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Microrheology of cross-linked polyacrylamide networks
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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 spectroscopfpWS) and quasielastic light scatterif@ELS) 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.

DOI: 10.1103/PhysRevE.71.021504 PACS nuni)er83.85.Ei, 83.85.Cg, 83.10.Pp

[. INTRODUCTION ence of the probe particles, which may alter the response of
the probes, and thus may lead to poorer quality response.
Soft materials such as emulsions, colloidal suspensiongarlier microrheological measuremeri&21,29 on cross-
gels, and polymer solutions are viscoelastic in nafdrg]; linked polymer systems have explored the frequency-
they both store and dissipate energy when responding to dndependent plateau shear modulus of cross-linked polyvinyl
external stress. These materials can be characterized byaigohol and polyacrylamide gels and have compared them
complex shear modulug*(w), which is typically measured With conventional bulk measurements. The laser inter_ferom-
using a rheometer, where the stress response to an appli€ly technique used by Schnuet al.[8] on polyacrylamide
oscillatory strain provides a measure of viscoelastifggy ~ 9€!S has good temporal and spatial resolution but is not de-
The real part of the complex modulus! (), measures the S|gngd to measure a Iarge ensemble of beads simultaneously.
in-phase response of the medium to an oscillatory strain an he light scattering microrheological measurements done by

; . . arita et al. [21] on polyvinyl alcohol compare only the
thus gives a measure .Of t_he elast|C|ty of t.he material. Th?requency—ind[ep]ender?t gl\é\te};\u modulus wiltoh bulk r%eology
out.—of—phase response s given by the imaginary Mitto), measurements. Detailed study of the frequency-dependent
which is related to the viscosity of the material. Recently &scoelastic behavior obtained from light scattering and par-
complementary technique called microrheoldgy-20l has  iicle tracking measurements of cross-linked solutions and
been developed which probes the local viscoelastic propegels are required to measure the response of the polymer to
ties by measuring the response of embedded probes in thge embedded probes, particularly near the sol-gel transition.
medium. Experiments have confirmed that microrheologyThese results are also important to ascertain the validity of
accurately measures the elastic and viscous properties @iicrorheology when applied to biologically relevant materi-
simple systems like flexible homogeneous polymer solutiongls such as actin network,8,20 which also exhibit similar
[19]. However, despite the usefulness of microrheologicakross-linked architecture. Thus, it is important to determine
techniques and its applicability for simple homogeneoushe applicability of microrheology in chemically cross-linked
polymer systems, the method has still not been extensivelgystems.
tested for cross-linked polymeric systems to ascertain that it The aim of this paper is to compare microrheological
measures the same response of the systems as do the moreasurements with conventional rheological measurements
conventional mechanical rheological measurements. for a model cross-linked polymer solution where low con-

