing stress cycle are depicted in Fig. 10. In
this experiment, pertormed at unsteady-state conditions,
the sample is subjected to an exponentially increasing
stress ramp at a predetermined rate and then to an
exponentially decrcasing stress ramp at the samc rate.
The viscosity of the sample drops rapidly with increasing
stress and then it increases in the decreasing stress ramp
as expecled. Notice, hdwever, that the viscosily in the
decreasing ramp is higher than that in the increasing
ramp, i.c., the sample exhibits antithixotropy. Morcover,
there is no flow during the increasing ramp unless a
minimum stress has been applied, i.e., an apparent yield
stress is observed (indicated as 13 in Fig. 10) and until
the stress drops bclow certain value in the descending



mode (t“) For most of the samples examined here, t”
and ‘ti,]' are not equal.

Figure 11 shows the viscosity as a function of shear
rate in exponentially increasing and decreasing stress
cycles imposed at unsteady-state conditions on samples
located in the different regions of the phase diagram. In
the 1 wt% DDAB sample. yicld stresses and thixotropic
loops arc observed as the stress is increased from 0.06 to
I Pa in 2 min; notice that 7] is larger than r“ (Fig. 11A).
When the final stress is increased from 1 to 2 Pa, a larger
thixotropic area is obscrved (not shown) [17]. The
viscosity exhibits a power-law behavior for shear rates
ranging from 0.1 to 1 ™' to approximately 10 s™', after
which a region of almost constant viscosily is observed:
this is in contrast to the conclusion of Matsumoto et al.
[1] that the system is Newtonian at this concentration.

In the concentration range where the first maximum
in the viscoelastic propertics is observed (3—4 wt%), the
rheological behavior chunges dramatically. In this case,
antithixotropic loops arc observed over most of the
shear-rate range examincd when the stress is increased
from 0.06 to 5Pa and now % is smaller than rﬂ
(Fig. 11B). In the ascending mode, two power-law
regions separated by a ncarly constant viscosity region
are observed, whereas u single power-law behavior is
observed in the descending mode. This behavior is also
detected in the single Lam, region in samples with
concentrations up to 12-13 wt% DDAB as well as in
Aerosol OT (AOT)/watcr liquid-crystalline dispersions
[18].

In the 15-20 wt% concentration range, where the
sccond maximum in the viscoclastic properties is ob-
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Fig. 11 Viscosity as a function ol shear rate in an exponentially
increasing and decreasing stress program applied to 4 1 wt% (0.06-
1 Pa), B 3 wt% (0.06-5 Pa), ¢ 20 wt% (0.06-300 Pa), D 60 wt%
(0.06-200 Pa) and £ 90 wt% (0.06-700 Pa) DDAB samples. Increas-
ing stress mode (@) and decreasing stress mode ()

served, the rheological behavior is almost antithixotro-
pic within the applied stress levels (0.06-300 Pa)
(Fig. 11C). There is not a single power-law region but
two, one at low sheur rates and the other at high shear
rates, and a Newtonian region at intermediate shear
rates. This behavior was first reported by Onogi and
Asada [19} and it has also been observed in polymeric
liquid crystals formed by rigid cytindrical molecules [19—
21}, in AOT/water lamellar liquid crystals [18] and in
elongated micellar solutions of cetyltrimetylammonium
tosilate [22, 23].

For concentrations that exceed the second maximum,
the coexistence of the Lam; and Lam, phascs modifies
substantiaily the rheological behavior. In this case, for a
60 wt% sample, a thixotropic loop forms at low shear
rates and this changes into an antithixotropic loop at
higher shear rates (Fig. 11D). The area of this thixotro-
pic loop increases with increasing surfactant concentra-
tion, and within the concentration range corresponding
to the third peak in the viscoelastic propertics (80—
90 wt%), close to the point where a single Lam, phase
appears, the viscosity loops become almost thixotropic
with a ncar power law in the ascending mode and an
inflection in the descending mode (Fig. 11E). When
a second cycle is applied to the same sample, the
thixotropic area shrinks and a very small antithixotropic
cycle appcars at high shear rates (not shown).

