
Microrheology of cross-linked polyacrylamide networks

Bivash R. Dasgupta and D. A. Weitz
Department of Physics and DEAS, Harvard University, Cambridge, Massachusetts 02138, USA

sReceived 26 August 2004; published 24 February 2005d

Experiments investigating the local viscoelastic properties of a chemically cross-linked polymer are per-
formed on polyacrylamide solutions in the sol and the gel regimes using polystyrene beads of varying sizes and
surface chemistry as probes. The thermal motions of the probes are measured to obtain the elastic and viscous
moduli of the sample. Probe dynamics are measured using two different dynamic light scattering techniques,
diffusing wave spectroscopysDWSd and quasielastic light scatteringsQELSd as well as video-based particle
tracking. Diffusing wave spectroscopy probes the short-time dynamics of the scatterers while QELS measures
the dynamics at larger times. Video-based particle tracking provides a way to investigate the local environment
of the individual probe particles. A combination of all the techniques results in a larger range of frequencies
that can be probed compared to conventional bulk measurements while providing local information at the level
of individual probes. A modified algebraic form of the generalized Stokes-Einstein equation is used to calculate
the frequency-dependent moduli. A comparison of microrheological measurements with bulk rheology exhibits
striking similarity, confirming the applicability of microrheology for chemically cross-linked polymeric
systems.
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I. INTRODUCTION

Soft materials such as emulsions, colloidal suspensions,
gels, and polymer solutions are viscoelastic in naturef1,2g;
they both store and dissipate energy when responding to an
external stress. These materials can be characterized by a
complex shear modulusG*svd, which is typically measured
using a rheometer, where the stress response to an applied
oscillatory strain provides a measure of viscoelasticityf3g.
The real part of the complex modulus,G8svd, measures the
in-phase response of the medium to an oscillatory strain and
thus gives a measure of the elasticity of the material. The
out-of-phase response is given by the imaginary part,G9svd,
which is related to the viscosity of the material. Recently a
complementary technique called microrheologyf4–20g has
been developed which probes the local viscoelastic proper-
ties by measuring the response of embedded probes in the
medium. Experiments have confirmed that microrheology
accurately measures the elastic and viscous properties of
simple systems like flexible homogeneous polymer solutions
f19g. However, despite the usefulness of microrheological
techniques and its applicability for simple homogeneous
polymer systems, the method has still not been extensively
tested for cross-linked polymeric systems to ascertain that it
measures the same response of the systems as do the more
conventional mechanical rheological measurements.

The addition of permanent cross-links to an otherwise
flexible polymer introduces an additional length scale to the
system, determined by the distance between the chemical
cross-links. Both the size and the distribution of this length
scale grow as the sol to gel transition is approached, and it is
unclear what effect this has on the response of the probe
particles. In addition, the probe particles themselves may in-
troduce heterogeneities into the materials which may also
affect their response. Unlike polymer solutions, the cross-
links will prevent the network from readjusting to the pres-

ence of the probe particles, which may alter the response of
the probes, and thus may lead to poorer quality response.
Earlier microrheological measurementsf8,21,22g on cross-
linked polymer systems have explored the frequency-
independent plateau shear modulus of cross-linked polyvinyl
alcohol and polyacrylamide gels and have compared them
with conventional bulk measurements. The laser interferom-
etry technique used by Schnurret al. f8g on polyacrylamide
gels has good temporal and spatial resolution but is not de-
signed to measure a large ensemble of beads simultaneously.
The light scattering microrheological measurements done by
Narita et al. f21g on polyvinyl alcohol compare only the
frequency-independent plateau modulus with bulk rheology
measurements. Detailed study of the frequency-dependent
viscoelastic behavior obtained from light scattering and par-
ticle tracking measurements of cross-linked solutions and
gels are required to measure the response of the polymer to
the embedded probes, particularly near the sol-gel transition.
These results are also important to ascertain the validity of
microrheology when applied to biologically relevant materi-
als such as actin networksf7,8,20g which also exhibit similar
cross-linked architecture. Thus, it is important to determine
the applicability of microrheology in chemically cross-linked
systems.

