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We characterize the linear viscoelastic shear properties of an aqueous wormlike micellar solution using
diffusing wave spectroscopy (DWS) based tracer microrheology as well as various mechanical techniques
such as rotational rheometry, oscillatory squeeze flow, and torsional resonance oscillation covering the
frequency range from 107! to 10% rad/s. Since DWS as well as mechanical oscillatory squeeze flow and
torsional resonance oscillation cover a sufficiently high frequency range, the persistence length of
wormlike micelles could be determined directly from rheological measurements for the first time.

Significant progress has been made over the past decade
in developing optical microrheology as a noninvasive
means to study the rheological properties of soft complex
fluids. Following the seminal Letter of Mason and Weitz in
1995 [1], several hundred studies have reported on the
application of optical microrheology to such diverse sys-
tems as polymers, emulsions, gels, biomaterials, hydrogel
scaffolds, stomach mucus, magnetic fluids, ceramics, slur-
ries, and many more [1-5]. The underlying idea is to study
the response of small (colloidal) particles embedded in the
system under study. The motion of probe particles can
either be controlled actively, e.g., using optical tweezers
or one can analyze the thermal motion of particles to obtain
information about the viscoelastic properties of the sur-
rounding fluid. The latter can be achieved by using diffus-
ing wave spectroscopy (DWS) [6]. DWS provides a fast
ensemble average of the tracer motion and can resolve
extremely fast displacements on the order of microseconds
with subnanometer resolution. Despite the large literature,
benchmarking optical microrheological techniques with
macroscopic mechanical measurements is still not con-
cluded. Almost all comparisons between microrheology
and macrorheology have been restricted to the frequency
range <10? rad/s due to mechanical limitations and
inertial effects in the gap loading limit of conventional
rotational rheometers and the limited availability of me-
chanical devices operating at higher frequencies [7-9].

Here we apply both DWS and macroscopic mechanical
rheometry to characterize an aqueous solution of cetylpyr-
idinium chloride and sodium salicylate (100mM
CPyCl-60mM NaSal) at different temperatures. These
solutions display complex viscoelastic properties but are
easy and reproducible to prepare and stable in time. They
exhibit fast dynamics and the structural features are much

PACS numbers: 83.80.Qr, 82.70.—y, 83.60.Bc, 83.85.Ei

smaller than the tracer particles. The latter is an important
requirement for the successful application of tracer micro-
rheology which might otherwise lead to erroneous results
[4]. Because of the peculiar viscoelastic behavior such
systems have found wide commercial application ranging
from personal care to enhanced oil recovery products [10].
Rapid access to microscopic structural and dynamic prop-
erties is therefore of interest both from a fundamental and
an applied point of view. DWS is especially suited to yield
fast and accurate results at high frequencies up to
10° rad/s. In order to access intermediate and high fre-
quencies by mechanical rheometry we use a piezodriven
squeeze-flow device in combination with two torsional
resonance oscillators to extend the available frequency
range up to 3 X 10° rad/s [11].

At the concentrations and temperatures investigated
here, the surfactant molecules form semiflexible, cylindri-
cal aggregates, so-called wormlike micelles, exhibiting
unique structural and rheological properties [12-14].
Characteristic structural parameters are the diameter of
the micelles d;., their contour length L, which is related
to the scission energy E,. necessary to create two micellar
end caps and the persistence length /,, which is related to
the bending modulus « = kzT1,, with the Boltzmann con-
stant kg and the temperature 7. [, strongly depends on the
nature of the surfactant and the counterion, their concen-
tration and mixing ratio, as well as the ionic strength of the
solution. Mostly /, has been deduced from small-angle
neutron scattering, but it can also be extracted from the
dynamic structure factor accessible by neutron spin echo
measurements [15]; appropriate models have to be applied,
and uncertainties occur if data have to be extrapolated
beyond the experimentally accessible g range. Using bire-
fringence measurements, knowledge about stress-optical
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coefficients is needed, which is not always accessible [16].
Dynamic light scattering provides the appropriate g range
only if the micelles are sufficiently stiff [17].

