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The rheology, flow birefringence, and small-angle neutron scattering of mixed cationic/anionic wormlike
micellar solutions composed of cetyl trimethylammonium tosylate (CTAT) and sodium dodecyl benzyl
sulfonate (SDBS) are studied over a broad range of solution compositions. This combination of experimental
techniques enables independent determination of the microstructural length scales (persistence, entangle-
ment, interaction, and contour) that govern the rheological properties. Comparison and contrast of the
effect of a hydrotropic salt (NaTosylate) with that of a screening electrolyte (NaCl) demonstrates the
influence of micellar charge on the persistence length and, hence, the microstructure and rheology. Surfactant
concentration and composition and electrolyte concentration and composition systematically affect the
self-assembled microstructure such that a transition in rheological behavior from nonionic wormlike micelles
to polyelectrolytes can be spanned.

Introduction

Wormlike micelles have been actively studied in part
as models for solutions of linear polymers and polyelec-
trolytes1 and recently for applications ranging from drag
reduction2 to oil field fluids3 and as templates for material
synthesis.4,5 Unlike chemical polymers, self-assembled
wormlike micelles can break and re-form under shear,
making them stable in applications where high shear rates
may be encountered. Under appropriate conditions, the
reversible self-assembly of wormlike micelles results in
nearly Maxwellian rheological behavior,6-9 a discovery
that generated significant interest from both academic
and application perspectives. This “simple” rheology
provides a robust method for tailoring product rheological
properties without the use of polymers or other additives;10

however, a detailed understanding of the dependence of
the rheological parameters on solution composition is
required to tune the material properties for specific
applications.

Connecting the chemical composition of the solution to
the macroscopic material properties, i.e., structure-
property relations, requires knowledge of the self-
assembled structure of the solution, which can range in
dimension from nanometers to micrometers. The overall
contour length, persistence length, and diameter of the
micelles are relevant features setting micellar flexibility
and mobility. Long-range electrostatic interactions may
also play a role in determining micellar interactions and,
hence, the rheology, so the Debye screening length and

Gouy-Chapman length scales are also potentially im-
portant. For concentrated solutions of wormlike micelles,
the “mesh size” or distance between entanglements is an
additional relevant length scale, as it sets the high-
frequency elastic modulus. An illustration with typical
values for length scales is shown in Figure 1. The unique
rheological properties of wormlike micellar solutions also
depend on the time scales or lifetime of these microstruc-
tures. For example, because these systems are self-
assembled, the rate of stress relaxation is partly controlled
by the micellar breakage time and partly by the rate of
reptation.7 All of this information needs to be correlated
with the macroscopic rheology to develop structure-
property relations.

Previous study has focused primarily on nonionic
micellar systems, for which a detailed theory has been
developed to link macroscopic rheology to the mesoscopic
system properties.6-9 Investigations of ionic11-15 and mixed
cationic/anionic systems16,17 demonstrate significant de-
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Figure 1. Schematic of wormlike micelles with relevant length
scales: contour length, Lh c, entanglement length, le, mesh size,
êM, persistence length, lp, and cross-sectional radius, rcs. Values
shown are those measured for a solution with 1.5% total
surfactant at a CTAT/SDBS ratio of 97/3 with 0.10% added
NaTosylate.
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viations from the simple picture developed for nonionic
systems, and these differences have of course been
attributed to electrostatic effects, such as counterion
screening, salt penetration, and electrostatic interactions.
However, a quantifiable and definitive elucidation of the
influence of electrostatic interactions on wormlike micelle
rheology and solution microstructure is lacking.

In this study we explore cationic/anionic surfactant
mixtures as model, wormlike micelles with electrostatic
interactions. Although significantly more complicated in
behavior than nonionics, the use of these mixed charged
micelles provides additional control over the various
mesoscopic structural properties through variations in
the chemical composition. For example, the micellar
surface charge density, and hence the micelle contour
length and persistence length, can be directly manipulated
by changing the ratio of anionic to cationic surfactant.
The addition of electrolytes can screen intermicellar
interactions as well as affect micellar persistence length
and, in the case of a hydrotropic salt, also reduce the
micellar charge through direct incorporation into the
micelle. Consequently, the influence of both a simple
electrolyte and a hydrotropic salt on wormlike micelle
structure and rheology is reported below. Examining such
an extensive parameter space enables the development of
a data set that yields a more complete picture of mixed
cationic/anionic wormlike micelle behavior. The combina-
tion of rheology, rheo-optics, and small-angle neutron
scattering (SANS) provides a powerful method to quantify
the various length and time scales, thus providing all of
the relevant mesoscale parameters that link chemical
composition to rheology. The results are useful for the
practical formulation of cationic/anionic mixed micelle
solutions and provide an extensive database for subse-
quent modeling.

Theory

Wormlike micelles can self-assemble in aqueous solu-
tions of cationic surfactants with or without added salt,
but wormlike micelles are usually made by adding strongly
binding counterions such as salicylate15,18 or tosylate,12

and they commonly form in cationic/anionic surfactant
mixtures,16,19 where the oppositely charged surfactant can
be thought of as an extremely strong hydrotrope.17 In dilute
solution, the preferred self-assembled geometry may be
spherical micelles, but as surfactant concentration in-
creases, it often becomes more energetically favorable for
micelles to grow axially into rodlike micelles. The linear
growth of these micelles can eventually result in overall
contour lengths (Lh c) of micrometers. A mean-field treat-
ment7 of this growth process for neutral or highly screened
micelles yields a prediction for the average contour length
of the wormlike micelle in terms of the surfactant
concentration, c, the scission energy required to form two
hemispherical endcaps, Ec, temperature, T, and Boltz-
mann’s constant, kB, as:

For charged micelles in the absence of salt, the scission
energy has an additional electrostatic component, Ee, due
to the repulsion of the charges along the backbone that
favors shorter cylinders. In this case, the mean micelle
size in the semidilute regime is given by:20

where the electrostatic contribution Ee is

Here, lB is the Bjerrum length, rcs is the radius of the
cylindrical micelle, v is the effective charge per unit length,
and φ is the micellar volume fraction. At higherφ, micellar
growth is characterized by a power law, Lh c ∝ φ1/2(1+∆), where
∆ is related to the endcap charge and depends logarith-
mically on volume fraction.20