Discussion

Low-concentration regime

Two transitions were detected at low concentrations
in the DDAB/water system by a battery of (echniques.
The concentrations where the transitions arc obscrved
depend slightly on the method used lo detect them
(Tabile 1).

Surface tension data suggest aggregation at the first
“break™ (Fig. 1); moreover, the surface tension decrcas-
es with a smaller slope above this break indicating that
the concentration of free DDA ™ increases slightly with
increasing DDAB concentration in agreement with data
extracted from ion-selective-electrode measurcments
(Fig. 3). Sudan 111 solubilization measurcments also
demonstrate the formation of aggregates al the first
transition (Fig. 1). Rhodamine 6G tests indicatc that
there arc no aggregutes below the first transition and
that they form above it. Moreover, turbldxly {mcasured
at 600 nm) increascs mpldly with increasing concentra- -
tion above the first transition, indicating that vesicles
instead of micelles form, since the latter are too smali to
be detected by this technique. The large increase in the
Sudan IIl solubilization capacity of the aggregates
(Fig. 1) and the large increase in the slope of the plot
of the relative viscosity versus ¢,,, at the sccond
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transition (Fig. 4) indicate structural changes and
growth at this concentration.

McNeil and Thomas |24] did not find any transition
by conductimetry; however, our conductivity data
clearly show a break at concentrations around
0.03 mM (Fig. 2). The plot of A versus +/c establishes
that the aggregates at the first transition are less
conductive than the monomeric specics, as expected
(inset in Fig. 2). Similur results were reported for
solutions of long-chain dialkylammonium chlorides
[25], of long-chain pyridinium salts [26] and for mixtures
of surfactant and alcohol |27].

In the plot of A versus ¢ (inset in Fig. 2), two
plateaus, two drops and un intermediate zone with small
slope, were detected. This method was proposed for
micelles [31, 32] and it has never been applied to vesicles;
however, from the results discussed later, it appears that
it is also valid for vesicles. The flatness of the first
plateau (¢ < cvc) has been interpreted as evidence for
the absence of dimers and other oligomers — or at least
that these species are not present in appreciable concen-
trations [28-31]. The shurp drop after the first plateau
signals the formation of apgregates with a high aggre-
gation number (n =491). To estimatc n and the
aggregation number in the external (e = 305) and
internal (nj, = 186) laycrs, the assumption that vesicles
are spherical and the duti of Matsumoto [32] (diameter
of 10 nm with a single biluyer of 4.1-nm thickness) were
used.

The value of A4 in the intermediate zone has been
interpreted as the molar conductivity of the aggregates,
A" including their diffuse ionic double layers [29, 31].
Al the beginning ol the intermediate zone,
A"™E =28 S cm?® mol™' (inset in Fig. 2). This value is
bigger than of micelles of dodecylammonium trifluroac-
etate (10 S cm? mol™) [30] and of sodium dodecyl
sulfate [29], which confirms that vesiclies are more
conductive than micelles. However, as the vesicles grow,
their differential equivalent conductivity decreases
because both the amount of surfactant in the internal
layer and the volume of the internal aqueous solution
containing Br~ and DDA™ increase. For instance,
assuming a single bilaver and using the data of
Matsumoto [32] for vesicles at the beginning (10 nm)
and at the end (22 nm) of the intermediale zone, it is
found that the ratio of surfuctant in the internal layer to
the total surfactant increases from 35.6 to 42.2% as the
vesicles grow from 10 to 22 nm; the volume of the
aqucous solution inside the vesicles also increases from
0.58 to 24.7% of the total volume of the vesicles in the
same concentration intcrval. Both processes clearly
reduce the concentration ol charge carriers [33] and,
hence, the conductivity of the vesicles.

The second drop in the plot of Ay versus ¢ is less
abrupt and corresponds to the gradual transformation
of small unilamellar vesicies into larger multilamellar

liposomes. Matsumoto [32] reported liposomes of
215 nm at the end of the second plateau, in agrcecment
with our interpretation.