For entangled solutions the contour length between two
entanglements /, or the mesh size ¢ is another important
structural feature. Stress relaxation then occurs via repta-
tion and scission [12]. The structural parameters L, [,, and
¢ are related to the low and intermediate frequency dy-
namics of the system. In the high frequency regime stress
relaxes via intramicellar processes: First dominated by the
Rouse-Zimm modes and then by internal relaxation modes
of individual Kuhn segments. In this frequency range G* =
G’ + iG" exhibits a power-law behavior G* ~ w* with the
exponent a changing from approximately 5/9 in the
Rouse-Zimm regime to 3/4 where internal bending modes
of Kuhn segments dominate [18]. The change in the ex-
ponent occurs around a critical frequency w, = kT/8 7731?;
corresponding to the shortest relaxation time in the Rouse-
Zimm spectrum, and [/, can be deduced directly from
rheological experiments either by determination of w, or
from the absolute values of G* in the frequency range w >
wg. These scaling concepts have been proven experimen-
tally in various studies on biopolymer solutions [19-21].
These systems exhibit typical /, values of several micro-
meters and, accordingly, the w?/* scaling for G* sets in at
frequencies between 10 and 10° rad/s. Typical values for
the persistence length of wormlike micelles are expected
below 100 nm; correspondingly, the @>/* scaling regime
should occur in the frequency range beyond 10* rad/s. In
this Letter we demonstrate that accurate high frequency
rheology can be used as a powerful laboratory tool to
determinate characteristic structural and dynamic proper-
ties of surfactant solutions. With our combined mechanical
and optical approach we can accurately determine E ., and,
moreover, the persistence length /,, is accessible for solu-
tions of wormlike surfactant micelles or other semiflexible
objects down to [, values of about 1 nm.

Echo two-cell DWS experiments in transmission ge-
ometry were performed as described in [5]. Typical mea-
surement times were in the range of 3—5 min. Standard
glass cuvettes (Hellma) with path lengths 2 or 5 mm and a
width of 10 mm were used. 1%—2% of polystyrene sulfo-
nate particles (diameter 720 nm, IDC Corporation,
Portland, U.S.A.) were used as tracers. From the DWS
intensity correlation function we obtain the ensemble aver-
aged particle mean square displacement (Ar>(¢)) [6]. From
a fit to In{Ar?(In¢)) with a polynomial of order 6 or 7 we
calculate the viscoelastic moduli G/(w) and G(w) from
the generalized Stokes-Einstein relation following the ap-
proach of Mason et al. [21]. We have checked that the
choice of the polynomial order and the range of data
selected do not influence the results. At times shorter
than 1073 s, or frequencies above w = 10° rad/s, inertia
effects become sizable [22]. To get access to this interest-
ing ultrahigh frequency regime we introduce a self-
consistent correction scheme for (Ar?(7)). The high fre-

quency viscosity 7. determines the influence of fluid
inertia on particle displacement, and as long as the high
frequency behavior is predominately viscous G”(w) >
G'(w) we can correct the experimental data using the
analytical expression for Newtonian fluids derived by
Hinch [22]. In practice we correct the experimental particle
mean square displacement: (Ar%(¢)) = f(){AF*(1))pws
with f(¢) from [22] and take an initial guess value of 7. =
3 mPas from mechanical theometry data at the highest
frequency accessible. Thus we obtain a corrected G*(w)
and use the corresponding G"” = nw to recalculate f(7).
This procedure is repeated two or three times until the
result converges [23].

