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The microrheology of cationic micellar solutions has been investigated as a function of added organic salts
using quasielastic light scattering (QELS). Two organic salts, sodiump-toluene sulfonate and sodium salicylate,
were used to induce microstructural changes in cetyl trimethylammonium bromide (CTAB) micelles. The
mean-squared displacement (MSD) of polystyrene probe particles embedded in CTAB micellar solutions
was monitored by QELS in the single-scattering regime. Through the use of the generalized Stokes-Einstein
relationship, the frequency-dependent complex shear moduli of each fluid were estimated from the Laplace
transform of the corresponding MSD. The salt-induced transition from nearly spherical to elongated wormlike
micelles and consequent changes in fluid response from viscous to viscoelastic are clearly captured by
microrheology.

Introduction

During the past few years, several complementary techniques
have been developed for probing the rheological properties of
complex fluids at a microscopic length scale, an area that has
come to be called microrheology.1 Typically, the technique relies
on measuring the local displacement of embedded colloidal
probe particles and converting this displacement into macro-
scopic rheological properties. The driving force for particle
displacement can arise either from random Brownian (thermal)
forces acting on the probe2-5 or from an externally imposed
force such as a magnetic field.6,7 Application of external fields,
however, may induce substantial strains in the probe particles
and may hence correspond to a nonlinear fluid response. In
contrast, the strains resulting from thermal probe motion are
quite low, and thus a linear response is ensured. Microrheology
provides new insight into the presence of local inhomogeneities
in materials, and the results are often complementary to the
macrorheology of the fluid obtained from conventional me-
chanical rheometery. Microrheological experiments can be
performed on relatively small sample volumes as compared to
those required for macrorheology, and this can be a major
advantage in characterizing many costly biological fluids.
Moreover, this technique can be used to probe complex moduli
over an extended frequency range that is inaccessible by
conventional rheometery.

Themally driven diffusion of colloidal probe particles in
complex fluids such as polymer solutions and surfactant
assemblies has been of long-standing interest.8-15 Different
approaches have been employed for measuring the time-
dependent mean-squared displacement (MSD) of colloidal
particles. These include laser deflection particle tracking
(LDPT),3 atomic force microscopy (AFM),16-18 optical inter-

ferometry,5 epifluorescence microscopy,19 and dynamic light
scatering (DLS).2,20,21 DLS has been used both in the single-
scattering limit20,21 (quasielastic light scattering (QELS)) and
in the multiple-scattering regime, i.e., diffusing wave spectros-
copy (DWS).2,22 In this paper, we will use QELS in the single-
scattering regime to measure the MSD of colloidal probes in
our samples.

The samples of interest are based on a cationic surfactant
and an organic salt. These belong to a class of surfactant systems
that form long flexible wormlike micelles in solution, resulting
in viscoelastic behavior of the fluid.23-28 Salts with hydrophobic
counterions are known to induce micellar growth at very low
concentrations due to their tendency to adsorb on the surface
of ionic micelles. Typical hydrophobic salts for cationic micelles
include sodiump-toluene sulfonate (SPTS),25 sodium salicylate
(SS),29,30 and sodium 3-hydroxynaphthalene-2-carboxylate
(SHNC).31 The rheological properties of entangled wormlike
micellar solutions are similar to those of semidilute polymer
solutions with the difference that the micelles are dynamic in
nature (breaking and recombining rapidly).32,33 Wormlike mi-
celles can thus be viewed as substitutes for polymers in
applications that require thickening or drag reduction.34,35 For
example, wormlike micellar solutions are currently being used
as hydraulic fracturing fluids for enhanced oil recovery.

The basic theory of dynamics and rheology of wormlike
micelles was originally developed by Cates and co-workers as
an extension of the reptation model for polymer dynamics.
According to this theory, the dynamics and rheology depend
on two different time scales of the system, i.e., the reptation
time (τr) and the breaking time (τb). When τb . τr, stress
relaxation occurs by a stretched exponential in time, as expected
for a solution of polydispersed polymers. However, whenτb ,
τr, the stress relaxation behavior follows a single exponential,
much like for a Maxwell fluid. Macroscopic rheological
measurements on several wormlike micellar fluids are consistent
with the predictions of the Cates model.