The aim of this paper is to compare microrheological
measurements with conventional rheological measurements
for a model cross-linked polymer solution where low con-
centrations of probe particles are suspended. We investigate a
cross-linked polymer system in both the sol and gel regimes
and also near the sol-gel transition, as examples of a hetero-
geneous system that can provide a good test of microrheol-
ogy. The frequency-dependent moduli are calculated from
the probe dynamics measured using quasielastic light scatter-
ing sQELSd f23g, diffusing wave spectroscopysDWSd f24g,
and particle tracking measurementsf25,26g. Quasielastic
light scattering experiments are performed in the single scat-
tering regime and measure the dynamics of the probe par-
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ticles at larger length scales and longer time scales. By con-
trast, DWS measurements are made on samples in the
multiple scattering regime and probe shorter length and time
scales. A combination of the two techniques allows us to
probe frequencies ranging from 10−2 to 105 rad/s which is
significantly larger than the range accessible with traditional
rheological experiments, where the frequency range is deter-
mined primarily by inertia of the tool at high frequencies and
the resolution of the transducer at low frequencies. We
complement the ensemble-average light scattering measure-
ments with video-based multiparticle tracking measure-
ments. The use of the multiparticle tracking technique
f25,26g allows us to simultaneously track about 100 probe
particles in a single field of view. Using this technique we
can measure the local environment of individual beads to
simultaneously both obtain ensemble-averaged information
and explore local heterogeneitiesf26g. We use both one- and
two-particlef18g techniques to investigate the local and the
long-wavelength response of the polymer matrix. The long-
wavelength response of the polymer matrix is obtained by
measuring the correlated motion of pairs of nearby beads.
Two-particle measurements provide a useful tool to probe
bulk properties of a material where local heterogeneities of
the sample can affect one-particle measurements.

We use polyacrylamide, a chemically cross-linked poly-
mer, as our model cross-linked system. The samples are pre-
pared in the sol, gel, and near the sol-gel transition state by
changing the cross-linker and monomer concentrations to ob-
tain samples with different viscoelastic properties and with
different characteristic length scales which are determined by
the distance between the cross-links. We embed polystyrene
probe particles of different size and surface chemistry to test
the effect of particle size and surface properties on our mi-
crorheological measurements. A modified form of the gener-
alized Stokes-Einstein relation is used to obtain the elastic
and viscous moduli from the light scattering and particle
tracking data. To check the microrheology measurements, the
results of the light scattering and particle tracking measure-
ments are compared with those obtained using a strain-
controlled rheometer. We obtain excellent agreement be-
tween all our microrheology measurements and bulk
rheological measurements on the same sample. This vali-
dates the use of microrheology for cross-linked polymer net-
works.

II. EXPERIMENTAL DETAILS

The polyacrylamide samples are prepared using a free
radical polymerization reactionf27g. Acrylamide monomers
sAd are mixed withN,N,N8 ,N8-tetramethylethylenediamine,
which is the initiator, and ammonium persulfate, which acts
as a catalyst for the polymerization reaction. Cross-linking is
achieved by adding methylenebisacrylamidesCd to the mix-
ture. The methylenebisacrylamide molecules are essentially
two acrylamide monomer units bridged by a covalent bond
shown schematically by the dark lines in Fig. 1. Sol and gel
phases are prepared by varying the amounts of acrylamide
and methylenebisacrylamide in the samplef28g. We use
0.5 wt % of catalyst and 0.1 wt % of the initiator for all our

samples. For microrheological measurements polystyrene
probe particles are added to the solution before the samples
are polymerized. Polymerization of the solution is monitored
by measuring the absorption spectrum of the sample over
time. Figure 2sad depicts the absorption spectrum for a
3 wt % total sM+Cd polyacrylamide solution with
0.05 wt % bisacrylamide taken 13 and 76 min after mixing.
The decrease with time of the absorbance at 260 nm is a
result of the decrease in the number of carbon-carbon double
bonds due to polymerizationf29g and can be used to monitor
the progression of the reaction. The polymerization reaction
is completed in approximately 50 min, as evidenced by the
onset of the plateau in the absorption at 260 nm as a function
of time, shown in Fig. 2sbd. All data shown in this paper are
taken 12 h to a few days after mixing the monomers and
cross-linkers. We use a 3 wt % totalsM+Cd polymer con-
centration and vary the cross-linker concentration from
0.03 to 0.05 wt % to go from a gel to a sol phase. Polyacry-
lamide samples with 2 wt % totalsM+Cd polymer concen-
tration with 0.2 wt % cross-linker concentration are prepared
to investigate the response of the sample near the sol-gel
transition.

Polystyrene spheres with diameters of 0.04, 0.10, 0.48,
and 1.0mm are used as probe particles. We use probe par-
ticles with different surface chemistries to investigate pos-
sible effects of surface charge of the probes. We use nega-
tively charged carboxylate-modifiedsCMLd and positively
charged aldehyde-modified polystyrene probes. Different
amounts of probe particles are added for measuring the

FIG. 1. sad Acrylamide monomer unitssopen rectanglesd
are polymerized in the presence of theN,N,N8 ,N8-tetra-
methylethylenediamine which is the initiator and ammonium per-
sulfate which acts as a catalyst for the free radical polymerization
reaction.sbd Cross-linking is obtained by adding methylenebisacry-
lamide ssolid rectanglesd to the mixture. The cross-linking mol-
ecules are two acrylamide monomer units bridged by a carbon atom
attached to the two nitrogen atoms from two monomers.
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sample using the three different microrheological techniques.
For the video-based multiparticle tracking measurements the
final bead concentration is 0.02 wt %, while for QELS mea-
surements the final bead concentration is 0.005 wt %. A
higher bead concentration is used for the multiparticle mea-
surements to ensure a sufficient number of particles in a field
of view while a lower bead concentration is used for the
QELS measurements to prevent multiple scattering from af-
fecting our results. For DWS measurements, the probe par-
ticle concentration is 1 wt % to ensure the requisite strong
multiple scattering.