The addition of permanent cross-links to an otherwisecentrations of probe particles are suspended. We investigate a
flexible polymer introduces an additional length scale to thecross-linked polymer system in both the sol and gel regimes
system, determined by the distance between the chemicahd also near the sol-gel transition, as examples of a hetero-
cross-links. Both the size and the distribution of this lengthgeneous system that can provide a good test of microrheol-
scale grow as the sol to gel transition is approached, and it isgy. The frequency-dependent moduli are calculated from
unclear what effect this has on the response of the probthe probe dynamics measured using quasielastic light scatter-
particles. In addition, the probe particles themselves may ining (QELS) [23], diffusing wave spectroscopfpWS) [24],
troduce heterogeneities into the materials which may alsand particle tracking measurementd5,26]. Quasielastic
affect their response. Unlike polymer solutions, the crosstight scattering experiments are performed in the single scat-
links will prevent the network from readjusting to the pres-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 #ao 1P 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
[25,26 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 heterogeneitigZb]. We use both one- and
two-particle[ 18] 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 (b)
measuring the correlated motion of pairs of nearby beads.
Two-particle measurements provide a useful tool to probe giG. 1. (@) Acrylamide monomer units(open rectanglgs
bulk properties of a material where local heterogeneities ofre polymerized in the presence of thd,N,N’,N’'-tetra-
the sample can affect one-particle measurements. methylethylenediamine which is the initiator and ammonium per-
We use polyacrylamide, a chemically cross-linked poly-sulfate which acts as a catalyst for the free radical polymerization
mer, as our model cross-linked system. The samples are prezaction.(b) Cross-linking is obtained by adding methylenebisacry-
pared in the sol, gel, and near the sol-gel transition state biamide (solid rectanglesto the mixture. The cross-linking mol-
changing the cross-linker and monomer concentrations to olecules are two acrylamide monomer units bridged by a carbon atom
tain samples with different viscoelastic properties and withattached to the two nitrogen atoms from two monomers.
different characteristic length scales which are determined by
the distance between the cross-links. We embed polystyrengamples. For microrheological measurements polystyrene
probe particles of different size and surface chemistry to tesrobe particles are added to the solution before the samples
the effect of particle size and surface properties on our miare polymerized. Polymerization of the solution is monitored
crorheological measurements. A modified form of the generby measuring the absorption spectrum of the sample over
alized Stokes-Einstein relation is used to obtain the elastime. Figure 2a) depicts the absorption spectrum for a
and viscous moduli from the light scattering and particle3 wt% total (M+C) polyacrylamide solution with
tracking data. To check the microrheology measurements, thg 05 wt % bisacrylamide taken 13 and 76 min after mixing.
results of the |Ight Scattering and particle tracking measureThe decrease with time of the absorbance at 260 nm is a
ments are compared with those obtained using a straintesult of the decrease in the number of carbon-carbon double
controlled rheometer. We obtain excellent agreement behonds due to polymerizatidi29] and can be used to monitor
tween all our microrheology measurements and bulkhe progression of the reaction. The polymerization reaction
rheological measurements on the same sample. This Va'is Comp|eted in approximate|y 50 min, as evidenced by the
dates the use of microrheology for cross-linked polymer netpnset of the plateau in the absorption at 260 nm as a function
works. of time, shown in Fig. t). 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 % toteM+C) polymer con-
centration and vary the cross-linker concentration from
The polyacrylamide samples are prepared using a fre8.03 to 0.05 wt % to go from a gel to a sol phase. Polyacry-
radical polymerization reactiof27]. Acrylamide monomers lamide samples with 2 wt % totdM+C) polymer concen-
(A) are mixed withN,N,N’,N’-tetramethylethylenediamine, tration with 0.2 wt % cross-linker concentration are prepared
which is the initiator, and ammonium persulfate, which actsto investigate the response of the sample near the sol-gel
as a catalyst for the polymerization reaction. Cross-linking igransition.
achieved by adding methylenebisacrylami@ to the mix- Polystyrene spheres with diameters of 0.04, 0.10, 0.48,
ture. The methylenebisacrylamide molecules are essentiallgnd 1.0um are used as probe particles. We use probe par-
two acrylamide monomer units bridged by a covalent bondicles with different surface chemistries to investigate pos-
shown schematically by the dark lines in Fig. 1. Sol and gekible effects of surface charge of the probes. We use nega-
phases are prepared by varying the amounts of acrylamidi#vely charged carboxylate-modifie@€CML) and positively
and methylenebisacrylamide in the samp8]. We use charged aldehyde-modified polystyrene probes. Different
0.5 wt % of catalyst and 0.1 wt % of the initiator for all our amounts of probe particles are added for measuring the
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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-
T T T ture. For QELS, the electric field autocorrelation function is
41 . given by[23]

N W s O
T T T T

-

Absorbance (Arb. Units)