In the high concentration plateau, Ay = A" =0
(inset in Fig. 2). This indicates that the gian( liposomes
contributc very little to the total conductivity of the
system; however, this does not necessarily imply that
the liposomes are not charged. From the arguments
madc previously, it is clear that the giant liposomes arc
poor conductors because the amount of DDAB in the
external layer is only a small fraction of the total
surfactant concentration and the internal aqueous
volume is a large portion of the total volume of the
liposomes. _

Other evidence that vesicles near the cve arc highly
conductive comes trom ion-sclective-electrode measure-
ments. The estimated degree of ionization of the vesicles
is larger (o = 0.5) than those for alkyltrimethylammo-
nium bromide micelles (o0 = 0.19-0.3) [34-37)]. Zunu [38]
estimated o for u scries of n-alkyldodecyldimethy-
lammonium bromide micelles as a function of the alkyl
group chain length (1 = 2-10) by conductimetry and
Br™-sclective-clectrode potentiometry, with the assump-
tion that the concentration of free surfactant ions
remained constant above the critical micelle concentra-
tion, and found that o increases with increasing chain
length. Extrapolation of Zana’s data ton = 2 (DDAB)
gives a = 0.74 from ion-selective-electrode mcusure-
ments and 0.87 from conductimetry, which corroboralte
our results; however, McNeil and Thomas [24] estimated
from conductivity measurements that a =~ 0 tor DDAB
vesicles ncar the cve and explained their results in tcrms
of the low curvature of the interface. Our results appear
to be inconsistent with a flat interface; however,
Matsumoto [32] showed by small-angle X-ray scattering
that the vesicles have a very rough surface. In fact, he
estimaled that the surface area of the vesicles is 5 times
larger than that of a smooth sphere of similar diumcter.
Also, Matsumoto [39] reported that the micellar surtace
area of C,,Egx was only twice as large as that of 4 smooth
sphere of equivalent diameter. Hence, the greater surface
area of the rugged vesicles and the large volume of the
hydrocarbon tails allow a larger separation among the
polar hcads, reducing the surface electrical potential
and, consequently, the attraction of the counterions.

In summary, as for other double-tail surfuctants,
DDAB has the tendency to aggregate in structures
with curvature closc to zero, i.e., vesicles and lumeliae,
becausc of its high_ surfactant packing parameter
[v/(al;) = 0.62)] [7]. In fact, DDAB torms smail uni-
lamellar vesicles und not micelles at concentrations
between 0.012 and 0.086 mM, depending on (he sensi-
tivity of the method used (Table 1). The sccond
transition, detected between 0.36 and 0.66 mM, corre-
sponds to the gradual growth of the vesicles, which lcads
to the formation of giant multilamellar liposomces.
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Vesicles at the cve are highly conductive but they
become less conductive with increasing DDAB concen-
tration becausc the concentration of carriers (free ions)
decreases as the vesicles grow.

High concentration regime

In this regime, the rheological behaviour is complex and
rich: samples cxhibit non-Newtonian bcehavior, visco-
clasticity, yield stresses and time-dependent flow. Non-
Newtonian behavior is detected in the 1 wt% sample,
contrary to the findings of Matsumoto ct al. [1]; this
discrepancy may be duc to differences in the sensitivity
of the rheometers employcd. The biphasic aqueous
dispersion of liquid crystuals shows power-law behavior
and thixotropy but no yield stresses (Fig. 11A). Increas-
ing the DDAB concentration within this biphasic region
changes the rheological response drastically. The 3 wt%
DDAB sample depicts yicld stresses (Fig. 6) and anti-
thixotropy in exponentially increasing and decreasing
stress cycles with a power-law behavior in the ascending
mode and the three regions of Onogi and Asada [19]
in the decreasing modce (IFig. 11B). Morcover, at this
concentration, Lhe elastic and loss moduli as well as the
complex viscosity pass through a maximum (Fig. 8).
Even though the | and 3wt samples arc located in the
same biphasic region, the rheological ditfcrences suggest
subtle structural differences between these two samples.
For biphasic aqueous dispcersions of AOT liquid crys-
tals, Alexopoulos et al. |40] reported abrupt changes in
surface tension, viscosily and turbidity at a concentra-
tion of 7.5 £ 0.5 wt%, which they attributed to a phase
inversion from aqueous—continuous to liquid-crystal-
line~continuous dispersions. Similar interpretation can
be given to the differences in the rheological properties
observed here. In fact, Matsumoto et al. 1] obscrved an
ordered and birefringent continuous phase with some
spherulites in the concentration range 3—4 wt% and only
Maltese crosscs dispersed in an isotropic, nonbirefrin-
gent medium in the 1 wt% sample. Also, the rheological
behavior of the 3 wt% DDAB biphasic sample is quite
similar to thosc of the 10 wt% (Fig. 10) and 20 wt%
one-phase Lam, samples (FFigs. 8, 11), which substanti-
ates the phasc-inversion hypothesis. . '

