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The small-scale rheology of Carbopol ETD 2050, a polymer gel with a yield stress, is studied as a function
of polymer concentration by measuring the diffusion of submicron-sized spherical fluorescent particles sus-
pended in gel. Dynamic light scattering is used to determine the mean-squared displacement �r2���� of the
particles as a function of lag time �. Fluorescence microscopy is used to track the particle trajectories directly,
from which �r2���� and the van Hove correlation function are determined. From our results we calculate the
microrheological viscous and elastic moduli of the material. The two techniques cover complementary ranges
of � and �r2���� and give results that agree well. The microrheological moduli are substantially smaller than the
bulk values as determined by conventional shear rheometry. The bulk viscoelastic behavior is dominated by the
elastic modulus, while at low enough concentrations and high enough frequencies the microrheological re-
sponse is predominantly viscous. These results will be discussed in the context of the gel structure.
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I. INTRODUCTION

Soft materials such as gels, foams, or emulsions are in
general structured fluids, and their complex and fascinating
properties result from their structure on scales much larger
than that of individual molecules, but smaller than that of the
bulk material �1�. This structure affects both the equilibrium
and nonequilibrium properties of these materials and, in par-
ticular, their response to shear. Typically such materials are
viscoelastic; that is, their response to shear includes both the
dissipation �viscosity� and storage �elasticity� of energy. In
some cases the structure of the fluid gives it sufficient
strength to resist shear completely for small enough stress.
Such materials, called viscoplastic or yield-stress fluids, be-
have as elastic solids at low stress but flow when the shear
stress becomes larger than a yield stress; examples include
mayonnaise and fresh concrete. It is clearly of interest to
understand the microscopic structure and properties of yield-
stress fluids and, in particular, to develop an understanding of
the relationship between their microstructure and bulk prop-
erties.

In this paper, we report both macroscopic and micro-
scopic measurements of the rheological properties of a
model viscoplastic material, Carbopol ETD 2050. Carbopol
is a family of commercial polymers based on cross-linked
linear polyacrylic acid chains �2� that is used commercially
to modify the rheological properties of cosmetic and pharma-
ceutical products. It is widely used as a model yield-stress
fluid because of its stability and transparency �3–5�. Disper-
sions of Carbopol in water are described in the product lit-
erature �2� and elsewhere �3,6–10� as being made up of a
collection of polymer gel particles covered with dangling
polymer chains that interact strongly with neighboring par-
ticles, although it does not appear that systematic efforts
have been made to determine the microscopic structure.

The rheological properties of Carbopol solutions depend
primarily on concentration and pH. When dispersed in water

at concentrations up to about 2% by weight, it forms a vis-
cous sol with a low pH. Neutralization by the addition of
alkali causes ionization along the polymer backbone, and the
resulting electrostatic repulsion leads to the uncoiling and
expansion of the non-cross-linked polymer chains. This in
turn leads to swelling of the polymer and the formation of a
stiff, transparent gel. The bulk rheological properties of dis-
persions of different grades of Carbopol have been reported
as a function of pH and concentration and with different
additives �3,9,11�. Neutralized Carbopol dispersions typi-
cally have a yield stress of tens of Pa at concentrations of a
few tenths of a percent by weight.

There has recently been substantial effort directed towards
the development of what are referred to as microrheological
techniques, which probe the viscoelastic response of com-
plex fluids on the microscopic scale. References �12–15� are
recent reviews. There are several factors motivating this ef-
fort: microrheological methods require a smaller sample than
conventional bulk rheological techniques, and they have the
potential to probe the viscoelastic response of the sample at
much higher frequencies than are accessible with conven-
tional shear rheometry. In addition, some microrheological
methods allow for the investigation of local rheological
properties and so for the study of small-scale material inho-
mogeneities �16�. Many microrheological techniques, includ-
ing dynamic light scattering �17�, diffusing wave spectros-
copy �17–20�, and direct imaging and tracking of the
trajectories of the tracer particles �21–24�, involve the pas-
sive measurement of the mean-squared displacement �r2����
of small �micron- or submicron-sized� particles suspended in
the material as a function of lag time �. Active techniques, on
the other hand, involve measurement of the response of a
small particle to an external force applied with, for example,
a magnetic field �25–27� or optical tweezers �28–32�.