(=)
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_a2(Ar2
0,(7) = e T, M

whereq=[4n7 sin(6/2)]/\ is the scattering vectoq is the
scattering anglen is the refractive index of the medium, and
\ is the wavelength of incident light. This is obtained from
0 2 0 50 20 the measured intensity autocorrelation function using the
(b) Time (minutes) Siegert relatior23]. In QELS the correlation function de-
cays when the path length of the scattered light changes by a
FIG. 2. (a) Absorption curves for 3 wt% polymer gel with wayvelength, which requires the individual particles to move
0.05 wt% cross-linker taken a_lt af_ter 13 nisolid line) and 76 min 4 length that is set by the inverse of the scattering vemtor
_(dashed ling The decrease Wlt.h time of the absorbance at 260 nmgjce the scatterers have to move large distances, the char-
is the result of the decrease in the number of the=C double  gcteristic decay times are larger than those obtained by dif-
bonds due to polymenzatlorQb)_ The filled circles denote the ab_- fusing wave spectroscopy.
icr)]rbance of fthﬁ pollymer S?lunon at 260 nrln’ meﬁsure.d over (tj'_me' Diffusing wave spectroscopy extends dynamic light scat-
'he onset of the plateau after approximately an hour is an in ICat'ering measurements to samples which are multiply scatter-
tion of the completion of the polymerization reaction. . . - . h . .
ing, using a diffusion approximation to describe the propa-
sample using the three different microrheological techniquesgation of light through the sample24]. The decay in the
For the video-based multiparticle tracking measurements thautocorrelation function of the multiply scattered light results
final bead concentration is 0.02 wt %, while for QELS mea-from a change in the phase of the scattered light~by
surements the final bead concentration is 0.005 wt %. Awhich is due to a change afin the total length of a multiply
higher bead concentration is used for the multiparticle meascattered light path through the sample. In DWS, the light is
surements to ensure a sufficient number of particles in a fieldcattered multiple times in each path and hence each scat-
of view while a lower bead concentration is used for theterer in the path needs to move only a fraction of the wave-
QELS measurements to prevent multiple scattering from aflength of the incident light. This allows us to probe motion at
fecting our results. For DWS measurements, the probe pashorter length scales and hence faster time scales than with
ticle concentration is 1 wt % to ensure the requisite strondQELS. Diffusing wave spectroscopy measurements are done
multiple scattering. in the transmission geometry using an*Amser emitting
The dynamics of the probe particles are measured usinlight at A\=514.5 nm(in vacug in the TEM,, mode. The
dynamic light scattering23,24] and video-based multipar- beam is focused to a point on the sample cell. Glass cells
ticle tracking[25]. Dynamic light scattering provides a very (Vitrocom, NJ with 2 mm internal thickness are used for our
good ensemble average measurement of the dynamics. Weeasurements. Multiply scattered light is depolarized, with
use both DW$21,22,24 and QELY 21,23 to access a wide equal intensity polarized parallel and perpendicular to the
range of frequenciegl9]. By contrast, the frequency range incident light. Since each polarization is independent, the
for multiparticle tracking microrheology is limited by the signal to noise ratio is reduced and the intercept of the cor-
speed of the video camef&6]. However, it enables us to relation function drops to 0.5. To circumvent this, an ana-
measure the response of the material around every probgzer is used to collect only a single polarization. The scat-
particle, which is required to investigate local microenviron-tered light is collected by an optical fiber, which is followed
ments. by a fiber-optic beam splitter connected to a pair of photo-
Quasielastic light scattering measurements are performeunultiplier tubes. The signals from the photomultiplier tubes
on samples where embedded probe concentrations are suféire cross-correlated, to circumvent the dead time of the de-
ciently low that the particles scatter only once. The experitector electronics and reduce after-pulsing effects, allowing
ments are performed using a goniometer with a single-modas to measure correlation functions at shorter delay times
fiber optic detection system and an*Aaser operating in the [23]. The correlation functions are collected for 1-2 h at
TEMgo mode with laser emission at=514.5 nm(in vacug.  room temperature. In DWS, all scattering-vector information
Cylindrical glass tubes with a diameter of 0.5 cm are used ais lost; as a result, only two experimental geometries, trans-
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mission and backscattering, are used. The field autocorrel@alculate the ensemble-averaged mean square displacements
tion function at a delay time is [24] [25]. 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-
where P(s) is the probability of light traveling a path of tween 0.1 and approximately 10 rad/s; this is less than the
lengths, and is determined by solving the diffusion equationrange accessible using light scattering techniques. However,
for the propagation of light for the relevant geometry andusing multiparticle tracking, we can measure the local envi-
with the correct boundary conditions, akg=2ns/\ is the  ronment of a single probe as well as the longer wavelength
wave vector of the incident light. The transport mean freerésponse of the material which is probed by measuring the
path of the light]”, is a characteristic of the sample itself and correlated motion of pairs of nearby bedds$]. The corre-
reflects the length the light must travel before its direction igdated motion of the beads directly reflects the propagation of
randomized. To ensure sufficiently strong multiple scatteringthe strain field through the sample; this decays as the inverse
the transport mean free paths for all the samples used iaf the distance between them. Hence, the correlated mean
these experiments are adjusted to be at least five timegguare deviatiofMSD) is immune to local heterogeneities
smaller than the cell thickness. The transport mean free patnd probes the macroscopic response of the system. The two-
of each sample is obtained by measuring the ratio of thearticle distinct MSDXAr?(7));, is defined a$18]
intensity of the light transmitted through the sample to that or
transmitted through a reference sample whose valué isf (Ar%(7))p = —D(r, 7, (3)
known, using identical optical geometrigk9,24. a