The linear viscoelastic rheology of nonionic wormlike
micellar solutions has been shown to be approximately
Maxwellian, exhibiting a single, dominant relaxation time.
This is a direct consequence of the self-assembled nature
of a micelle, because in addition to the usual reptation
motion exhibited by linear polymers in melts or concen-
trated solutions, micelles can also break and re-form to
relieve stress. Breakage is assumed to be a unimolecular
scission process with a rate constant k1, having units of
per unit arc length per unit time. The time required for
a micelle to break, τbreak, is then related to the average
contour length by:9

Cates and co-workers showed that in the “fast breaking”
limit, i.e., when breakage occurs rapidly in comparison to
the time required for reptation, τrep, the convolution of
reptation and micelle breakage leads to Maxwellian
behavior with a single relaxation time τR given by:7

For Maxwell fluids, the elastic and viscous moduli G′ and
G′′ vary with frequency as:

Consequently, the dynamic rheology can be parametrized
by the high-frequency plateau modulus, G′∞, and the
relaxation time, τR, which is given for a Maxwell fluid as
the inverse of the crossover frequency of G′ and G′′.

Under steady shear flow, wormlike micelles exhibit a
low-shear Newtonian plateau, followed by strong shear
thinning above a critical shear rate, γ̆c. The inverse of this
critical shear rate also gives an estimate of the longest
micellar structural relaxation time. The Newtonian
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Lh c ∼ c1/2 exp[Ec/kBT] (1)

Lh c ∼ φ
1/2 exp[ 1

2kBT
(Ec - Ee)] (2)

Ee = kBTlBrcsv
2
φ

1/2 (3)

τbreak ) 1
k1Lh c

(4)

τR ) (τbreakτrep)
1/2 (5)

G′(ω) )
G′∞ω2τR

2

1 + ω2τR
2

G′′(ω) )
G′∞ωτR

1 + ω2τR
2

(6)
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plateau is characterized by a zero-shear viscosity, ηo,
defined for a Maxwell fluid as

For nonionic wormlike micellar solutions at fixed
temperature, the only controllable parameter for a given
chemistry is the surfactant concentration, c. Cates and
co-workers have developed scaling laws specific to nonionic
systems for the concentration dependence of the high-
frequency modulus, linear viscoelastic relaxation time,
and zero-shear viscosity, as follows:

While these predictions have also been quantitatively
verified for the ionic CpC16PyCl/NaSal system in NaCl,21

numerous deviations for other ionic systems have been
discovered experimentally. If electrostatic interactions are
significant, the exponent for the elastic modulus is greater
than 9/4.11 Steeper power law dependencies of the zero-
shear viscosity have been observed,22,23 as well as maxima
as a function of surfactant concentration.11-15 Maxima in
ηo as a function of added electrolyte have also been
reported,15,24,25 often explained by the onset of (hypoth-
esized) micellar branching. Further investigation and at
least partial resolution of these issues are outlined below.

Micellar Length Scales. The rheological properties
depend on the mesoscale structure of the micellar solution,
so the appropriate length scales must be quantified. A
combination of rheology, rheo-optics, and SANS methods
is used to determine the micellar physical properties as
follows.

As τbreak/τrep increases, deviations from Maxwellian
behavior are observed at high frequency. As the Rouse or
“breathing” modes become important, the viscous modulus
may go through a minimum, G′′min, at higher frequencies,
such as observed for concentrated polymer solutions. The
location of this minimum provides a relationship between
the contour length and entanglement length,6 le:

The entanglement length, an estimate of the average
distance between entanglement points along the wormlike
micelle, can be calculated from the persistence length, lp,
and mesh size:26,27

Rubber elasticity theory relates the plateau in the elastic
modulus to the mesh size,26,27 êM, by:

The persistence length, lp, provides an estimate of
micellar flexibility. While wormlike micelles can be
extremely long and flexible with contour lengths on the
order of micrometers, on small length scales of order lp,
they act as rigid rods. Techniques such as light or neutron
scattering or flow birefringence allow lp to be measured.
A “bending rod” or Holtzer plot representation of light or
small angle neutron scattering data enables a qualitative
determination of both the persistence length and contour
length.28,29 Application of Pedersen and Schurtenburger’s
calculation of the form factor for a wormlike chain with
excluded volume interactions30 allows extraction of values
of both the persistence length and the contour length from
a least-squares fitting of the scattering spectra in the
absence of significant intermicellar interactions. How-
ever, this theory currently can only be applied to dilute
solutions.

The persistence length can also be calculated from the
stress-optical coefficient. The stress optic rule postulates
that the stress tensor and refractive index tensor are
linearly related by the stress optic coefficient, C. In
component form, the magitude of the birefringence, ∆n′,
and sine or cosine of the orientation angle, ø, can be related
to the shear stress, σxy, or first normal stress difference,
N1, respectively, through the stress optic coefficient:

The stress optic rule holds for polymeric solutions31 as
well as wormlike micellar solutions.32,33 A plot of ∆n′ sin(2ø)
versus shear stress should be linear with a slope equal to
twice the stress optic coefficient. The cosine component
can be used to verify the value of C against normal stress
data; however, if data for N1 are unavailable, Laun’s rule:

can be combined with the stress optic rule to allow
comparison of the dynamic rheological data to optical
measurements.34

Interpretation of the stress optic coefficient to obtain
structural information, such as the micellar persistence
length, requires a model. For a flexible chain, the stress
optic coefficient is:35

Here, n is the refractive index of the solvent and ∆R the
anisotropy in polarizability of one Kuhn segment. The
polarizability can then be related to the persistence length
by using the structural model proposed by Shikata:32
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This model assumes each Kuhn segment consists of several
surfactant disklike monomers of width λ, with ∆Ro being
the difference in polarizability between the radial and
axial directions of the segment.