Passive microrheology techniques rely on the diffusion of
tracer particles, driven by thermal fluctuations, to probe the
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viscoelastic properties of the materials �16–24,33–38�. The
fluctuation-dissipation theorem links the mean-squared dis-
placement of these particles to the linear viscoelastic re-
sponse function of the material. If the characteristic length
scale of the material structure is small compared to the par-
ticle size, then microrheological measurements lead to vis-
cous and elastic moduli that agree with those obtained from
bulk rheological measurements �17,18,35,36�. On the other
hand, if the length scale of the material is larger than that of
the particles, then the particle motion is sensitive to local
inhomogeneities in the material properties. In this case mi-
crorheological measurements will differ from bulk measure-
ments and provide information about the local structure of
the fluid.

In this paper we use dynamic light scattering and direct
particle tracking to study the microrheology of Carbopol
gels, with the aim of exploring differences between bulk and
microscopic properties in yield-stress fluids. In both cases we
determine the mean-squared displacement �r2���� of our
tracer particles. In the case of light scattering, �r2���� is cal-
culated from the decay in time of the autocorrelation func-
tion of the scattered light intensity, while in the case of par-
ticle tracking it is obtained by averaging over the trajectories
measured for a large number of particles. The two techniques
complement each other: particle tracking gives information
about the viscoelastic properties of the material at low fre-
quencies �in our case, 0.005–60 Hz� and for length scales of
the order of 0.1–3 �m, while dynamic light scattering cov-
ers frequencies from 1 to 104 Hz and length scales of 0.003–
0.3 �m. Together, these two techniques allow us to probe the
viscoelastic response of carbopol gels over more than six
orders of magnitude in frequency. We compare our mi-
crorheological measurements with bulk values of the elastic
and viscous moduli measured with a conventional shear rhe-
ometer and discuss the results in the context of the micro-
structure of Carbopol.

II. EXPERIMENT

A. Sample preparation

Our experiments were performed using Carbopol ETD
2050. This particular variety of Carbopol is constituted of
homopolymers and copolymers of polyacrylic acid, cross-
linked with a polyalkenyl polyether �10�. This material was
chosen for the ease with which it can be dispersed in water
and for the very high degree of transparency of the resulting
gels. Sample preparation was done under ambient conditions
in a dust-free fume hood. Polystyrene latex microspheres of
diameter 0.49 �m, density 1.05 g/cm3, refractive index 1.59
at 589 nm, and containing a dye which fluoresced in the red
when excited with green light were provided as a suspension
in water �39�. This suspension was sonicated in an ultrasonic
bath to disperse any clumping. The spheres were then added
to de-ionized water to give a volume fraction of typically 5
�10−5 for particle tracking experiments or 1�10−5 for the
light scattering experiments. The lower concentration in the
latter case is needed to avoid multiple scattering of the laser
light as it passes through the sample.

Carbopol powder was added over the course of several
hours to the water/sphere suspension to a concentration of
1.2 wt % while stirring with a magnetic stirrer at approxi-
mately 20 rpm. The resulting dispersion had a pH of about 3.
Sodium hydroxide solution at 15 wt % was then added to
bring the pH up to 6. The gel samples used in this work were
obtained by diluting the above stock solution with the appro-
priate amount of water containing the fluorescent spheres to
get the desired Carbopol concentration c. Air bubbles in the
gel were removed by centrifugation. Samples used for bulk
rheological measurements did not include any fluorescent
microspheres, but were otherwise prepared in an identical
manner.

B. Dynamic light scattering

An ALV-5000 spectrometer-goniometer equipped with a
digital correlator and a helium-neon laser �wavelength �
=632.8 nm� was used to measure the dynamics of the par-
ticles suspended in the Carbopol samples. All measurements
were done at 25 °C. Dynamic light scattering �DLS� experi-
ments measure the autocorrelation function g�2���� of the
scattered intensity as a function of the delay or lag time �.
Most of our DLS experiments were made at a scattering
angle of 30°, at which the scattering from the spheres was at
least 10 times larger than that from the gel itself.