The dynamics of the probe particles are measured using
dynamic light scatteringf23,24g and video-based multipar-
ticle trackingf25g. Dynamic light scattering provides a very
good ensemble average measurement of the dynamics. We
use both DWSf21,22,24g and QELSf21,23g to access a wide
range of frequenciesf19g. By contrast, the frequency range
for multiparticle tracking microrheology is limited by the
speed of the video cameraf26g. However, it enables us to
measure the response of the material around every probe
particle, which is required to investigate local microenviron-
ments.

Quasielastic light scattering measurements are performed
on samples where embedded probe concentrations are suffi-
ciently low that the particles scatter only once. The experi-
ments are performed using a goniometer with a single-mode
fiber optic detection system and an Ar+ laser operating in the
TEM00 mode with laser emission atl=514.5 nmsin vacuod.
Cylindrical glass tubes with a diameter of 0.5 cm are used as

sample cells. The vials are placed in a vat filled with toluene
to reduce stray reflections and scattering from the vial sur-
face. For our measurements we add polystyrene probe par-
ticles to our polymer solutions to a final concentration of ca.
0.005 wt %. This ensures that the scattering from the probe
particles dominates that from the polymer solution while si-
multaneously limiting multiple scattering. To further reduce
any remnant multiply scattered light, a polarizer, aligned par-
allel to the polarization of the incident beam, is placed in
front of the detector. The time-averaged intensity correlation
functions are collected for one to two hours at room tempera-
ture. For QELS, the electric field autocorrelation function is
given by f23g

g1std = e−q2kDr2stdl/6, s1d

whereq=f4np sinsu /2dg /l is the scattering vector,u is the
scattering angle,n is the refractive index of the medium, and
l is the wavelength of incident light. This is obtained from
the measured intensity autocorrelation function using the
Siegert relationf23g. In QELS the correlation function de-
cays when the path length of the scattered light changes by a
wavelength, which requires the individual particles to move
a length that is set by the inverse of the scattering vectorq.
Since the scatterers have to move large distances, the char-
acteristic decay times are larger than those obtained by dif-
fusing wave spectroscopy.

Diffusing wave spectroscopy extends dynamic light scat-
tering measurements to samples which are multiply scatter-
ing, using a diffusion approximation to describe the propa-
gation of light through the samplef24g. The decay in the
autocorrelation function of the multiply scattered light results
from a change in the phase of the scattered light by,p
which is due to a change ofl in the total length of a multiply
scattered light path through the sample. In DWS, the light is
scattered multiple times in each path and hence each scat-
terer in the path needs to move only a fraction of the wave-
length of the incident light. This allows us to probe motion at
shorter length scales and hence faster time scales than with
QELS. Diffusing wave spectroscopy measurements are done
in the transmission geometry using an Ar+ laser emitting
light at l=514.5 nmsin vacuod in the TEM00 mode. The
beam is focused to a point on the sample cell. Glass cells
sVitrocom, NJd with 2 mm internal thickness are used for our
measurements. Multiply scattered light is depolarized, with
equal intensity polarized parallel and perpendicular to the
incident light. Since each polarization is independent, the
signal to noise ratio is reduced and the intercept of the cor-
relation function drops to 0.5. To circumvent this, an ana-
lyzer is used to collect only a single polarization. The scat-
tered light is collected by an optical fiber, which is followed
by a fiber-optic beam splitter connected to a pair of photo-
multiplier tubes. The signals from the photomultiplier tubes
are cross-correlated, to circumvent the dead time of the de-
tector electronics and reduce after-pulsing effects, allowing
us to measure correlation functions at shorter delay times
f23g. The correlation functions are collected for 1–2 h at
room temperature. In DWS, all scattering-vector information
is lost; as a result, only two experimental geometries, trans-