For ionic micelles, the persistence length lp, which
characterizes the flexibility of the wormlike micellar chain,
bears some analogy to that of a polyelectrolyte chain,1 so
that the total persistence length is given by the sum of the
intrinsic persistence length, lp°, and an electrostatic
contribution, lp

e: lp ) lp° + lp
e. The electrostatic persistence

length depends both on micellar charge and on the Debye
length,κ-1. The Odijk-Skolnick-Fixman (OSF) theory36,37

predicts lp
e should depend on the Debye length and Lo, the

mean distance between charged groups, as:

The major assumptions of OSF theory are that the
polyelectrolyte is locally stiff and that excluded volume
interactions are not significant. Experimental data38,39

for polyelectrolytes as well as results from Monte Carlo
simulations of wormlike micelles with high surface charge
density at low ionic strength40,41 support lp

e scaling with
κ-2. Recent variational calculations42 indicate that the
scaling of lp

e with the Debye length is more complex than
the OSF prediction and depends on the relative value of
the intrinsic persistence length, lp°, to lB/Lo

2.
Finally, SANS measurements at q values beyond any

interaction peaks can be analyzed to obtain the micellar
cross-sectional radius, rcs, by using a Guinier approxima-
tion for the form factor:

The cross-sectional radius of gyration of the micelles, Rg,cs,
is related to the micellar cross-sectional radius by:

In summary, measurements of the rheology, rheo-optics,
and SANS can, in principle, completely quantify four of
the length scales discussed previouslysnamely, the
contour length, mesh size, persistence length, and the
micelle diameter. However, the range of data accessible
in the laboratory is not always sufficient to determine all
properties across broad ranges of composition. Particular
caution is needed if micellar branching is possible. The
electrostatic length scales can be calculated from the
solution chemistry, but complications arise due to charge
neutralization in the mixed catanionic systems and with
counterion association and penetration into the micelle.
In principle, SANS can also provide a quantitative
measure of the micellar interactions, but there is as of yet

no robust model to enable unambiguous extraction of the
micellar interactions from SANS spectra from charged
micelles.

Materials and Methods
Cetyl trimethylammonium tosylate (CTAT) was obtained from

Sigma and recrystallized three times from a 50/50 mixture of
ethanol/acetone. Soft-type (linear chain) sodium dodecyl ben-
zenesulfonate (SDBS) was used as received from TCI. Sodium
tosylate was obtained from Sigma-Aldrich and was dried in an
oven for 24 h before using. Sodium chloride was used as received
from Fisher Scientific. Surfactant solutions were prepared in
distilled-deionized water for rheology and in D2O, purchased
from Cambridge Isotopes, for SANS experiments. All work was
performed in the single phase region previously characterized.19

Rheological measurements were performed using a Rheometric
Scientific SR 500 stress-controlled rheometer at 25 ( 0.1 °C. A
couette geometry was used with a 32 mm diameter cup and a bob
of 29.5 mm × 44.5 mm. The shear rheology was verified to be
independent of instrument and tool geometry by comparing
measurements for selected samples using a Rheometric Scientific
ARES with parallel plate geometry.

SANS measurements were made using the NG-3 spectrometer
at the National Institute of Standards and Technology (NIST)
in Gaithersburg, MD. The neutron wavelength, λ, was 6 Å with
a wavelength spread of ∆λ/λ ) 15%. The scattering vector, q,
ranged from 0.0038 to 0.47 Å-1. Samples were held in 2 mm
quartz cells in a temperature-controlled bath at 35 ( 0.1 °C to
avoid crystallization in the D2O solvent. Raw data were corrected
for background, detector efficiency, and empty cell scattering
and placed on an absolute scale using standards supplied by
NIST.

Flow birefringence measurements were made using a Rheo-
metrics Optical Analyzer (ROA)43 at 25 °C equipped with a double-
walled couette geometry (inner cylinder radius of 1.5 cm and a
gap of 0.1 cm). A He-Ne laser with a wavelength of 6382 Å
propagates down the vorticity direction of the couette cell with
an optical path length of 1.57 cm.

Results

In the following results, the surfactant solutions are
maintained in the one-phase region of the phase diagram
where wormlike micelles are thought to be the self-
assembled microstructure.19 For direct comparison and
contrast, the total surfactant concentration is varied first,
holding the added salt concentration fixed. Two different
added salts, one hydrotropic or “penetrating” (sodium
tosylate, which is also the common salt of both surfactants)
and one “simple” salt (NaCl) are then explored. Electro-
static screening effects are evident, so the next series varies
the added salt concentration at fixed surfactant concen-
tration. Finally, because comparison of salts suggests
hydrotrope penetration affects both the micellar charge
and length scales, the surfactant ratio is also varied.

Rheology. Surfactant Concentration. Previous mea-
surements of CTAT/SDBS micellar solutions with a weight
ratio of 97/3 and no added electrolyte demonstrated that
the zero-shear viscosity and relaxation time exhibited an
anomalous maximum with varying surfactant concentra-
tion.16 This was previously postulated to be a consequence
of a maximum in contour length due to a balance between
the micellar growth and variations in the electrostatic
screening as the counterion concentration increases with
the surfactant concentration. The effect of surfactant
concentration on the steady shear rheology is shown in
Figure 2 for a fixed CTAT/SDBS ratio of 97/3 and an added
concentration of sodium tosylate, the hydrotropic salt, of
0.25 wt % (13 mM). The molar ratio of added salt to the
total surfactant concentration, CS/CD, ranges from 2.3 at
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∆R ) 2∆R°lp/λ (17)

lp° ) (lB/4)(κ-1/Lo)
2 (18)

qI(q) ∼ exp(- 1
2

q2Rg,cs
2) (19)

rcs ) 21/2Rg,cs (20)

4082 Langmuir, Vol. 19, No. 10, 2003 Schubert et al.



the lowest surfactant concentration to 0.15 at the highest
value of CD. All samples show a low shear Newtonian
plateau, followed by shear thinning at higher shear rates,
characteristic of wormlike micelles. These data are fit by
the Cross model44 to obtain the zero-shear viscosity and
an estimation of the shear relaxation time, τv

Here, η∞ is the high shear viscosity and the exponent m
is found to be in the range 0.9-1.0.