The measured quantity g�2���� is used to calculate the au-
tocorrelation function of the scattered electric field g�1����
and the mean-squared displacement �r2����. When the scat-
tering of the electric field is a Gaussian process, the intensity
and field autocorrelation functions are related through the
Siegert relation �40�. However, the Carbopol samples, espe-
cially the more concentrated ones, are nonergodic because
the spheres do not move enough to explore all possible con-
figurations over the duration of the experiment. As a result, a
simple time average of the particles’ motion is not identical
to an ensemble average. In this case, the calculation of
g�1���� is more complicated �41�. We use the Schätzel formal-
ism for nonergodic samples �42�, modified to account for a
finite detector area, to find the relation between g�1���� and
g�2����:

g�1���� = 1 +
�I�T

�I�E
��1 +

g�2���� − g�2��0�
�

− 1	 . �1�

Here �I�T is the time average of the intensity obtained during
a single measurement of g�2���� for a fixed sample orientation
with respect to the laser beam. For a nonergodic sample, �I�T

will depend on orientation and �I�E is the ensemble average
of the intensity obtained by rotating the sample. � is a pa-
rameter that accounts for the finite area of our detector. It is
obtained from the intercept of the ensemble average of
g�2����—i.e., �=lim�→0�gE

�2����−1� where gE
�2���� is mea-

sured while the sample cell is rotated to average over differ-
ent sample orientations. In our case, �
0.35. Note that Eq.
�1� is also valid for ergodic samples, in which case �I�T

= �I�E and g�2��0�=1+�.
The mean-squared displacement can be calculated from

g�1���� since �40�
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g�1���� = exp�−
q2

6
�r2����	 , �2�

where q is the magnitude of the scattering wave vector de-
fined as q= �4�n /��sin�� /2�, � the vacuum wavelength of
the incident light, n the refractive index of the medium, and
� the scattering angle. Accurate determination of g�1���� from
g�2���� is difficult at large lag times, when g�2���� approaches
its base-line value and the results become dominated by
noise. In the present work, only data for which g�2����−1
	0.01 are used.

C. Multiple-particle tracking

The motion of individual fluorescent polystyrene micro-
spheres suspended in carbopol solutions was studied using
an Olympus BX50Wi upright epi-illumination fluorescence
microscope. Sample cells were made by gluing three small
glass bars cut from a microscope slide onto a second slide
with optical cement to form a U-shaped wall 10 mm
�10 mm�0.75 mm high. A cover slip was then glued on
top of this wall to form a chamber with one end open.
Roughly 0.075 cm3 of carbopol, prepared as above, was
loaded into the chamber with a glass dropper, and the cham-
ber was then sealed with a chemically inert silicone-based
grease. The samples were allowed to equilibrate at room
temperature for from 30 min to 1 h before measurements
were made, and preliminary observations were made to en-
sure that there was no overall drift in the sample due to leaks
in the sample chamber. The microscope was focused roughly
halfway into the sample to minimize wall effects. The mag-
nification of the optical system was 150�. At the particle
concentration used, the microscope’s field of view typically
contained 50–100 particles at any time, but collisions be-
tween spheres were rare. Images of the spheres were cap-
tured with a charge-coupled-device �CCD� camera at a rate
of 30 frames per second �fps� and recorded with a standard
VCR for times ranging from 10 to 20 min, depending on the
concentration of the sample. The recorded images were later
digitized using a frame grabber in a personal computer. Im-
ages were digitized at frame rates ranging from 2 to 15 fps,
chosen so that the motion of the spheres between frames was
detectable by the particle-tracking software used. The
amount of memory in our computer limited us to run lengths
of 1800 frames, and for long runs the frame rate had to be
reduced to compensate for this.