FIG. 2. sad Absorption curves for 3 wt % polymer gel with
0.05 wt % cross-linker taken at after 13 minssolid lined and 76 min
sdashed lined. The decrease with time of the absorbance at 260 nm
is the result of the decrease in the number of the CvC double
bonds due to polymerization.sbd The filled circles denote the ab-
sorbance of the polymer solution at 260 nm, measured over time.
The onset of the plateau after approximately an hour is an indica-
tion of the completion of the polymerization reaction.
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mission and backscattering, are used. The field autocorrela-
tion function at a delay timet is f24g

g1std ~ E
0

`

PssdexpF− k0
2kDr2stdl

s

3l*
Gds, s2d

where Pssd is the probability of light traveling a path of
lengths, and is determined by solving the diffusion equation
for the propagation of light for the relevant geometry and
with the correct boundary conditions, andk0=2np /l is the
wave vector of the incident light. The transport mean free
path of the light,l* , is a characteristic of the sample itself and
reflects the length the light must travel before its direction is
randomized. To ensure sufficiently strong multiple scattering,
the transport mean free paths for all the samples used in
these experiments are adjusted to be at least five times
smaller than the cell thickness. The transport mean free path
of each sample is obtained by measuring the ratio of the
intensity of the light transmitted through the sample to that
transmitted through a reference sample whose value ofl* is
known, using identical optical geometriesf19,24g.

When the signals are ergodic, the time-averaged intensity
correlation functiong2std is measured and the field correla-
tion function is obtained using the Siegert relationf23g for
both QELS and DWS experiments. However, for many of
the gel samples, the signal is no longer ergodic; and the
time-averaged correlation functions do not represent true
ensemble-averaged data. In these cases, we employ an aver-
aging techniquef30g to obtain the true ensemble-averaged
correlation function from the measured data. The mean
square displacementkDr2stdl for quasielastic light scattering
measurements is calculated from Eq.s1d above. In the case
of diffusing wave spectroscopy measurements, the mean
square displacement is calculated by using the measured
mean free path and numerically inverting the field correla-
tion function shown in Eq.s2d.

To prepare the samples for the multiparticle tracking mea-
surements, we mix the monomers, initiator, catalyst, and
probe particles in desired proportions. The mixed solutions
are immediately loaded into glass microscope sample cham-
bers consisting of three 1 mm thick glass spacers sand-
wiched between a glass slide and a no. 1.5 glass cover slip.
The glass is cleaned using a mixture of filtered water and
methanol, and the sample cell is assembled and sealed with
optical grade glue which can be cured using ultraviolet light.
Once loaded, the chamber is sealed using the same uv-curing
glue and the sample is allowed to polymerize for 6 h at room
temperature. After the polymerization is complete, the par-
ticles are imaged with an inverted research microscope
sLeica DM-IRBd using bright-field illumination or epifluo-
rescence depending on the type of polystyrene probes used.
Images are captured using a charge-coupled device camera
sCOHU Electronicsd at frame rates of 30 Hz for 3–10 min
and are directly digitized in real time using software custom
written for image analysisf25g. The positions of the beads in
each frame are identified by finding the brightness-averaged
centroid of each bead, which is determined with a resolution
of 20–30 nm; these are then linked together to form time
tracks of each probe particle. The particle tracks are used to

calculate the ensemble-averaged mean square displacements
f25g. The highest frequency accessible using this technique is
determined by the frame rate of the camera, while the lowest
frequency is determined by the maximum measurement time
which is typically a few minutes. Thus the angular frequency
range accessible with video-based particle tracking is be-
tween 0.1 and approximately 10 rad/s; this is less than the
range accessible using light scattering techniques. However,
using multiparticle tracking, we can measure the local envi-
ronment of a single probe as well as the longer wavelength
response of the material which is probed by measuring the
correlated motion of pairs of nearby beadsf18g. The corre-
lated motion of the beads directly reflects the propagation of
the strain field through the sample; this decays as the inverse
of the distance between them. Hence, the correlated mean
square deviationsMSDd is immune to local heterogeneities
and probes the macroscopic response of the system. The two-
particle distinct MSDkDr2stdlD is defined asf18g

kDr2stdlD =
2r

a
Drrsr,td, s3d

wherea is the bead radius andDrr is the ensemble-averaged
two-particle displacement correlation tensor, which is calcu-
lated asf18g

Dabsr,td = kDra
i st,tdDrb

j st,tdd„r − Rijstd…liÞ j ,t, s4d

where Dra
i is the displacement of theith particle in thea

component of the direction,i and j label different particles,a
and b label different coordinates, andRijstd is the distance
between the particlesi and j . The averaging is done over the
distinct termssi Þ jd. This two-particle method is indepen-
dent of the size of the probe used to measure the response of
the system.