The addition of sodium tosylate eliminates the maxima
in both zero-shear viscosity and relaxation time reported
previously for CTAT/SDBS wormlike micelles without
added salt.16 Although the rheological properties are
monotonic functions of the surfactant concentration, the
behavior still does not follow that predicted for nonionic
micelles. The zero-shear viscosity increases with surfac-
tant concentration (Figure 2b), while the relaxation time
decreases (Figure 2c), which is also typical of polyelec-
trolyte solutions.45,46 The zero-shear viscosity scales with

total surfactant concentration as CD
1.4(0.1 below total

surfactant concentrations of 1.5%, and as CD
0.56(0.05 at

concentrations between 1.5 and 4.0 wt % (34-93 mM).
This break point of 1.5% total surfactant concentration is
physically meaningful, as will be demonstrated in the
following.

The linear viscoelastic rheology for these solutions is
shown in Figure 3. As surfactant concentration increases,
the frequency response becomes more Maxwellian. The
plateau modulus increases with concentration as CD

2.1(0.1,
consistent with the scaling predicted for nonionic micelles
(Figure 3b). As this is primarily a geometric effect, i.e., for
entangled polymers G′∞ ) FekBT with Fe the entanglement
density, the result suggests that increasing concentration
in the semidilute regime (at fixed composition and added
salt) does not radically alter the wormlike micellar
structure. Interestingly, in agreement with the nonlinear
rheology, the relaxation time decreases as CD

-0.63(0.09 for
surfactant concentrations between 0.5 and 1.5 wt % (11-
34 mM) and as CD

-1.5(0.1 for surfactant concentrations
greater than 1.5% (Figure 3c). In summary, the presence
of sodium tosylate in CTAT/SDBS wormlike micelles is

(44) Cross, M. M. J. Colloid Sci. 1965, 20, 417-437.

(45) Krause, W. E.; Tan, J. S.; Colby, R. H. J. Polym. Sci., Part B:
Polym. Phys. 1999, 37, 3429-3437.

(46) Boris, D. C.; Colby, R. H. Macromolecules 1998, 31, 5746-5755.

Figure 2. (a) Steady rheological behavior for surfactant
concentrations of 0.5% (9), 0.75% (b), 1.0% (2), 1.5% ([), 3.0%
(1), and 4.0% (×). Added sodium tosylate concentration is held
constant at 0.25%, and CTAT/SDBS ratio is fixed at 97/3. The
lines are fits to the data by the Cross model (eq 21), the
parameters from which, namely, the zero-shear viscosity, ηo,
and shear relaxation time, τv, are shown versus surfactant
concentration in (b) and (c), respectively. Error bars, if not
shown, are the size of the symbols.

η(γ̆) ) η∞ +
ηo - η∞

1 + (γ̆τv)
m

(21)

Figure 3. (a) G′ (filled symbols) and G′′ (open symbols) as a
function of frequency in the linear viscoelastic regime. Sur-
factant concentration by weight is varied from 0.5% (9), 0.75%
(b), 1.0% (2), 1.5% ([), 3.0% (1), and 4.0% (×). Added sodium
tosylate concentration is held constant at 0.25 wt %, and CTAT/
SDBS weight ratio is fixed at 97/3. The dynamic rheology can
be parametrized by the high-frequency plateau, G′∞, and the
dynamic relaxation time, τR ) 1/ωc, displayed versus surfactant
concentration in (b) and (c), respectively.
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effective in reducing the influence of electrostatic inter-
micellar interaction and/or electrostatic contributions to
the persistence length, yet it is not sufficient to induce
rheological behavior expected for nonionic micelles at the
concentrations investigated.

Master rheological curves (Figures S1 and S2 in
Supporting Information) were created from all measure-
ments, subsets of which are shown in Figures 2 and 3, to
search for significant deviations in the rheological behavior
as a function of solution chemistry. The ability to create
master curves provides evidence that there are no
qualitative changes in the underlying microstructure over
the parameter space studied in this work. However, the
deviations present at high frequency in the dynamic
rheology and at the transition to shear-thinning behavior
in the steady rheology indicate there are differences in
micellar length and time scales as a function of solution
chemistry. The rheology will be parametrized by zero-
shear viscosities, relaxation times, and plateau moduli as
functions of solution chemistry for comparison and
elucidation of the nature of these differences.

To explore further the effect of surfactant concentration
on the rheology, 0.25 wt % (44 mM) of the simple electrolyte
(a screening salt), NaCl, was added to solutions with a
constant CTAT/SDBS ratio of 97/3. The zero-shear viscos-
ity (Figure 4a) goes through a maximum with CD at
approximately 1.5 wt % (34 mM), then decreases until
concentration reaches approximately 3% (69 mM), and
then increases again. This nonmonotonic behavior is seen
in the system without added salt.16 The maximum in ηo
at 1.5% surfactant occurs at approximately at a molar
ratio of CS/CD ≈ 1, suggesting electrostatic interactions
are the source of the viscosity maximum. For comparison,
the zero-shear viscosities for solutions with an equal
weight of added NaTosylate increase steadily with CD
(Figure 4a).

As in the case of added sodium tosylate, the relaxation
times for solutions with NaCl monotonically decrease with
surfactant concentration (Figure 4b), although they are
much longer. The relaxation time decreases as CD

-1.2(0.2

for surfactant concentrations between 0.75 and 1.5% and
as CD

-2.6(0.2 for surfactant concentrations greater than
1.5%. Although the molarity of NaCl (44 mM) is higher
than that of NaTosylate (13 mM), the addition of the
hydrotropic salt reduces the viscosity and relaxation time
significantly more than the screening salt. This is probably
due in part to the additional reduction in micellar charge
by the tosylate ion, which partitions into the micelle.
However, as with the added NaTosylate, the plateau
modulus for solutions with added NaCl scales as CD

2.3(0.1

(see Supporting Information), which is consistent with
the model for nonionic wormlike micelles and further
confirms that no significant changes in topology are
occurring with added NaCl.

Salt Concentration. As evidenced by the comparison of
CTAT/SDBS wormlike micelles with and without added
salt, added electrolyte can substantially reduce micellar
solution viscosities in the concentration ranges investi-
gated. The effect of ionic strength on the rheology was
studied further by varying the amount of added sodium
tosylate while keeping surfactant concentration and
surfactant ratio fixed at 1.5% and 97/3, respectively. Both
the zero-shear viscosity (Figure 5a) and relaxation time
(Figure 5b) decrease by over 2 orders of magnitude when
only 0.25% (13 mM) NaTosylate is added to CTAT/SDBS,
corresponding to an increase of the molar ratio CS/CD from
0 to 0.4. The plateau modulus remains constant over all
salt concentrations studied, so adding salt does not change
the mesh size.