Image processing to determine the locations of the fluo-
rescent particles in each video frame and analyze the particle
trajectories was done using particle-tracking software written
by Crocker and co-workers and described in detail in Refs.
�43,44�. The scale of the images was calibrated using an
etched calibration slide. Uncertainties in the particle posi-
tions due to the imaging system were determined by imaging
immobile particles �45�. The accuracy of the tracking soft-
ware and the experimental setup was verified by analyzing
the motion of the fluorescent spheres in water under the same
experimental conditions as used for the main experiments.
While the light-scattering measurements give the mean-
squared displacement in three dimensions, �r2�, the micros-

copy only allows measurement in the two-dimensional focal
plane. In fact, since our system had higher spatial resolution
in the x direction, we calculated a one-dimensional mean-
squared displacement �x2� and multiplied it by 3 for compari-
son with the light-scattering measurements. In doing so we
are implicitly assuming that the Carbopol gels are isotropic.

D. Microrheology

The microscopic viscous and elastic moduli were deter-
mined from the mean-squared displacement using the
method introduced by Mason �35�. It is based on the assump-
tion that the Stokes-Einstein relation that is valid for New-
tonian fluids can be generalized to viscoelastic fluids with
frequency-dependent linear viscoelastic moduli and that in-
ertial effects on the motion of the probe particles are negli-
gible.

Following Mason, we define 
��� to be the logarithmic
slope of the mean-squared displacement as a function of lag
time �,

�
��� =
d ln�r2����

d ln �
�

�=1/�
. �3�

We then calculate the magnitude of the mechanical modulus

�G���� =
kBT

�a�r2�1/����„1 + 
���…
, �4�

where kB is the Boltzmann constant, T the temperature, a the
particle radius, and � the gamma function. The viscous
modulus G� is given by

G���� = �G����sin�
���
2

� , �5�

and the elastic modulus G� is

G���� = �G����cos�
���
2

� . �6�

E. Bulk rheology

Bulk rheological measurements were made with an Ares
RHS controlled strain rheometer. The sample was contained
between parallel plates 5 cm in diameter. Fine sandpaper was
glued to the surfaces of both plates to eliminate wall slip, and
the gap between the plates was fixed at 1.0 mm. All measure-
ments were made at a temperature of 25 °C. We performed
both oscillatory and steady shear measurements. In the oscil-
latory measurements, a small, sinusoidally varying strain is
applied to one plate and the resulting torque on the other
plate is measured. The in-phase and out-of-phase compo-
nents of the response give the elastic and viscous moduli G�
and G�, respectively. The ratio of the moduli, G� /G�=tan ,
is the tangent of the phase angle  between the applied strain
and the measured stress. In the steady shear measurements,
the steady-state stress � is measured as a function of the
applied steady shear rate �̇. The steady state was reached less
than 10 s after the shear rate was imposed. Data were re-
corded by averaging for 60 s, starting 30 s after the onset of
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shear. In all cases the sample deformed uniformly under
shear.

III. RESULTS

Figure 1 shows typical DLS results measured for three
Carbopol samples of concentration 0.1, 0.5, and 1.0 wt %.
The intensity correlation functions g�2� shown in Fig. 1�a�
decay more slowly as the Carbopol concentration is in-
creased. Variation in the �=0 intercept can also be observed
in this graph; different intercepts were also observed each
time the sample was rotated to a new position in the sample
holder. These variations became larger as the concentration
was increased, indicating that the samples became more non-
ergodic; the probe particles are not able to fully explore all
possible environments. The field correlation functions g�1�

calculated from these data are shown in Fig. 1�b�. In all cases
the low-� intercept is one, but g�1� does not decay fully at
large lag time because the samples are nonergodic.

The mean-squared displacements of the tracer particles in
the different Carbopol samples are shown in Fig. 1�c�. For
lag times less than about 1 s, �r2���� increases with a loga-

rithmic slope 
 slightly less than the value of 1 expected for
normal diffusion in a purely viscous medium. Fits to the data
in the power law regime give logarithmic slopes 
 of 0.90,
0.83, and 0.78 for c=0.1%, 0.5%, and 1%, respectively, in-
dicating that the particle motion over these short time scales
is slightly subdiffusive and becomes more so as the concen-
tration increases. At any particular lag time, the mean-
squared displacement drops by more than one order of mag-
nitude as the gel concentration increases from 0.1 to
1.0 wt %. At higher lag times 
 becomes dependent on � and
�r2���� starts to level off, indicating that the motion of the
particles becomes more restricted as they explore more of the
material.