The MSD data obtained from the light scattering and par-
ticle tracking experiments are converted to elastic and vis-
cous moduli using a modified algebraic formf18,19g of the
generalized Stokes-Einstein equationsf14,17g:

G8svd = Gsvdh1/f1 + b8svdgjcosFp

2
a8svd

− b8svda8svdSp

2
− 1DG ,

G9svd = Gsvdh1/f1 + b8svdgjsinFp

2
a8svd

− b8svdf1 − a8svdgSp

2
− 1DG , s5d

where

Gsvd =
kBT

pakDr2s1/vdlG„1 + asvd…f1 + bsvd/2g
. s6d

The first- and second-order logarithmic time derivatives of
the MSD data are denoted byasvd and bsvd, respectively,
while a8svd and b8svd denote the local first- and second-
order logarithmic derivatives ofGsvd, respectively. A
second-order polynomial fit using a sliding Gaussian window
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is used to numerically calculate the local first- and second-
order logarithmic derivatives and to smooth the data. We use
Eq. s6d to obtainGsvd from the MSD data using the above
procedure. We then use the remaining two equations given in
Eq. s5d and repeat the local power law fitting onGsvd to
obtain the elastic and loss moduli. This method of analysis
avoids numerical transformations of our data or the need to
use functional forms to fit the modulus in Laplace frequency
space.

To ascertain the heterogeneity of the polyacrylamide
samples we can measure the distribution of displacements
f26g of all the beads in our field of view. For a homogeneous
sample the individual probes will explore a similar environ-
ment and the distribution will be Gaussian; their widths will
reflect the local response of the system. By contrast, probes
in a heterogeneous environment will experience a different
local environment each of which can result in Gaussian dis-
tributions of displacements whose widths reflect the different
local environments. However, an ensemble average of the
distribution of all the beads will result in a non-Gaussian
distribution.

Rheological measurements are performed to compare mi-
crorheology with traditional bulk rheology. We measure the
frequency-dependent elastic modulusG8svd and viscous
modulusG9svd of our samples with a strain-controlled rhe-
ometer using a double-wall Couette geometry for all the
polyacrylamide samples. We compare polymer samples in
both the presence and absence of the probe particles. Since
the gels are irreversible the samples are preparedin situ at
room temperature in the rheometer. Strain sweeps, where the
elastic,G8svd, and the viscous,G9svd, moduli are plotted as
a function of the maximum applied strain, are performed at
different frequencies ranging from 0.5 to 50 rad/s to deter-
mine the linear region of measurement of the moduli for the
polymer solutions. All subsequent measurements of the fre-
quency dependence of the storage and loss moduli are per-
formed at strains sufficiently low to ensure linear response.

III. RESULTS

The scaled mean square displacements measured using
particle tracking techniques for two probe sizes embedded in
a “sol” sample where the total polyacrylamide concentration
is 3 wt % and the cross-linker concentration is 0.03 wt % are
shown in Fig. 3. The scaled MSD’s of 0.48 and 1.0mm
diameter probe particles are shown by the solid and dashed
lines, respectively. The MSD’s are scaled with the bead ra-
dius to provide an indication of any bead size dependence in
the behavior of probed particles in the cross-linked polymer
solutions. Both data sets scale together, indicating the inde-
pendence of the probe size when measuring the moduli of
the material. The open symbols represent the two-particle-
correlated MSD’s, again scaled by the bead size. Both the
one- and two-particle MSD’s overlap with each other which
indicates that the material is homogeneous at these length
scales.

The polymer backbone, which contains aminocarbonyl
suCONH2d groups, can undergo hydrolysis and form car-
boxyl suCOOHd groups, which can dissociate in an aque-

ous environment to leave the backbone with a very weak
negative charge. This might lead to specific adsorption onto
the surface of the probe particles, which are themselves
charged, and could modify the measured results. To check
for this possibility, we compare polystyrene probe particles
of the same size, but with different surface chemistries. We
use 1.0mm diameter polystyrene probe particles with posi-
tively charged aldehyde-amidine- and negatively charged
carboxylate-modified surfaces. A plot of the MSD’s mea-
sured using DWS for 1 wt % probe particles dispersed in a
3 wt % polyacrylamide “gel” sample with 0.05 wt % cross-
linker concentration is shown in Fig. 4. The open circles
denote the results obtained using the positively charged
aldehyde-amidine particles while the solid line denotes those
obtained with the negatively charged CML probe particles.
Because these samples are nonergodic, we averagef30g the
correlation functions to obtain the true ensemble average.
The correlation functions are converted to mean square dis-
placements and are plotted in Fig. 4. The mean square dis-

FIG. 3. Plot of the scaled mean square displacements of probe
particles measured by using multiparticle tracking in a 3 wt % total
polyacrylamide sample with 0.03 wt % cross-linker concentration.
The MSD’s are scaled with the corresponding probe sizes. The one-
particle MSD for 0.48mm ssolid lined polystyrene spheres overlaps
with that of the 1.0mm sdashed lined particles. The scaled two-
particle MSD’s for 0.48mm scirclesd and 1.0mm ssquaresd show
good agreement with each other and with the one-particle MSD.
The line indicates a slope of 1.