The addition of the hydrotropic salt NaTosylate screens
the electrostatic interactions and also reduces the micellar
surface charge due to penetration of the tosylate ion. The
decreases in both ηo and τR are approximately linear on
a semilog scale, suggesting that micellar breakage is an
activated process with an activation energy that scales
linearly with the tosylate concentration. Indeed, the
micellar breakage time, which can be estimated either
from the dynamic rheology as the inverse of the frequency
of deviation from Maxwellian behavior (Figure S2) or by

Figure 4. (a) Zero-shear viscosity from steady shear rheology
and (b) relaxation time from dynamic rheology, τR ) 1/ωc, as
functions of surfactant concentration at a CTAT/SDBS ratio of
97/3 and fixed salt concentration of 0.25% NaTosylate (9) or
0.25% NaCl (O).

Figure 5. Rheological parameters as a function of added
NaTosylate concentration at CTAT/SDBS ratio of 97/3 and fixed
surfactant concentration of 1.5%: (a) zero-shear viscosity and
(b) relaxation time (2) and breakage time (4) from dynamic
rheology as a function of added NaTosylate concentration at
CTAT/SDBS ratio of 97/3 and fixed surfactant concentration of
1.5%.
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the method outlined in ref 47, decreases as tosylate is
added, confirming that the rheological behavior is con-
trolled by micellar scission.

Surfactant Ratio. The final compositional variable
explored was the effect of the ratio of CTAT to SDBS at
fixed total surfactant concentration of 1.5% and fixed
added electrolyte of 0.25%, where both NaCl and NaTos
were investigated. The comparison of penetrating and
screening salts suggests that variation in micellar charge
density has the greatest influence on the rheology and
varying surfactant ratio is the most direct method to vary
the net micellar charge density. The zero-shear viscosity
decreases as SDBS is added to CTAT in the presence of
either salt (Figure 6a), as does the relaxation time (Figure
6b). As the amount of SDBS relative to CTAT increases
(i.e., the net micellar charge density decreases), the
relaxation time also monotonically decreases. Interest-
ingly, in the presence of NaTosylate, the decrease in
relaxation time with added SDBS is nearly exponential
except at low concentrations, which suggests that addition
of either tosylate or SDBS yields similar reductions in
micellar charge. The behavior in the presence of NaCl is
less dramatic at the concentrations examined. The plateau
modulus (see Supporting Information) remains constant
as a function of SDBS fraction in the presence of both
electrolytes, as is expected at a constant surfactant
concentration. As shown, the addition of either NaCl or
NaTosylate eliminates the maxima in viscosity and
relaxation time seen in the case of no added salt.16 Sodium
tosylate, the penetrating salt, reduces both the zero-shear
viscosity and relaxation time more than sodium chloride,
despite NaCl being present at a higher molarity than
NaTosylate. As seen in the previous section, the addition
of NaTosylate has a similar effect on the rheological
parameters, and hence less SDBS is needed to effect an
equivalent change in rheology in the presence of NaTo-
sylate as compared to NaCl.

Flow Birefringence. A direct measure of the persis-
tence length with variation in salt concentration is
necessary to verify the mechanism by which electrostatic

interactions and screening affect the rheological proper-
ties. This is extracted from the stress optic coefficient as
follows. Typical time-dependent flow birefringence data
are shown in Figure 7 at a shear rate of 3 s-1 for a CTAT/
SDBS ratio of 95/5 and total surfactant concentration of
1.5% in 0.25% NaCl. During the initial rest zone
(0-30 s), the birefringence, ∆n′, starts at zero and the
orientation angle, ø, at 45°. At the inception of shear from
30 to 70 s, the birefringence quickly reaches a steady value
of -1.0 × 10-6 during shear, and the orientation angle
reaches an average value of 35°, relative to the flow
direction. Upon cessation of shear from 70 to 100 s, ∆n′
and ø quickly relax back to their rest values. Reversing
the flow from 100 to 160 s results in a sign change for ø,
although the average values of ∆n′ and ø remain the same.
Note that this sample has a rheological relaxation time
of ∼0.12 s (Figure 6b) and thus, for the data sampling rate
employed, no relaxation or start-up transients can be
detected.

The product ∆n′ sin(2ø) is plotted against the shear
stress for a range of shear rates in Figure 8. Steady-state
experimental values of ∆n′ and ø are used, while the stress
is obtained from the Cross model fits to the measured
shear viscosity. As shown, the stress optic rule is valid
until a stress of approximately 2 Pa, after which ∆n′
sin(2ø) becomes nonlinear. A stress optic coefficient of
C ) -2.4 × 10-7 Pa-1 is obtained by a fit to the linear
portion of the data in Figure 8 (eq 14). This value of C is
verified for accuracy by comparing the cosine component
to the first normal stress difference, N1 (Figure S3 in
Supporting Information).

The stress optic coefficient can be related to the
persistence length using a model of a freely jointed chain
(eqs 16 and 17).32 Once a value of the lp is known, the
entanglement length can be determined from eq 12, where
the mesh size is calculated from the plateau modulus in
eq 13. This combination of rheology and flow birefringence

(47) Kern, F.; Lemarechal, P.; Candau, S. J.; Cates, M. E. Langmuir
1992, 8, 437-440.

Figure 6. Zero-shear viscosity as a function of SDBS fraction
at 1.5% total surfactant and 0.25% NaTosylate (9) or 0.25%
NaCl (O).

Figure 7. Time-dependent behavior of birefringence, ∆n′ (s),
and extinction angle, ø(0), at a shear rate of 3 s-1 for a CTAT/
SDBS ratio of 95/5 and total surfactant concentration of 1.5 wt
% in 0.25 wt % NaCl.

Figure 8. Determination of stress optic coefficient for a CTAT/
SDBS ratio of 95/5 and total surfactant concentration of 1.5 wt
% in 0.25 wt % NaCl. The line is a fit to the data at low stress.
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was used to determine these three micellar length scales
as functions of the solution chemistry.