A rotational rheometer, Rheometric Scientific ARES,
equipped with a cone-plate sample cell was used for oscil-
latory shear experiments covering the frequency range
from 0.01 to 100 rad/s. Oscillatory squeeze-flow experi-
ments were performed in the frequency range from 0.2 to
10* rad/s using a piezodriven axial vibrator. Torsional
resonance oscillation was performed at four distinct fre-
quencies [(50, 119, 195, and 364) X 103 rad/s]. The prin-
ciple of measurement, the mechanical and electronic setup,
as well as the calibration procedure for both techniques
have been described in detail elsewhere [11]. Strain am-
plitudes in all mechanical experiments were always low
enough to ensure linear sample response.

Dynamic shear moduli G’ and G” at T = 20 °C obtained
from mechanical rheometry and DWS are compared in
Fig. 1. The shapes of the relaxation spectra from DWS
coincide very well with those from mechanical rheometry,
but the absolute values of the G’ and G” data are about
10%—-20% lower than those from mechanical measure-
ments. Taking into account the uncertainties in experiment
as well as the approximations included in the data analysis
we consider this as good agreement. Nevertheless, devia-
tions in the G" data occur especially around the first cross-
over region where G” has a maximum and around the
minimum in G’ at intermediate frequencies. The latter
may be rationalized by the following arguments: In an
oscillatory shear experiment the real and imaginary parts
of G*(w) are determined from the amplitude and phase
shift of the response signal. Such a phase analysis is much
more accurate than the DWS data treatment, where the
(Ar*(z)) is measured in time space. Small deviations
around the first crossing point of G’ and G” are probably
residual effects of the polynomial fitting.

Irrespective of these deviations, various important fea-
tures of the relaxation spectra of wormlike micellar solu-
tions can be equally well deduced from both methods. The
characteristic first and second crossover frequencies
[G'(w;) = G"(w;)|;—,.] are summarized in Table I to-
gether with the plateau modulus G, and the ratio of
Go/Gll... Gy is determined as the value of the modulus
G’ at the frequency at which G” has its local minimum
G". . The ratio G,/G!. is another important rheological

quantity for wormlike micelles, since it is directly related
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FIG. 1 (color online). Dynamic shear moduli G’ and G” of an
aqueous solution of 100mM CPyCl and 60mM NaSal at T =
20 °C obtained from DWS (dashed lines and solid lines from two
different measurements) and various mechanical rheometers (G’,
solid symbols; G”, open symbols). Rotational rheometer
(squares), oscillatory squeeze flow (triangles), torsional resona-
tors (circles). The modulus G" = wn, of water is included for
reference (dash-dotted line). Inset: Ratio of the plateau modulus
G, and the minimum value of G” as a function of 1/T for the
same solution.

to the ratio L/I, ~ exp(E,./2kgT), and its T dependence is
used to determine E,. [12]. The values from both methods
are in excellent agreement.

The terminal zone and accordingly w, are strongly
shifted to higher frequencies and G/ strongly increases
as temperature is raised, directly showing that the micellar
contour length L ~ ;3 decreases as temperature goes up.
G, and hence the mesh size ¢ of the entanglement network
are essentially independent of 7. Accordingly, the zero
shear viscosity 1y, = G/, strongly decreases with in-
creasing temperature. Similar behavior has been reported
for other surfactant solutions [14]. The high frequency
dynamic shear moduli are essentially independent of tem-
perature. A closer inspection of the data reveals a scaling
G" ~ w3/* for @ > 10* rad/s and indicates the onset of a
G' ~ w3/* scaling for @ > 5 X 10° rad/s [7]. This is con-
sistent with the predictions for wormlike chains [18]. The
frequency range where internal bending modes of individ-
ual Kuhn segments dominate is reached here and covers
about two decades in frequency.

The plateau modulus G from mechanical rheometry is
in excellent agreement with [13] and yields a mesh size of
& =52 %2 nm. Since ¢ and [, are almost independent of
temperature we can assume this also for /,. Consequently,
the temperature dependence of G,/G!. = L/I, is deter-
mined by the change in L, and the end cap energy E,. can be
extracted from the slope of a semilogarithmic plot of
Go/G!., versus 1/T [12]. From mechanical rheometry
data (see Table I and Fig. 1) we obtain E. = (23 *
2.4)kT, similar values have been reported for other surfac-
tants [14].