FIG. 4. Effect of different bead chemistry. Comparison of the
mean square displacements probed with 1.0mm negatively charged
carboxylate-modifiedssolid lined and positively charged aldehyde-
amidinescirclesd polystyrene spheres in a 3 wt % total polyacryla-
mide gel sample with 0.05 wt % cross-linker concentration. The
excellent overlap of the data suggests that there is not a significant
effect due to the surface chemistry of these probe particles.
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placements have slopes near 1 at short time scales indicating
predominantly viscouslike behavior while at longer time
scales the slopes are closer to 0 reflecting an elastic response
as expected for gelled samples. The mean square displace-
ments for the two types of probes overlap very well with
each other, indicating that the bead surface chemistry does
not affect our measurements.

Polyacrylamide is known to be a heterogeneous polymer
f31g; the addition of cross-links results in a broad distribution
of mesh sizes which can vary depending on whether the
sample is a sol or a gel. To probe the heterogeneity of the
polymer, particle tracking measurements are performed on a
polyacrylamide “gel” with 3 wt % polymer and 0.05 wt %
cross-linker concentration using rhodamine-dyed 40 nm di-
ameter polystyrene particles as probe particles. Although the
ensemble-averaged response provides a measure of the aver-
age macroscopic response of the material, individual probe
particle measurements are necessary to characterize the mi-
croenvironments. The MSD’s of many individual probe par-
ticles suspended in the sample are shown in Fig. 5sad where
large variations in the MSD’s of the different particles are
observed. Although it is very tempting to ascribe the wide
distribution of the MSD’s to spatial heterogeneities present
in our sample, which could be due to different local elasticity
or to differences in the local structure of the gel, we are
limited by the fact that the individual probe particle data are
not sufficiently time averaged to provide an appropriate mea-
sure of the heterogeneity. In order to better distinguish the
effects of insufficient statistics from true sample variations
f26g, we plot the probability distributionPsDxd of the dis-
placementsDx at a fixed lag timeDt of all the beads in the
field of view. These distributions provide better evidence of
the heterogeneity of the samples since we can compare both
the individual probe particle and the ensemble-averaged dis-
tributions. The probability distributions of displacements of
two individual particles at a lag time of 0.1 s are shown in
Fig. 5sbd; both distributions can be fitted to a Gaussian, but
with different widths. By contrast, the probability distribu-
tion of individual particles embedded in a homogeneous ma-
terial can be fitted to a Gaussian with the same widthf26g.
For a purely homogeneous material the ensemble-averaged
probability distribution of the probe displacements is Gauss-
ian f26g. However, the ensemble-averaged distributions for
the polyacrylamide gel are non-Gaussian at large displace-
ments when calculated at lag times of 0.033 and 0.1 s and
plotted using diamonds and triangles, respectively, in Fig.
5scd. The non-Gaussian nature of the probability distribution
of displacements, as seen in the tails of the distribution func-
tions, is due to the averaging of individual distribution func-
tions of different widths; the different widths in the distribu-
tion signify different local environments for the probes
which result from the heterogeneous nature of the polyacry-
lamide sample.

Rheological measurements are performed to compare
with microrheological measurements of the polymer solu-
tions and gels. Most of the measurements are done in the
absence of probe particles at room temperature and the
samples are mixed in the tool itself to avoid breakage of the
network, which might occur while loading gelled samples in
the tool. Separate experiments confirm that the presence of

probe particles does not affect the bulk rheological measure-
ments; this is accomplished by comparing the results for
3 wt % polyacrylamide solutions with 0.03 and 0.05 wt %
cross-linker concentration with 0.02 wt % 1mm diameter

FIG. 5. sColor onlined Measure of heterogeneity in the polyacry-
lamide samples. Van Hove correlation functions for 0.1mm diam-
eter particles moving in a 3 wt % total polyacrylamide solution with
0.05 wt % cross-linker concentration.sad The spread of the indi-
vidual particle mean square displacements for several particles is an
indicator of the difference in local elasticity measured by the
probes.sbd Individual particle distributions, shown at a time lag of
0.1 s, are each well described by a Gaussian, albeit of different
widths indicating different local environments.scd The ensemble-
averaged distributions, shown at time lags of 0.033 ssdiamondsd
and 0.1 sstrianglesd are non-Gaussian at large displacements.
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polystyrene probe particles with similar polymer solutions
without probe particles.