At the largest lag times probed by the DLS measurements,
the mean-squared displacement plateaus at a concentration-
dependent value. It is important to note that these plateaus
occur at lag times at which the intensity correlation function
has almost fully decayed. At these lag times, the correlation
functions are noisy and decay slowly. This slow decay could
be due, for example, to correlations from particles that are
moving very slowly and have not moved far enough for the
scattered light to be decorrelated. If this were the case, this
part of the correlation function should become less noisy for
longer measurements where more slow particles can be mea-
sured. Alternatively, this slow decay could be due to aging
�46� or rearrangement of the carbopol particles. In this case
the signal would remain noisy as the structure evolves. In our
case data were collected in runs of 10 min duration and
longer runs did not make the signal less noisy, so the latter
scenario is more likely.

Light-scattering experiments were also performed with
particles having diameters ranging from 200 to 630 nm. For
unhindered diffusion, one would expect �r2�����1/a. This is
approximately true over the range of � accessible to DLS,
although the scaled data have slightly different values of the
logarithmic slope 
.

Figure 2�a� shows typical individual particle trajectories
measured by fluorescence microscopy particle tracking for
three concentrations of carbopol. At a concentration of
0.01% �not shown�, the motion of the particles is indistin-
guishable from Brownian diffusion. At c=0.1%, as shown in
Fig. 2�a�, the particle appears to stay in one region for a
period of time and then jump to another region. This behav-
ior is much more pronounced at c=0.5%, while at 1% the
particles move very little �47�.

The one-dimensional mean-squared displacements �x2����
determined from the particle-tracking experiments are shown
in Fig. 2�b� for c=0.1%, 0.5%, and 1%. At c=0.01% �not
shown� �x2���� increases linearly with lag time �. For higher
concentrations, the motion is subdiffusive. Fits to the data in
the range 1���10 s give logarithmic slopes of 0.78, 0.59,
and 0.31 for c=0.1%, 0.5%, and 1.0% by weight, respec-
tively. As for the light-scattering data, the subdiffusive in-
crease of the mean-squared displacement indicates that the
motion of the particles is constrained by the presence of
structure in the gel, but the effect is evidently more signifi-
cant at the longer lag times probed by the particle-tracking
experiments. Additional experiments using 1.0-�m beads
show that �x2�����1/a for c=0.01%, but this scaling does

FIG. 1. �a� The intensity autocorrelation function g�2����−1 de-
termined by dynamic light scattering from 0.49-�m spheres sus-
pended in carbopol solutions. �b� The electric field autocorrelation
function g�1����−1 determined from the data in �a� using Eq. �1�. �c�
The mean-squared displacement �r2���� as a function of the lag time
� from the light scattering measurements. In all cases the different
symbols indicate different Carbopol concentrations: 0.1 wt %
�circles�, 0.5 wt % �triangles�, and 1 wt % �squares�.
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not apply at higher concentrations, indicating that over the
time scales relevant to the particle-tracking experiments, the
particles move distances comparable to the length scale of
the structure of the gel �16�.

In Fig. 3 we plot the values of �r2���� from both the light-
scattering and particle-tracking experiments. The three sets
of data are for three different concentrations and are offset
vertically for clarity. The data from the two different experi-
ments are completely consistent and probe complementary
time and distance scales. Taken together, they cover at least
six orders of magnitude in �. The data at the low-� end of the
particle-tracking results are slightly higher than the corre-
sponding light-scattering data at high concentrations. This is
because these data are close to the spatial resolution of the
particle-tracking experiment and so are affected by noise.
The dashed curves drawn through the data in Fig. 3 are fits to
the empirical functional form

�r2���� = A� �

�0
�
1

+  �

�0
�
2	−1

�7�

and are intended simply to provide a convenient parametri-
zation of the data.