First the effect of varying surfactant concentration is
explored with added NaTosylate (Figure 9a) and NaCl
(Figure 9b). For solutions with added NaTosylate, lp

weakly increases as surfactant concentration increases,
while the mesh size and entanglement length decrease as
êM ∼ CD

-0.69(0.01 and le ∼ CD
-1.3(0.2. The increase in

persistence length with surfactant concentration has been
observed for other ionic wormlike micellar solutions with
added salt, where the persistence length was extracted
from fits to measured SANS spectra.48 In that case, the
dependence of lp on CD was attributed to interchain
interactions. In this work, solutions with added NaCl
exhibit scalings of êM ∼ CD

-0.77(0.02 and le ∼ CD
-1.5(0.1. The

persistence length weakly increases with CD up to a
surfactant concentration of 2.5%, after which it perhaps
begins to decrease. In the case of solutions with added
NaCl, lp becomes comparable to both the mesh size, êM,
and the entanglement length at surfactant concentrations
greater than 2.5%, at which point lp begins to decrease
again. This also corresponds to the point at which the
zero-shear viscosity begins to oscillate with surfactant
concentration (Figure 4a).

Next, lp was measured as a function of surfactant ratio
at a fixed surfactant concentration of 1.5% and added
electrolyte of 0.25%, with both NaCl and NaTosylate being
investigated (Figure 10). The persistence length system-
atically decreases with the addition of SDBS, in agreement
with expectation from OSF theory. The mesh size remains
constant, which is expected for a fixed surfactant con-
centration, so the entanglement length increases slightly.
As SDBS is added to CTAT, the surface charge density is
lowered, thereby increasing Lo, the distance between
charges, which decreases the electrostatic contribution to
the persistence length (eq 18). This is qualitatively
consistent with the measured rheology since an increase

in flexibility should result in both a lower zero-shear
viscosity and shorter relaxation time.

Finally, the effect of added NaTosylate on the persis-
tence length is studied at a fixed surfactant concentration
of 1.5% and a CTAT/SDBS ratio of 97/3 (Figure 11). At a
NaTosylate concentration of 0.25%, the persistence length
is 200 Å. As the salt concentration decreases, the
persistence length increases, eventually reaching 850 Å
at 0.05% NaTosylate. Calculating the Debye screening
length for these solutions indicates lp ∼ κ-2.1(0.1 (Figure
11) as predicted by eq 18. The mesh size remains constant
while the entanglement length increases with added salt.
This trend is consistentwith theobservedrheologybecause
an increase in flexibility with added salt is expected to
lower the zero-shear viscosity and relaxation time.

Small Angle Neutron Scattering (SANS). The
electrostatic intermicellar interactions influence the rhe-
ology of catanionic wormlike micellar solutions. This is
demonstrated by comparing the nonmonotonic behavior
of the viscosity (Figure 4a) with increasing surfactant
concentration with the monotonic increase in measured
persistence length (Figure 9). The viscosity falls at
concentrations above 1.5 wt % surfactant despite the
increase in persistence length, which increases despite
the increasing ionic strength. Consequently, the rheology
under these conditions must be reflecting intermicellar
interactions. To investigate this further, static SANS
spectra were measured for samples with varying concen-
trations of added NaTosylate (Figure 12). The scattering
curves are typical for solutions of wormlike micelles, and
a strong interaction peak is evident in the spectra for both
zero and 0.01% added sodium tosylate. As more salt is
added, the electrostatic intermicellar repulsion is screened

(48) Sommer, C.; Pedersen, J. S.; Egelhaaf, S. U.; Cannavacciuolo,
L.; Kohlbrecher, J.; Schurtenberger, P. Langmuir 2002, 18, 2495-2505.

Figure 9. Length scales as a function of surfactant concentra-
tion for CTAT/SDBS ratio ) 97/3, in 0.25% NaTosylate (a) or
0.25% NaCl (b). Persistence length is shown by gray symbols,
mesh size by open symbols, and entanglement length by black
symbols.

Figure 10. Length scales as a function of SDBS fraction for
surfactant concentration of 1.5%, in 0.25% NaTosylate (squares)
or 0.25% NaCl (circles). Persistence length is shown by gray
symbols, mesh size by open symbols, and entanglement length
by black symbols.

Figure 11. Length scales as a function of Debye length for a
fixed CTAT/SDBS ratio of 97/3 and surfactant concentration of
1.5%. The concentration of added NaTosylate varies from zero
to 0.25% (13 mM), from right to left, respectively. Persistence
length is shown by gray symbols, mesh size by open symbols,
and entanglement length by black symbols.
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and the peak disappears. The SANS spectra overlap at
larger q values, indicating the local rodlike geometry is
maintained at all salt concentrations. This high-q region
allows determination of the micellar cross-sectional radius
(eqs 19 and 20), which remains relatively unaffected by
the addition of NaTosylate, ranging from 21.2 to 21.6 Å
over the range of salt concentrations studied.

A “bending rod” plot, which displays the scattering data
in the form q‚I(q) vs q, typically highlights the q-1

dependence of the data, allowing for an estimate of the
persistence length of the micelles. The presence of a
maximum in the bending rod plot indicates that the total
contour length is greater than 2lp, and the relative height
of the maximum to the height of the plateau or inflection
gives an estimate of the number of persistence lengths
per chain.28 For solutions with added NaTosylate, the
bending rod plot cannot be used to estimate lp (Figure S4
in Supporting Information). While for zero and 0.01%
added NaTosylate an inflection in the bending rod plot is
observed, this inflection is not observed at higher salt
concentrations, indicating that the micellar length scales
are not well separated. The mesh size estimated from
rheological measurements (eq 13) for 1.5% surfactant is
950 Å, which is comparable to the value of 850 Å measured
for lp by rheo-optics for 0.05% NaTosylate.

Discussion
Thereareseveral lengthscales thataffect therheological

behavior of charged wormlike micelles, including the
persistence, contour, mesh, and electrostatic screening
lengths. The main goal of this work is to determine these
micellar length scales systematically as a function of
surfactant concentration, surfactant ratio, and salt con-
centration.