Another maximum in the rheological properties
(Fig. 8 and Ref. [1]) is depicted between 15 and
20 wit% within the Lam, region. Yield stresses arc also
delected by creep-flow experiments (Fig. 0) and oscilla-
tory measurcments in a controlled-stress rhecometer
(Fig. 7). The time-dependent flow behavior is totally
antithixotropic and the three regions of Onogi and
Asada are observed in both ascending and descending
modes (Fig. | 1C). Notice also that the shear viscosity is
2 orders of magnitude larger than that in the 3 wt%
biphasic dispersion (cf. [Fig. 11B, C). This is consistent

with the observations of Matsumoto ct al. 1] that a
different (stripclike) structure develops in this concen-
tration range.

The third maximum in the rheological properties is
observed at the onset of the Lam, phase boundary
(Fig. 8). This phase has a much finer texture than that of
the Lam, phase [3]. The time-dependent flow behavior is
now thixotropic (Fig. 11E) in contrast to the antithixo-
tropic behuavior exhibited by Lam,; samples (Figs. 10,
11C). Yicld stresses are also detected in the Lam, region.
Of course, the rheological properties in the biphasic
(Lam,/Lam;) region reveal features of both phascs
(Fig. 11D).

At this point it is interesting to contrast the rheolog-
ical behavior of the Lam; and Lam; phases. Samples
in both Lam; and Lam, regions behave as physical
gels, i.e.. G° > G” and both are fairly independent of
frequency (Fig. 7A) and temperature above the Kraft
point (Fig. 9). In as much as G’ of the Lam, samples is
almost 2 orders of magnitude larger than G’ of the Lam,
samples, the density of the structural network points
must be much higher in the former. Upon application of
incrcasing and decreasing stress cycles, a structure is
built up in the Lam,; samples which results in anti-
thixotropy (Figs. 10, 11C), whereas thixotropy is ob-
served in Lam, samples because of structure breakdown
(Fig. 11E). In fact, Goldszal et al. [41] presented con-
clusive cvidence from polarizing microscopy, transmis-
sion electron microscopy and rheometry that shear How
modifies and induces structure in AOT/water liquid-
crystallinc samples. DDAB/water samples also showed
different textures and appearances after being sheuared
[17]. Hence, the different rheological behavior of the
Lam; and Lam, phases may be attributed o the
differences in the structural network point densitics,
although other parameters, such as the number density
of defects, may also play a role.

Bergmeier et al. {42] observed strong elastic proper-
ties and yield stresses in multilamellar systcms of
cationic surfactants. Time-dependent phenomena arc
observed as the solution is sheared. The flow Icads to a
strong increase in the storage modulus and in the yield
stress value. The steady state is attained on time scales
of the order of 1 hour, and the resulting elasticity is
proportional to the magnitude of the shear rate. Such
behavior is explained by the stripping off of vesicle
shells, which leads to a buildup of the new and smaller
vesicles. By shearing, a permancent modification has been
imposcd on the system, reducing the polydispersity of
vesicles. -

The strong increase in the storage modulus obscrved
by Bergmeier et al. may be related to the prescnce of
antithixotropy, as observed in Fig. 11B and C. In fact,
the hysteresis observed in the unsteady-stalc curves
of Fig. 1B and [1C is a manifestation of a more
structured tuid, since the viscosity in the decreasing



stress mode is higher than that in the increasing mode.
This observation implies that the storage modulus of the
system has incrcased with the shear rate.