The moduli calculated from the fits to Eq. �7� using Eqs.
�5� and �6� are shown in Fig. 4, where the heavy lines indi-
cate G� and the lighter lines G�. The different line styles
show the results for the different concentrations. At c=1%
the elastic modulus G� dominates at low frequencies, and
there is a crossover frequency above which the viscous
modulus becomes dominant. This crossover frequency appar-
ently decreases as the concentration decreases, and for c
=0.1% and 0.5% the viscous modulus is larger than the elas-
tic modulus over the range of frequencies covered by our
experiments.

For comparison, the bulk viscoelastic moduli measured
with the shear rheometer are shown as symbols in Fig. 4. The

FIG. 2. �a� Typical trajectories of 0.49-�m fluorescent particles
suspended in carbopol solutions, measured by fluorescence micros-
copy particle tracking. Trajectories for three different concentra-
tions are shown. �b� The mean-squared displacement �x2���� deter-
mined from analysis of the x components of the trajectories of many
particles. The symbols indicate different concentrations as in Fig. 1.

FIG. 3. A comparison of the data for �r2���� from both light-
scattering and particle-tracking measurements. The data shown are
for concentrations of 0.1% �circles�, 0.5% �triangles�, and 1%
�squares�. Light-scattering data at lower � are shown as open sym-
bols. The solid symbols at higher � are data from particle-tracking
measurements. The dashed lines are smooth curves drawn through
the data to parametrize them, as discussed in the text. For clarity,
the data for c=0.1% and 1% have been shifted upwards and down-
wards by a factor of 20 in �r2����, respectively.

FIG. 4. The elastic modulus G� and viscous modulus G� as a
function of frequency. The moduli determined from the curves
through the data shown in Fig. 3 are shown as heavy �G�� and light
�G�� lines, with dash-dotted lines representing c=0.1%; dashed
lines, c=0.5%; and solid lines, c=1%. The symbols are bulk values,
measured with a shear rheometer, with solid symbols representing
G� and open symbols G�. The different symbols indicate the differ-
ent concentrations as in previous figures.

MICRORHEOLOGY AND STRUCTURE OF A YIELD-¼ PHYSICAL REVIEW E 73, 041405 �2006�

041405-5



bulk results give moduli that are orders of magnitude larger
than those determined from the microrheological measure-
ments, and in contrast to the microrheological results, the
bulk value of G� is always significantly larger than G� over
the range of shear rates accessible to our instrument.

Figure 5 shows flow curves measured with the rheometer
for three concentrations. In all three cases, the flow curves
approach a constant stress at low shear rates, indicating the
presence of a yield stress. The lines through the data in Fig.
5 are fits to a Herschel-Bulkley constitutive relation �48�,

� = �y + K�̇n, �8�

where �y is the yield stress, K is the consistency, and n is a
power law index. This model fits our data well. Our fits gave
n=0.40, 0.48, and 0.53 for c=0.1%, 0.5%, and 1.0%, respec-
tively. The yield stress determined from these fits is shown as
a function of concentration in the inset to Fig. 5; it increases
roughly linearly with concentration over the range studied.

Figure 6 shows tan =G� /G� for both the microrheologi-
cal and bulk results. In the bulk case, tan  is small, being
less than 0.1 over most of the applicable frequency range.
This indicates that, on large length scales, the response of the
material to small strains is almost entirely elastic. This is a
result of the yield stress: at low frequencies and for values of
the shear stress smaller than the yield stress, the gels behave
as soft elastic solids. On the other hand, the microscopic
values of tan  are much larger, with tan 	1 at all frequen-
cies for c=0.1% and 0.5% and at high frequencies for the
highest concentration. This indicates that the microscopic-
scale response of the material to the motion of the small
tracer particles is much more like that of a viscous fluid than
an elastic solid.

The dynamic viscosity � is given by G� /�. In Fig. 7 we
plot the viscosities obtained from both the bulk and mi-
crorheological viscous moduli. The bulk viscosities diverge

approximately as �−1 as � decreases, as expected for a yield-
stress fluid. The microscopic viscosities also appear to di-
verge at low frequencies, but more slowly than �−1, and are
at least two orders of magnitude smaller than the bulk values.
The bulk and microscopic values appear to be approaching
each other at high frequencies, where the microscopic vis-
cosities approach a concentration-dependent constant value
which is roughly four times that of water for c=0.1%.