First consider the effect of varying added electrolyte.
The SANS results indicate that intermicellar interactions
decrease as sodium tosylate is added, as witnessed by the
disappearance of the interaction peak in the SANS spectra
(Figure 12). Note that because sodium tosylate is the
common salt for both surfactants, the effects on persis-
tence, contour, and interaction lengths are a convolution
of changes in electrostatic screening, with a possible
reduction in net micelle charge. Comparison with the
results for added sodium chloride suggests that this effect
is substantial. As sodium tosylate is added, both the zero-
shear viscosity and the relaxation time decrease. This
reduction in ηo and τR upon addition of salt is often
explained by an increase in the endcap energy, Ec, which
results in the presence of branched micelles.14,15,24,25,49 In
particular, the branching of micelles has been proposed

to explain the reduction in ηo and τR upon addition of
sodium tosylate to CTAB,14 and either NaBr or potassium
acetate to CTAHNC,49 systems which contain the CTA+

surfactant ion in the presence of hydrotropic counterions
(HNC- and Tos-).

In order for micellar branching to occur, the formation
of a 3-fold junction must be favored over endcaps. Addition
of the penetrating salt to CTAT/SDBS mixed micelles
decreases the persistence length (Figure 11), which itself
is a measure of the one-dimensional bending modulus,
lp ) κ/kBT. This increase in flexibility may also play a role
in the ability to form a three-arm branch, in which saddle-
like regions are present within the junction. Therefore,
the addition of sodium tosylate causes an increase in
endcap energy combined with a possible decrease in the
energy required to form a branch point, resulting in the
formation of branched micelles. The decreases in both zero-
shear viscosity and relaxation time are consistent with
an increasingly branched structure as the NaTosylate
concentration increases.

Next, we consider the effect of changing surfactant ratio.
Anomalous rheological behavior in the form of maxima in
ηo and τR has been previously reported without added
electrolyte,16 explained by the growth and eventual
branching of micelles upon addition of SDBS to CTAT.
Here, however, adding either sodium tosylate or NaCl to
the system results in a monotonic decrease in ηo and τR.
The addition of SDBS reduces the surface charge density,
v, thereby decreasing Ee (eqs 2 and 3) and initially favoring
micellar growth in the absence of salt. To consider what
happens to the electrostatic energy upon addition of either
NaCl or NaTosylate, the Mackintosh model20 for Ee can
be extended to intermediate salt concentrations Cs by the
substitutionofaneffectivevolumefractionwhich increases
with added salt: φh ) φ + 8πlBrcs

2Cs. Thus, the addition of
salt increases the endcap energy and decreases Ee (eq 3),
favoring micellar growth as the SDBS fraction increases.
However, because the presence of salt makes endcap
formation less favorable, the possibility of branching must
also be considered.

Addition of SDBS increases Lo, the average distance
between charges, and results in a decrease in lp (eq 18)
in the presence of both NaCl and NaTosylate (Figure 10).
The increase in flexibility should favor branching due to
the changes in curvature. The topological transition of
cylinders to a connected network followed by phase
separation is predicted to occur with decreasing sponta-
neous curvature,50 and indeed phase separation occurs at
higherSDBSfractions.19 Theoretical calculations51 suggest
that for a single-component surfactant solution, as the
headgroup repulsion decreases, the energy required to
form a 3-fold junction decreases. The addition of SDBS to
CTAT decreases the surface charge; however, the presence
of either NaCl or NaTosylate also reduces the headgroup
repulsion though electrostatic screening, allowing branch-
ing to occur at a lower SDBS fraction. Penetration of
NaTosylate into the micelle results in an additional
reduction in the headgroup repulsion, allowing branching
to occur at a lower molarity than in the presence of the
screening salt. The decrease in ηo and τR observed in this
work is qualitatively consistent with the increase in
branching as SDBS is added to CTAT in the presence of
either salt.

(49) Narayanan, J.; Manohar, C.; Kern, F.; Lequeux, F.; Candau, S.
J. Langmuir 1997, 13, 5235-5243.

(50) Tlusty, T.; Safran, S. A. J. Phys.: Condens. Matter 2000, 12,
A253-A262.

(51) May, S.; Bohbot, Y.; BenShaul, A. J. Phys. Chem. B 1997, 101,
8648-8657.

Figure 12. SANS study of effect of varying NaTosylate. CTAT/
SDBS ratio is held constant at 97/3 and surfactant concentration
is 1.5%. A strong interaction peak is present at zero (b) and
0.01% (4) added NaTosylate. The peak diminishes at 0.05% (9)
added salt, with no peak present at 0.10% (]) and 0.25% (1)
added salt. All spectra overlap is at high q, indicating that the
local rodlike geometry is maintained at all salt concentrations.
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Finally, we examine the effect of surfactant concentra-
tion. In the CTAT/SDBS system with no added electrolyte,
anomalous behavior is seen in the form of maxima in ηo
and τR as functions of surfactant concentration.16 As salt
screens the electrostatics, the rheology is expected to
eventually approach that of a solution of nonionic micelles.
However, adding a molarity of sodium chloride comparable
to the molarity of the counterions coming from the highest
surfactant concentrations examined cannot suppress the
anomalous maximum in ηo with surfactant concentration,
nor the anomalous decrease in τR with increasing sur-
factant concentration, although the zero-shear viscosities
and relaxation times are lower than those in the salt-free
system. In contrast, when the penetrating salt sodium
tosylate is added, ηo increases monotonically with sur-
factant concentration, although still not in quantitative
agreement with that predicted for nonionic micelles. The
relaxation time, however, still decreases with increasing
surfactant concentration, which is typical of the behavior
of polyelectrolyte solutions46 rather than nonionic micelles.
It is well known that in dilute, salt-free solution, increasing
polyelectrolyte concentration is accompanied by an in-
crease in counterion concentration and, hence, increased
electrostatic screening. This decrease in the Debye
screening length results in a decrease in lp (eq 18), which
reduces the radius of gyration, Rg, and the longest
relaxation time, τR. A similar mechanism should be
operative for the CTAT/SDBS micellar solutions but is
further complicated by changes in the breakage time and/
or contour length due to changes in the ionic strength and
surfactant concentration. Consequently, deviations from
the scaling for nonionic micelles likely reflect indirect
effects on the three length scales from changes in solution
ionic strength.