Studies on probe diffusion and microrheology have been
conducted in several viscoelastic fluids, mostly polymeric.36-39
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There are only a few studies, however, on the microrheology
of wormlike micellar solutions.40-42 The present study is an
attempt to elucidate the microrheology of micellar solutions
using QELS. We focus on a cationic micellar system formed
by the surfactant, cetyl trimethylammonium bromide (CTAB).
The effect of organic additives (SPTS and SS) on these cationic
micelles, in terms of promoting the growth of flexible cylinders,
is inferred from microrheology.

Materials and Methods

CTAB and SPTS were obtained from Sigma, and SS is from
Fluka. Standard polystyrene (PS) beads of radius 100 nm were
obtained from Duke Scientific. Micellar solutions containing
surfactant and salt were prepared in dust-free Nanopure water
(Millipore). The PS probe particles were added to the solutions,
and the resulting samples were kept overnight for equilibration.
The concentration of PS particles was kept constant in all
samples. This concentration was chosen in such a way that the
intensity scattered by the particles was approximately 50 times
higher than that from the micellar solution. The scattered
intensity correlation functions were measured using a Malvern
4800 autosizer employing a 7132 digital correlator. The light
source was an argon-ion laser (514.5 nm) operated at 10 mW
laser power. The scattering angle was maintained at 90°. All
measurements were carried out at 25°C.

Theory

The MSD of probe particles embedded in surfactant solutions
can be obtained from QELS measurements as follows. In QELS,
the first-order electric-field autocorrelation function,g(1)(τ) is
related to the MSD,∆r2(τ), by the relation

whereq is the magnitude of the scattering vector and is given
by q ) 4πn/λ sin(θ/2), with n being the refractive index of the
solvent,λ the wavelength of light, andθ the scattering angle.
In practice, the measured quantity is the time-averaged intensity
autocorrelation functiong(2)(τ), which for photocounts obeying
Gaussian statistics can be related tog(1)(τ) by the Seigert
relation43

whereâ is the baseline andA is an adjustable parameter called
the coherence factor that depends on the scattering geometry.

The MSD of the particles reflects the influence of the fluid
on the thermal motion of the scatterers. Assuming the complex
fluid to be an isotropic, incompressible continuum around a
sphere, the complex shear modulusG(s) of the fluid can be
obtained from the MSD using a generalized Stokes-Einstein
relationship2

where ∆r2(s) is the Laplace transform of the MSD,kBT the
thermal energy,a the radius of the probe particle, ands the
Laplace frequency. The above equation assumes that the
Stokes-Einstein relation valid for Newtonian fluids can be
generalized to viscoelastic fluids and the inertial effects on probe
motion can be neglected. OnceG(s) has been obtained, it can
be fitted to a functional form ins, which can then be used to
estimate the complex modulusG*(ω) in the frequency (ω)

domain, by the method of analytic continuation2 (substitutings
) iω in the fitted form). The real and imaginary parts ofG*(ω)
are the storage and loss moduli of the fluid, respectively. The
storage modulusG′ represents the elastic component of the
stress, while the loss modulusG′′ represents the viscous
component. For a purely viscous fluid having a viscosityη,
G*(ω) ) iωη(ω), and thusG′ ) 0 andG′′ ) ηω.

Results and Discussion

We investigated the thermal motion of colloidal probe
particles in micellar solutions using QELS. The concentration
of the surfactant, CTAB, was fixed at 0.1 M, and the molar
ratio of salt to surfactant (xsalt )[salt]/[CTAB]) was varied. At
low values ofxsalt, the micelles are nearly spherical, and the
solution has a low viscosity. With an increase in salt concentra-
tion, the electrostatic repulsion between the cationic surfactant
headgroups is reduced, thereby increasing the surfactant packing
parameter.44 This facilitates the growth of micelles from nearly
spherical to rodlike or wormlike assemblies. When the wormlike
micelles are sufficiently long, they overlap and entangle into a
transient network. This causes significant changes in the
rheological behavior of the fluid and affects the motion of probe
particles in that fluid.