IV. DISCUSSION

The results obtained for the mean-squared displacements
from the light-scattering and particle-tracking experiments
show good agreement and cover complementary ranges of
lag time. The logarithmic slope of the mean-squared dis-
placement is slightly less than unity, and �r2���� scales with
particle size at short lag times. At longer times the slope
decreases. This behavior is similar to that reported in Ref.

FIG. 5. The shear stress as a function shear rate under steady
shear �flow curve� for three concentrations of Carbopol. As before,
the concentrations are 0.1% �circles�, 0.5% �triangles�, and 1%
�squares�. The dashed lines are fits of the data to a Herschel-Bulkley
constitutive relation. In all cases this form describes the data well.
The inset shows the yield stress determined from these fits as a
function of concentration.

FIG. 6. The quantity tan =G� /G� determined from both mi-
crorheological and bulk measurements. The lines and symbols have
the same meaning as in Fig. 4.

FIG. 7. The dynamic viscosity as determined from both bulk
�symbols� and microrheological �curves� measurements for the
three concentrations studied. The symbols and curves are associated
with the different concentrations as in Fig. 4. The heavy dotted line
represents the viscosity of water.
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�16�, in which the motion of tracer particles in entangled
F-actin networks was studied. It was observed that when the
particle size was much less than the mesh size of the polymer
network, the particle motion measured an average viscosity
of the medium. When the particle size was comparable to
mesh size, the motion became subdiffusive as the particles
became trapped in the network and sampled different mi-
crorheological environments within the material.

The data for �x2���� plotted in Fig. 2 are averaged over all
particles, just as the light-scattering data are, and over all
starting times. Examination of individual trajectories shows
that at the higher concentrations there is a strong variation in
r2��� from particle to particle—some particles are completely
trapped and do not move at all, while others move further
�47�—evidence that the Carbopol is inhomogeneous and
made up of different microscopic rheological environments.
The extent of this behavior is illustrated in Fig. 8, which
shows the probability distribution of particle step sizes,
known as the van Hove correlation function, for c=0.1%,
0.5%, and 1%. For Brownian diffusion, one expects a Gauss-
ian distribution, and this is observed for c=0.01%. For the
concentrations shown in Fig. 8, however, the distributions
are strongly non-Gaussian due to the inhomogeneity of the
material. This can be quantified using a “non-Gaussian pa-
rameter” which measures the deviations of the distribution
from Gaussian �49�:

N =
�x4�

3�x2�2 − 1. �9�

This quantity is zero for a Gaussian distribution, while a
positive value indicates a distribution that is sharper and
more peaked than a Gaussian. N is plotted as a function of
lag time for three concentrations in the inset to Fig. 8. This
graph shows that the motion of the particles becomes more
strongly affected by the gel structure as � increases, reaching

a maximum at a lag time that appears to decrease with in-
creasing concentration. The decrease in N seen at high �
suggests that over longer times the gel structure slowly
evolves or the particles escape from the traps.

The data in Figs. 2 and 8 show that the motion of the
particles in the Carbopol is restricted—that is, that the par-
ticles are to some extent trapped in cages resulting from the
structure of the fluid. The trapping picture is confirmed by
Fig. 9, which shows how the motion of a particle at time t1
= t0+� is correlated with that at time t0 �50,51�. Consider a
particle that moves a two-dimensional displacement r�01 in
the focal plane between t0 and t1. If the motion of the particle
is a random walk, then the direction of the displacement r�12
in the next time interval will be uncorrelated with that of r�01.
On the other hand, if the particle is trapped in a cage, it may
approach the wall of the cage during the first interval, then
bounce off and move away from the wall in the next interval.
In this case one would expect r�12 to be oriented preferentially
in the opposite direction to r�01. In Fig. 9 we plot the distance
r01 on the horizontal axis and �x12�, the mean of the projec-
tion of r�12 in the direction of r�01, on the vertical axis. For c
=0.01, for which the motion is diffusive, there is no
correlation—�x12� is independent of the size of the previous
step. For higher concentrations, in contrast, there is a strong
negative correlation, indicative of caging effects. The slope
of the linear region at low r01 is related to the logarithmic
slope of �r2���� �50,51� and is a measure of the strength of
the cage, while r*, the value of r01 at which the negative
correlation starts to break down, is a measure of the size of
the pores in which the particles are trapped. The pore size 
is approximately 2a+r*, where a is the particle radius; we
find =0.76 �m for c=0.5% and 1% and =1.8 �m for c
=0.1%.