As total surfactant concentration increases, τbreak de-
creases in the presence of both NaCl and NaTosylate. The
scission rate constant, k1, has previously been assumed
to be the same for all wormlike micelles,52 independent
of solution chemistry. If k1 is constant, then the decrease
in breakage time could be attributed to an increase in Lh c
(eq 4) with surfactant concentration, consistent with the
predictions of eq 1. The product τbreak‚Lh c depends on volume
fraction13 particularly in the presence of a strongly binding
counterion, a result suggesting that the scission constant
k1 is in fact sensitive to the nature and concentration of
counterions present. In addition, if micellar branching is
important, the appropriate length in eq 4 becomes the
distance between branch points rather than the contour
length. The tosylate ion is present in solution as the
counterion of CTAT/SDBS mixtures, so any inferences
regarding thechange incontour lengthordistancebetween
branch points with the breakage time cannot be made
unambiguously.

As surfactant concentration is increased, the persistence
length increases slightly, despite the increase in electro-
static screening due to the counterions. This is presumably
due to the presence of interchain interactions as revealed
by the SANS spectra. The mesh size and entanglement
length both decrease as CD increases. For solutions with
added NaCl, these three length scales begin to converge
at surfactant concentrations greater than approximately
2.5%. This would suggest that these values at the higher
surfactant concentrations should be taken with caution
as the theories and models used to extract them generally
assume the length scales are widely separated. The
rheological parameters also undergo a transition at these
higher surfactant concentrations. In particular, the zero-

shear viscosity goes through a maximum at a surfactant
concentration of 1.5% (in the presence of NaCl), at which
point the scaling of the relaxation time with CD changes
slope. The convergence of length scales and the changes
in rheological properties all suggest that either micellar
branching occurs at these higher surfactant concentrations
or the micelles can no longer be considered in the
semidilute regime. Branching is consistent with both the
decrease in ηo and the change in slope for τR. As surfactant
concentration continues to increase, the branched micellar
network becomes saturated, and these three measured
length scales (lp, le, and êM) become indistinguishable. The
formation of a branched network is predicted50,53,54 to be
concentration dependent, and cyro-TEM results55 further
support an increased degree of branching with surfactant
concentration.

Candau and Oda use the analogy to polyelectrolytes to
discuss the rheological scaling of the relaxation time and
zero-shear viscosity of charged wormlike micelles.56 For
reversible scission, the zero-shear viscosity and relaxation
time scale as ηo ∝ k1

-1/2Lhc3/2 and τR ∝ k1
-1/2Lh . For highly

branched micelles, the appropriate micellar length is the
distance between branches, which scales as57 Lh ∝ c-1/2,
resulting in an increasing viscosity but decreasing re-
laxation time with surfactant concentration. While the
data for CTAT/SBDS micelles in the presence of added
salt do not quantitatively follow these scaling laws, the
qualitative trend of increasing viscosity with decreasing
relaxation time further supports the conjecture of micellar
branching with increasing concentration.

Although no anomalous maximum is observed in the
zero-shear viscosity as a function of surfactant concentra-
tion for solutions with added NaTosylate, a similar
transition in microstructure occurs at a comparable
surfactant concentration. Above a CD of approximately
1.5%, the slope of the zero-shear viscosity decreases from
ηo ∼ CD

1.4(0.1 to CD
0.56(0.05, and the relaxation time also

undergoes a change in slope from τR ∼ CD
-0.63(0.09 to

CD
-1.54(0.03. Again, this is consistent with the onset of

micellar branching or entry to a different concentration
regime. Note that at 1.5 wt % 97/3 surfactant concentration
and 0.25 wt % NaTosylate there are no intermicellar
interactions evident in the SANS spectra (Figures 12 and
S4); hence the transition is not a consequence of significant
electrostatic intermicellar interactions. At a CD of 4%, the
measured length scales begin to overlap, again indicating
that the micellar network is becoming saturated.

Conclusions

Figure 1 shows the quantification of the four dominant
length scales controlling the rheology of micellar solutions
that are extracted from combination of rheology, SANS,
and rheo-optics measurements. These length scales vary
systematically with solution ionic strength, surfactant
composition, and surfactant adsorption and provide a
microstructural rationalization for the seemingly anoma-
lous rheology observed for mixed ionic micellar solutions.

The addition of small amounts of NaCl and NaTosylate
to CTAT/SDBS wormlike micelles moderates the anoma-
lous rheological behavior observed for solutions without
added salt; however, the scaling predicted for nonionic

(52) Cates, M. E. J. Phys. Chem. 1990, 94, 371-375.

(53) Bohbot, Y.; Benshaul, A.; Granek, R.; Gelbart, W. M. J. Chem.
Phys. 1995, 103, 8764-8782.

(54) Drye, T. J.; Cates, M. E. J. Chem. Phys. 1992, 96, 1367-1375.
(55) Bernheim-Groswasser, A.; Wachtel, E.; Talmon, Y. Langmuir

2000, 16, 4131-4140.
(56) Candau, S. J.; Oda, R. Colloid Surf., A 2001, 183, 5-14.
(57) Khatory, A.; Lequeux, F.; Kern, F.; Candau, S. J. Langmuir

1993, 9, 1456-1464.
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micelles is not observed. Rather, solutions with added
sodium tosylate behave qualitatively similar to polyelec-
trolytes, with the zero-shear viscosity increasing while
the relaxation time decreases as total surfactant concen-
tration increases. In the case of solutions with added NaCl,
this polyelectrolyte behavior is observed at low surfactant
concentrations, before the onset of micellar branching
likely occurs. Micellar branching is suggested because the
persistence length, entanglement length, and solution
mesh size, as measured through a combination of rheo-
optics and rheology, converge at high surfactant concen-
trations in the presence of either salt.

Polyelectrolyte-like behavior is also observed in the
scaling of the persistence length with solution chemistry.
The persistence length scales with κ-2 in the presence of
the hydrotropic salt NaTosylate, in agreement with the
OSF theory for polyelectrolytes. The persistence length
decreases as SDBS is added to CTAT in the presence of
either salt, consistent with the OSF prediction for a
decrease in the micellar surface charge. This combination

of rheo-optics and rheology allows all relevant length scales
to be measured and provides the basis for an explanation
of the observed rheology.
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