Figure 1 shows representative plots of the particle MSD,
∆r2(τ), at three different concentrations of the SPTS salt (xSPTS).
In the absence of any added salt (xSPTS) 0), the MSD is linear
in time, as expected for the random, Brownian motion of
spherical particles in a Newtonian fluid. The relation between
the MSD and the diffusion coefficientD of the particles is

Thus, from the slope of this line, we can determine the diffusion
coefficientD of the particles, which is found to be 2.22× 10-8

cm2/s. This is consistent with the value expected for spheres of
100 nm radius in water at room temperature from the Stokes-
Einstein equation. At small concentrations of added salt (i.e.,
xSPTS < 0.4), the MSD remains linear (data not shown).
However, at higher salt concentrations (xSPTS) 0.4 or higher),
the MSD shows a nonlinear behavior as a function of time, and
this is clearly seen atxSPTS ) 0.5. This nonlinear behavior
indicates the restricted diffusion of the particles. Note that as
time increases, the slope of the∆r2(τ) curve decreases, which
implies a slowing down of the particle diffusion. This can be
explained by considering that under the high salt conditions, a

Figure 1. Variation of the mean-squared displacement,∆r2(t), of probe
particles with time in CTAB micelles (100 mM) at different concentra-
tions of the salt SPTS (xSPTS ) [SPTS]/[CTAB]). At low xSPTS, the
variation is linear, indicating the viscous nature of the fluid. Nonlinear
variation is observed at highxSPTS.

∆r2(τ) ) 6Dτ (4)

g(1)(τ) ) exp(- 1
6

q2∆r2(τ)) (1)

g(2)(τ) ) â + A|g(1)(τ)|2 (2)

G(s) )
kBT

πas〈∆r2(s)〉
(3)
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network of long micelles exists, which creates topological
restrictions for particle diffusion.

The changes in MSD upon addition of salt can be correlated
with corresponding changes in the fluid microrheology using
the generalized Stokes-Einstein relationship, as discussed
earlier. On the basis of the time scales probed in this study, we
can reliably estimate the microrheology only over a limited
frequency (ω) range from 2000 to 20 000 s-1. This is evident
from a plot of the functionY(t) under the Laplace integral, where

Figure 2 showsY(t) for xSPTS) 0. Fors< 2000 s-1, the function
Y(t) does not vanish completely within the measurement time
scale, and truncation errors in numerical integration could thus
arise. Fors > 20 000, the function is sensitive to the small time
behavior of the MSD, and this can reliably be estimated only
in the multiple-scattering limit, i.e., using DWS. The area under
the Y(t) curve gives the value of the Laplace integral∆r2(s),
and this is shown in the inset to Figure 2.

The real (G′) and imaginary (G′′) parts of the complex shear
modulus calculated from∆r2(s) are shown in Figure 3 for two
salt concentrations. ForxSPTS) 0 (Figure 3a),G′′ is higher than
G′ at all frequencies, indicating the viscous nature of the sample.
Also, G′ is close to zero, andG′′ is linear inω, which is expected
for a Newtonian fluid. In that case, the slope of theG′′ versus
ω line is the viscosity of the fluid, and we find a viscosity value
of 0.89 cP from this slope. This value is consistent with our
measurements of the sample viscosity, and it is practically
identical to the viscosity of water at this temperature. Thus, the
presence of spherical micelles at low volume fractions has a
negligible influence on the fluid viscosity. Next, for the sample
with xSPTS) 0.5 (Figure 3b),G′ is higher thanG′′, indicating
the predominantly elastic nature of the sample within the
indicated frequency range. The elastic behavior in this case
reflects the presence of an entangled network of long micelles
at this salt concentration.23,24

The changes in microrheology with successive addition of
salt can be visualized from a plot of the ratioG′′/G′ at given
frequency. In mechanical rheometry, the ratioG′′/G′ is equal
to tanδ, whereδ is the phase difference between the stress and
the strain. For Newtonian fluids, the phase angleδ is 90°
whereas for viscoelastic fluids,δ varies between 0° and 90°.
Figure 4 shows the variation of tanδ ) G′′/G′ as a function of
xSPTSat three frequencies (ω ) 1000, 10 000, and 20 000 s-1).

Over this frequency range, tanδ is only weakly dependent on
frequency. At low salt concentrations, the value of tanδ is ca.
10, which corresponds to a phase angleδ of 84° and indicates
the viscous, Newtonian behavior of the fluid. AsxSPTSincreases,
tanδ decreases rapidly, and atxSPTS) 0.5, it is ca. 0.56, which

Figure 2. Representative plot of the functionY(t) under the Laplace
integral at two different frequencies. The area under the curve decreases
with an increase in frequency. Inset shows the variation of the Laplace
transform of∆r2(t) with frequency.