The behavior we observe is consistent with the commonly
accepted model for the structure of Carbopol gels, as
sketched in Fig. 10 �8,9�. The swollen Carbopol particles
consist of concentrated centers of strongly cross-linked poly-
mer molecules surrounded by regions of more dilute polymer

FIG. 8. The probability P�x� that a particle moves a distance x in
lag time �. Here �=10 s. The symbols indicate different concentra-
tions as in the previous figures. The curves are the best-fit Gaussian
distributions for each data set: dot-dashed lines, 0.1 wt %; dashed
lines, 0.5 wt %; and solid lines, 1 wt %. These fits clearly do not
describe the data well. The inset shows the non-Gaussian parameter
defined in the text as a function of � for the same three
concentrations.

FIG. 9. A plot showing the degree of correlation between sub-
sequent particle displacements for a lag time �=10 s, as described
in the text. The solid stars are from particle tracking measurements
with c=0.01% and show a correlation close to zero. At higher con-
centration �the squares are for c=1%�, there is a negative correla-
tion between subsequent displacements, indicating the importance
of caging effects on the particle motion.
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solution. We interpret our results as indicating that the tracer
particles diffuse in the viscous polymer solution between the
denser microgel cores. The cores themselves restrict the mo-
tion of the tracers, leading to the observed subdiffusive be-
havior. At higher concentrations the dense cores become
more closely packed, effectively trapping the particles in
micron-sized pores between the microgel cores. More de-
tailed structural information could be obtained from neutron-
or x-ray-scattering experiments. Our preliminary small-angle
neutron-scattering results show no evidence for a character-
istic length scale—the scattered intensity simply falls off as
1 /q2, where q is magnitude of the neutron-scattering wave
vector.

The bulk rheological data presented in Figs. 4 and 5 show
yield-stress behavior. The flow curves flatten out to a con-
stant stress at low shear rates, and the elastic modulus domi-
nates over the range of frequencies covered for all concen-
trations. In contrast, the microrheological results show that at
small scales the viscous modulus dominates over most of the
frequency and concentration range studied and that both the
elastic and viscous moduli are much smaller than results

from bulk rheometry. Thus the microscopic environment
sampled by the particles is primarily viscous, while the bulk
response is primarily elastic. The microrheological dynamic
viscosity shown in Fig. 7 increases as the frequency de-
creases, although the divergence is considerably slower than
the �−1 dependence observed on the bulk scale in yield-stress
fluids. This behavior is also in contrast to what is typically
observed in polymer solutions, for which the viscosity is
constant at low frequencies.

V. CONCLUSION

We have used dynamic light scattering and particle track-
ing to determine the mean-squared displacement of fluores-
cent tracer particles suspended in Carbopol gels. From our
results we have calculated the microscopic viscoelastic
moduli. At the shortest time scales probed by our measure-
ments, the particles move in a primarily viscous medium,
while at longer times the elastic modulus is more evident,
dominating over the viscous modulus at high Carbopol con-
centration. Viscous and elastic moduli measured using a
shear rheometer are orders of magnitude larger than the mi-
crorheological data. These results, as well as more detailed
analysis of the particle-tracking data, are consistent with the
material being heterogeneous on the length scale of the par-
ticles, so that the individual particles probe a variety of mi-
croscopic rheological environments and can become trapped
by pores in the gel. Flow curves measured with the shear
rheometer indicate the presence of a yield stress on the mac-
roscopic scale. On the microscopic scale the elastic modulus
becomes dominant and the viscosity increases as the time
scale increases, but the increase is slower than that observed
in the bulk scale.
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