Additional cvidence ol changes in the structure of the
fluid as the shear rate is moditied in lyotropic lamellar
phases has been given by Diat and Roux [43] and
by Roux et al. [44]. These authors have described an
orientation diagram for lamellar phascs under non-
equilibrium conditions that demonstrates that different
and permancnt phases can be produced under shear.
In this regard, increasing the final stress or applying
consecutive cycles leads Lo different rheological behavior
due to permanent (or long-lived) microstructural
changes, in agreecment with the results reported in the
previously cited papers: a lumellar phasc is transformed
into a very stable, long-lived multilayered - vesicular
system. In fact, for certain values of the shear rate,
the lamellar phase organizes itself into spherical multi-
layer vesicles of well-controtled size. The size is shown
to vary as the inverse ol the square root of the shear
rate [45].

Observations of the orientation states that lyotropic
phases take under sheur |44] reveal that the transition at
which the layers organize themselves into multilayered
vesicles corresponds to a change in the slope of the shear
stress versus shear rate curve in the steady state. A
sccond slope change is identitied with the transition into
parallel layers with no vesicles. If, however, measure-
ments are made under non stecady-state conditions (not
waiting for the complele stcady-state cquilibrium), a
thixotropic cycle is obscrved. Similar results are pre-
sented in Fig. 1A and E.

The electrical conductivity also shows complex be-
havior in the high concentration regime (Fig. 8). Similar
behavior was reported for AOT/water lamellar liquid
crystals {46, 47]. Nevertheless. this behavior has not been
cxplained yet.

At low concentrations. the conductivity increases
with increasing DDAB concentration as expected from
the ionic nature of this surfactant. This bchavior is
observed up to 7-8 wi% DDAB, well into the Lam,
region; however, samples are more fluid above 3 wt%
and up to 7-8 wt% DDAB as is evident {rom (he smaller
moduli (Fig. 8) and sheur viscosity [1], which allows a
faster conduction of ions through the water channels of
the liquid crystals. Also. the presence of dispersed
conductive particles at these concentrations [1], contrib-
utes to the total conductivity by clectrophorcetic conduc-
tion.

The drop in conducuvity with increasing surtactant
concentration above about 10 wt% DDAB can be
anticipated because of the nature of the lamellar phase,
which can be thought ol as a randomly oriented
arrangement of conductive water channels in a noncon-
ductive medium; however, the rise in conductivity at
25 wt% DDAB is unexpected. In lamellar phases, the

total conductivity depends on the relative thickness of
the water layers (d) and on the Debye length, x~'. When
d > 2", the presence of the lamellac decrcases the
effective specitic surface area available for conduction
and increases the cffective specific length because of
tortuosity of the water channels and defects among the
liquid-crystalline microdomains. These two effects tend
to reduce the total specific conductivity of the system.
The total specific conductivity, kr, is related to the
specific conductivily of the interlamellar aqucous solu-
tions, Ky, by

Kt = ¢Byky . (N
Here @, is the volume fraction of the interlamellar
aqueous solution in the system and ¢ is a (ortuosity
factor. Under these conditions, «t should decrease with
increasing surfactant concentration (sece Fig. 8 for
DDAB concentrations between 10 and 25 wt%); how-
ever, when d < 2x~!, the concentration of counterions
increases as a consequence of the overlapping of the
ionic double layers of the charged surfaces in the walter
channels. resulting in an increase in k1 with surfuctant
concentration. Morcover, under these circumstances, the
surface conductivity, ks, also contributes strongly (o Ky
[11]. Hence. the total conductivity should increuse as the
concentration of surfactant increases (sec Fig. 8 lor
DDAB concentrations higher than 25 wt%) according
to [11]

KT = Ky + (S]/V|)I\'5 . (2)

Here S and ¥ are the surface area and the volume per
unit length of a capillary channel. This phenomcnon is
known as “capillary superconductivity” [11].