Y(t) ) ∆r2(t) e-st (5)

Figure 3. Variation of the storage and loss moduli with frequency for
CTAB solutions containing different amounts of salt SPTS as calculated
from the generalized Stokes-Einstein relation: (a)xSPTS) 0; (b)xSPTS)
0.5.

Figure 4. Changes in the ratio ofG′′ to G′ (i.e., tanδ) at ω ) 1000,
10 000, and 20 000 s-1 as a function ofxSPTS. The phase angle becomes
less than 45° (tanδ < 1) atxSPTS> 0.4, indicating predominantly elastic
behavior.
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corresponds to a phase angle close to 30°. This implies a change
in fluid microrheology from viscous to viscoelastic with
increasing salt concentration.. The above microrheological
transitions are entirely analogous to the reported macrorheology
of such wormlike micellar solutions.23

Our analysis above underscores the qualitative agreement
between micro- and macrorheology. It is worth discussing
whether our microrheological approach (via DLS) is valid and
if a further quantitative comparison can be made with mac-
rorheological data. Taking the latter question first, a true
comparison cannot be done because of the limited frequency
ranges accessible in the two techniques. The lowest frequency
accessible in the present study is about 1000 s-1 while the
maximum accessible frequency in mechanical rheometry is
limited to a few 100 s-1. With respect to the validity of our
approach, two pertinent questions that arise concern (a) the
existence of inertial effects and (b) the assumption of continuum
viscoelasticity. These questions have been addressed in detail
by different groups.4,45 We tackle these below in the context of
our study.

First, regarding inertial effects, the generalized Stokes-
Einstein relationship does assume that inertial effects on the
probe particles can be neglected. For particle inertia to be
neglected, the viscoelastic penetration depth should be larger
than the particle radius,a. For the motion of a particle of density
F in a medium of modulusG, the above condition is satisfied
for frequenciesω , ωmax, whereωmax ) (9G/2a2F)0.5. Here,
we havea ) 100 nm andG ≈ 10 Pa, which givesωmax ≈ 1
MHz. On the basis of this calculation, inertial effects can be
safely ignored in our analysis. This is further evident from the
weak dependence of tanδ on frequency (Figure 4).

Next, for the assumption of continuum viscoelasticity to be
valid, the probe particle radius should be larger than the
characteristic mesh size (ê) of entangled micelles. The mesh
size can be determined either from small-angle neutron scat-
tering (SANS) or from macrorheological measurements. For the
surfactant concentration studied (100 mM), estimates of the
mesh size range from ca. 20 nm (SANS) to ca. 45 nm
(rheology).46 Both of these are much less than the particle size
used (100 nm). Thus, again, we can assume that the continuum
assumption is valid for our particular experiment.

Finally, to understand the difference in microrhelogical
response of CTAB micelles with different additives, the MSD
of probe particles were measured in the presence of another
organic salt SS. Figure 5 shows the MSD of probe particles in
CTAB solutions at three different concentrations of SS. The

changes in MSD are very similar to those observed for SPTS,
with the shift to a nonlinear MSD occurring at a lower SS
concentration compared to SPTS (compare the MSD atxsalt )
0.4 for SS and SPTS). Correspondingly, a plot of tanδ ) G′′/
G′ as a function ofxSS at ω ) 10 000 s-1 (Figure 6) indicates
a rapid decrease at lower SS concentrations. This difference in
microrheology may arise from the greater adsorption of SS on
the surface of the micelles, thereby leading to faster growth of
the micelles.

Conclusions

We have probed the microrheology of surfactant solutions
in the presence of hydrophobic additives by monitoring the
diffusion of probe particles using QELS. The MSD of probe
particles embedded in micellar solutions is sensitive to the
micellar structure. As the micelles change from spherical to
wormlike upon addition of salts such as SPTS and SS, the MSD
changes from linear to nonlinear. This nonlinearity reflects a
transition from the viscous to viscoelastic nature of the fluid.
The microrheological data at a given frequency can be used to
compare the growth of micelles due to various additives.
Differences in micellar growth are attributed to differences in
hydrophobicity of the respective counterions and, in turn, their
adsorption on the micelle surface.
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