Microrheological measurements obtained from QELS,
DWS, and particle tracking experiments on polyacrylamide
samples are compared directly with bulk rheological mea-
surements and are shown in Fig. 6. The comparison for “sol”
and “gel” samples are shown in Figs. 6sad and 6sbd, respec-
tively, where the symbols denote data obtained from mi-
crorheological techniques and the lines denote data obtained
from bulk rheological measurements. For all the microrheol-
ogy measurements every third data point is plotted for clar-
ity. The modified algebraic form of the generalized Stokes-
Einstein equations given in Eqs.s5d and s6d is used to
calculate the elastic and viscous moduli from MSD’s ob-
tained from light scattering and particle tracking measure-
ments. A combination of all these different microrheological
methods enables us to probe almost eight decades in fre-
quency, which is considerably larger than the frequency
range accessible by any one technique or by bulk rheological
measurements.

We use 0.48mm diameter polystyrene spheres for all mi-
crorheology measurements performed on a “sol” sample
which is prepared using 3 wt % total polyacrylamide and
0.03 wt % cross-linker. As expected for a sol, the viscous
modulus shown using open symbols dominates over the elas-
tic modulus which is plotted using filled symbols, indicating
that the sample is a viscoelastic fluid over the entire range of
frequencies investigated. The slope of the viscous moduli

changes from close to 0.9 in the low-frequency regime to
0.75 at the higher frequencies, indicating a change in the
response of the sample from a viscouslike behavior to a com-
paratively more elasticlike behavior. The viscous modulus
obtained from the one- and two-particle microrheological
measurements, shown using circles and diamonds, respec-
tively, overlap with each other, indicating a homogeneous
sample. The viscous modulus obtained from single scattering
measurements, shown using triangles, compares very well
both with the multiparticle tracking measurements and with
the DWS measurements, which are shown using open
squares. The viscous modulus obtained from bulk rheologi-
cal measurement, shown by the dashed line, is in better
agreement with QELS- and DWS-based microrheological
methods than with the low-frequency particle tracking mea-
surements, but the differences are relatively small. Although
the dominant viscous modulus obtained from the different
techniques overlaps very well, the comparison for the elastic
modulus is not as good; this is typical of the subdominant
modulus in microrheological experiments.

The comparison of moduli obtained from microrheologi-
cal and rheological experiments performed on a 3 wt % total
polyacrylamide with 0.05 wt % cross-linked “gel” is shown
in Fig. 6sbd. For particle tracking measurements on this
sample we use 0.1mm diameter rhodamine-dyed probe par-
ticles while the light scattering measurements are done using
0.48mm diameter carboxylate modified polystyrene probe
particles. The gel sample exhibits a dominant elastic plateau
with significantly lower viscous modulus at low frequencies
while at higher frequencies both the elastic and loss moduli
are comparable. At very short lag times the polymer chains
are free to diffuse around which results in a more viscouslike
response at high frequencies. However, at longer times these
chains are constrained in their excursions due to the cross-
links of the polymer matrix, resulting in the frequency-
independent plateau at low frequencies. Using DWS, we are
able to probe the shorter time or higher-frequency regime
where the moduli are comparable; the data are plotted as
squares. By contrast, QELS and one- and two-particle track-
ing measurements, shown using triangles, circles, and dia-
monds, respectively, probe the low-frequency plateau regime
very well. The elastic modulus obtained from microrheologi-
cal measurements using QELS and DWS compares very well
in the region of overlap between 10 and 1000 rad/s. The
viscous modulus obtained from these techniques also com-
pares very well. Elastic and viscous moduli obtained using
particle tracking are however slightly larger than the moduli
obtained from DWS and QELS measurements. Elastic and
viscous moduli obtained from bulk rheological measure-
ments exhibit features which are very similar to the low-
frequency behavior obtained from the microrheological mea-
surements using QELS and particle tracking where a
predominantly elastic plateau is observed. The variation in
the plateau elastic modulus values,,3 Pa for QELS and
,10 Pa for particle tracking, is due to the sample-to-sample
variation in the preparation of the gel and has also been
observed in the bulk rheological measurements. Oxygen
from the atmosphere can react with the unpolymerized
monomers and prevent the polymerization of those mono-
mers. This affects the rigidity of the gels due to a lower

FIG. 6. sColor onlined Comparison of the storage and loss
moduli for a solsad and a gelsbd sample obtained from bulk rheol-
ogy sG8, solid line;G9, dashed lined with diffusing wave spectros-
copy sDWSd fsgreend squaresg, quasielastic light scatteringsQELSd
fsredd trianglesg, and one-particlefsblued circlesg and two-particle
fsmagentad diamondsg microrheology measurements. The solid and
open symbols denote the storage and the loss moduli, respectively.
For microrheology measurements every third data point is plotted
for clarity.
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number of acrylamide and bis-acrylamide monomers in the
polymer matrix, resulting in the sample-to-sample variation
in the moduli. We conclude that, using different microrheo-
logical techniques, we are able to measure the same response
as those obtained by bulk rheological measurements for both
a cross-linked “sol” and a “gel” polyacrylamide sample.