For lamellae channels, Si/¥ = 2/d. The valuc of d
can be estimated when the thickness of the lamcellac, D,
the concentration of surfactant and the molar volumes
of water and surfactant are known. For the Lam, phase,
D =23 nm [3].

To estimate rgy, we assume that capillary supercon-
ductivity begins at the concentration where the conduc-
tivity goes through a minimum (about 25 wt%) and
that at this concentration, the ionic atmospheres of
the opposilec surfaces touch each other, ic., d/2 =
k= = 1/B/I. Here I is the ionic strength, which is
basically due to (he contribution of Br™, and B(=
[8nNAe(2,/I()00/cT::]1/2), where N4 is Avogadro’s number,
ey 1s the clectronic charge, k is the Boltzmann constant
and ¢ is the permittivity. At 25°C, B = 8.29] x
107 cm_ﬁ Once 7 is Rnown, kg can be calculated using
Debye—Hiickel-Onsager theory [48] as follows:

Ko = Ape- [Br7]/1000 (3)
and
ABr- = Ao — (A + B)"O,BI")\/i . (4)
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Table 2 Total (xy) and interlamellar solution (ry) conductivities,
aqueous layer thickness (). hromide concentration in the inter-
lamellar layer ([Br7]) and degree ol ionization () as a function of
didodecyldimethylammonium  bromide (DDAB) concentratrion

(coAB)
CLDAB Ky dx 10" wy [Br7] 3
(wt%) (mS/cm) (cm) (mS/cm) (M)

6 0.91 2.20 0.206 0.0031 0.024
7.5 0.92 .85 0.218 0.0033 0.02
10 0.90 1.2( 0.232 0.00035 0.016
5 0.85 0.757 0,234 0.00351 0.011
20 0.76 0.534 0.216 0.00324 0.007
25 0.72 0.40 0.235 0.0023 0.0042
30 0.81 0.312 0.186 0.00258 0.004
35 0.92 0.251 0.145 0.002 0.0027

Here gy~ and Agye- arc the bromide ion conductivities
at the given concentration and at infinite dilution,
respectively, and A s X2‘4(::T)"/2:1;‘) and B is
8.2 % 10‘5(::T)‘3/2, with ¢ and 5y being the diclectric
constant and the viscosity ol water, respectively. With
this procedure, we estimated ry = 2.35x 10748 cm™!
at the minimum. Then, with Eq. (2), wc calculated
ks =9.72 x 107'V'S. In common glass filters, wg is
around 1077 S [13] und in isolated lamcllac foam
stabilized with sodium dodeeyt sulfate with or without
sall, ks is of the order ol (2.5-7.5) x 10™ §[4Y, 50]. Also,
from the valuc of ky, the concentration of free Br™ in the

interlamellar solution can be estimated. For 25 wi%
DDARB concentration, « is 0.0042,

For a randomly oriented arrangement of conductive
channels in a nonconductive medium, ¢ = 0.33. Using
this valuc for the lamellae and assuming that ¢ and kg do
not vary with DDAB concentration, which may not be
necessarily true, ky and « can be calculated as a function
of surfactant concentration. Both &y and o decrease with
increasing DDAB concentration (Table 2). Extrapola-
tion of « to low DDAB concentrations yiclds a value
similar to that cstimated by ion-selective-clectrode
potentiometry (o = 0.5).

In summary, the rheological and conductivity behav-
ior in the high concentration regime is complex. Maxima
and minima in rheological material functions and in
conductivity are related to structural changes and phase
transitions. In exponentially increasing and decreasing
stress cycles, the rheological response shifts from
thixotropic to antithixotropic or vice versa, dcpending
on the DDAB concentration and the level and duration
of the final applied stress. The conductivity rise above
25 wt% DDAB in the Lam; phase region can be
qualitatively explained by the capillary superconductiv-
ity theory.
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