The persistence length /, is determined from the G" —
wm,, where 1), is the solvent viscosity. We fit the function
G" — wn, = kpwsw>'* to the experimental data as shown
in Fig. 2 and analyze the result in two different ways. Gittes
and MacKintosh derived the following relation based on a
statistical mechanical treatment of the single filament
stress response of semiflexible chains [18]:

1 —2i{\3/4
G" —iwn, = pKl,,<l§> w3/, (1)
K
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where { is the lateral drag coefficient and p is the area
density of micelles. For CPyCl/NaSal we take d.;. =
2.5 nm [13] to calculate p, and according to [18] we insert
{ = 4mn,/In(0.6A/d;.) = 0.005 Ns/m? for the lateral
drag coefficient. For the characteristic length scale A we
choose here the mesh size &. Comparing then the prefactor
in Eq. (1) to the value for the fit parameter kpywsg results in
[, = 32 =2 nm. As a consistency check we can take this
value to estimate the frequency w, at which the data should
start to deviate from the 3/4 scaling [Eq. (1)]. We find a
deviation of 10% for the data set shown in Fig. 2.
Alternatively, we can extract w, from the crossover fre-
quency of the w*® and w** scaling regime observed in the
mechanical data, as shown in the inset of Fig. 2. We obtain
wo = (22 % 3) X 10° rad/s and [, = 29 + 3 nm at 20 °C.

In conclusion, we show that DWS microrheology can
provide results in quantitative agreement with bulk me-
chanical measurements of G’ and G” in the frequency
range from 107! to 10° rad/s. As a consequence, DWS
as well as mechanical high frequency rheometry can be
used as a powerful tool to determine characteristic features
of wormlike micelles, like E. and £ as well as [, directly
from rheological measurements. With both approaches /,,
is accessible for aqueous solutions of wormlike surfactant
micelles or other semiflexible objects down to /, = 1 nm

TABLE I. Crossover frequencies o, and w, as well as plateau moduli Gy and Go/G”;, from mechanical rheometry and DWS.
Mechanical rheometry DWS microrheology
TEO  o,6) w6 G ®)  G/GL, Lam ) w6 G/GL, I, (m)
20 0.3 11860 31 14.9 29 *£3 0.2 11870 31.3 312
25 0.6 11100 32 74 273 0.5 12737 11.2 303
30 1.9 11200 28 5.2 26 £3 1.2 14120 7.8 303
40 16 11946 27 24 — 12 15560 3.0 34+3
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FIG. 2 (color online).

Loss modulus G" — wn, of an aqueous
solution of 100mM CPyCl and 60mM NaSal at T = 20°C as
obtained from DWS. Solid line: fit of G = kpysw** to the data
for w >4 X 10* rad/s. Inset: Oscillatory squeeze-flow (tri-
angles) and torsional resonance oscillation (circles) data. Open
circles mark data obtained using the resonators described in [11].
Solid lines: fit of different power laws to experimental data.

and may, e.g., also be applied to test scaling theories for the
electrostatic contribution to the persistence length of ordi-
nary polyelectrolytes.
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It is worthwhile to comment on the general validity of this
procedure. At frequencies above 10* rad/s the viscous
component G” is usually higher than the elastic G’ for
most soft materials. Allowing for a frequency dependence
of the viscosity is an ad hoc extension of the Hinch
formula we expect to work well since the actual frequency
dependence is generally weak in the high frequency range,
and as long as @ <5 X 107 rad/s f(¢) never exceeds a
factor of 2 for submicron sized particles even for low
viscosity fluids. Higher viscosity reduces the correction
and in our case we always find f(¢) < 1.4.