The cross-linkers of the polyacrylamide samples intro-
duce an additional length scale in the system which is deter-
mined by the distance between the cross-links. Both the size
and the distribution of this length scale grow as the sol to gel
transition is approached, and it is unclear what effect this has
on the response of the probe particles. To investigate this
effect, microrheological and rheological measurements are
performed on a polyacrylamide sample close to the sol-gel
transition. We use 2 wt % total polymer and 0.2 wt %bis-
acrylamide sample and compare the elastic and viscous
moduli obtained from a rheometer to those obtained from
QELS and particle tracking microrheological techniques. Mi-
crorheological measurements obtained from one- and two-
particle tracking measurements are shown by circles and dia-
monds while results obtained from QELS measurements are
plotted using triangles in Fig. 7. For each of the microrheo-
logical measurements the elastic and viscous moduli are
plotted using filled and open symbols, respectively. Since the
sample is very close to the gel transition line small differ-
ences in the monomer and cross-linker concentrations can
result in vastly different behavior as a result of the sample
being either in the sol or in the gel state. This is experimen-
tally observed in our microrheological measurements where
the response obtained from QELS measurements exhibits
predominantly viscouslike behavior while that obtained from
particle tracking measurements exhibits a dominant elastic

nature. Rheological measurements performed on two
samples with similar polymer concentrations also exhibit
similar variations in the moduli. The solid and dashed lines
in Fig. 7 denote elastic and viscous moduli of one sample
where the elastic modulus dominates while the dot-dashed
and dotted lines denote the elastic and viscous moduli for the
other sample where the viscous modulus dominates. The mi-
crorheological techniques exhibit similar variations in the
moduli when compared to those obtained from bulk mea-
surements for a cross-linked sample very near the transition.

Our results confirm that QELS, DWS, and particle track-
ing microrheological techniques can be successfully used to
measure the elastic and viscous moduli of cross-linked poly-
mer solutions. The dominant viscous modulus for a “sol”
sample obtained from microrheological techniques compare
very well with that obtained from the bulk rheological mea-
surements. Likewise, for the “gel” sample the elastic modu-
lus measured using the various techniques exhibit a similar
plateau modulus. Furthermore, the use of DWS-based mi-
crorheology allows us to probe higher frequencies where a
more viscouslike regime is observed for the gel samples. The
ability to measure this marked difference in the frequency-
dependent response of the gel is possible because of the mul-
titude of microrheological techniques available to us. Particle
tracking measurements confirm the heterogeneity of the
polymer matrix; however, sample-to-sample variations in the
preparation of the polymer samples are much larger than the
measured heterogeneities. Our results show that the vis-
coelastic response is independent of the size and surface
chemistry of the probe particles and we can conclude that the
probe particles do not introduce any further heterogeneity in
the system.

IV. CONCLUSIONS

We show that quasielastic light scattering, diffusing wave
spectroscopy, and video-based particle tracking techniques
can be used to measure the viscoelastic properties of a
chemically cross-linked polymer. The use of diffusing wave
spectroscopy and quasielastic light scattering enables us to
probe almost eight decades in frequency which is not avail-
able using traditional bulk measurements using a rheometer.
In the frequency regime where all the measurements overlap,
the elastic and loss moduli obtained from the different mi-
crorheological techniques agree well with rheological mea-
surements for both the sol and gel states of the chemically
cross-linked polymer. Microrheological and rheological mea-
surements performed on samples near the sol-gel transition
exhibit similar variations in the elastic and viscous moduli.
We conclude that our experiments validate the ability of mi-
crorheology for studying permanently cross-linked poly-
meric systems.
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FIG. 7. sColor onlined Moduli for 2 wt % total polyacrylamide
solution with 0.2 wt % cross-linker concentration, which is near the
sol-gel transition. Bulk rheology data measured on two separately
prepared samples denoted by different line styles are compared with
QELS strianglesd and one-particlescirclesd, and two-particlesdia-
mondsd microrheology measurements. The solid and open symbols
denote the storage and the loss moduli, respectively. The bulk data
on one samplesG8, solid line; G9, dashed lined show a dominant
elastic modulus. By contrast, an identical sample prepared on a
different daysG8, dot-dashed line;G9, dotted lined with the same
concentration shows a more viscouslike response for the same fre-
quency interval. Both these data compare very well to microrheo-
logical measurements which are done using different techniques
and where the samples are prepared separately. Every third data
point is plotted for the microrheological measurements for purposes
of clarity.
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