When the signals are ergodic, the time-averaged intensitfhereq is the bead radius arid,, is the ensemble-averaged

correlation functiongy(7) is measured and the field correla- q_particle displacement correlation tensor, which is calcu-
tion function is obtained using the Siegert relati@8] for  |5ted ag18]

both QELS and DWS experiments. However, for many of : . i

the gel samples, the signal is no longer ergodic; and the Dop(r, m) =(Ar (L, DAr(t, D 8r =R (O))isjr,  (4)
time-averaged correlation functions do not represent ruQ here Arl is the displacement of thigh particle in thea
ensemble-ayeraged data. In these cases, we employ an VESmponent of the directiomandj label different particlesqy

aging technique:30] to obtain the true ensemble-averagedandB label different coordinates, ari@!(t) is the distance
correlathn function frzom the mea!s“re‘?‘ Qata. The Meahetween the particlesandj. The averaging is done over the
square dlsplacemeMr (7)) for quasielastic light scattering distinct terms(i # j). This two-particle method is indepen-
mea;ure_ments is calculated from E#) above. In the case dent of the size of the probe used to measure the response of
of diffusing wave spectroscopy measurements, the me

! . ) e system.
square displacement is calculated by using the measure The MSD data obtained from the light scattering and par-
mean free path and numerically inverting the field correla-t

. ) . icle tracking experiments are converted to elastic and vis-
tion function shown in Eq(2). g exp

N . cous moduli using a modified algebraic foft8,19 of the

To prepare the samples for the multiparticle tracking mea- eneralized Stokes-Einstein equatiné,17;
surements, we mix the monomers, initiator, catalyst, am? T
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. _ﬁ,(w)a,(w)<7_7 _ 1)}
The glass is cleaned using a mixture of filtered water and 2
methanol, and the sample cell is assembled and sealed with

9(7) = Jm P(S)exp{—k%@rz(rb }ds, 2
0

S
3"

G'(w) = G(w){1/[1 +B’(w)]}00{ga’(w)

optical grade glue which can be cured using ultraviolet light. v , N

Once loaded, the chamber is sealed using the same uv-curing G'(w) = G(w){1[1 + ' (w)]}sin 24 (@)

glue and the sample is allowed to polymerize for 6 h at room

temperature. After the polymerization is complete, the par- _ 1-o (7_7 _ 1) 5
ticles are imaged with an inverted research microscope Blo)ll-a(w)] 2 ’ ®

(Leica DM-IRB) using bright-field illumination or epifluo-

rescence depending on the type of polystyrene probes use‘ef.here
Images are captured using a charge-coupled device camera _ keT
(COHU Electronics at frame rates of 30 Hz for 3—10 min Glw) = 7a(Ar?(L/w))T (L + ad(@))[1 + Blw)/2] (6)

and are directly digitized in real time using software custom

written for image analysig25]. The positions of the beads in The first- and second-order logarithmic time derivatives of
each frame are identified by finding the brightness-averagethe MSD data are denoted () and B(w), respectively,
centroid of each bead, which is determined with a resolutiorwhile o'(w) and 8'(w) denote the local first- and second-
of 20—30 nm; these are then linked together to form timeorder logarithmic derivatives ofG(w), respectively. A
tracks of each probe particle. The particle tracks are used tsecond-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 10°
Eq. (6) to obtainG(w) from the MSD data using the above
procedure. We then use the remaining two equations given in
Eqg. (5) and repeat the local power law fitting dB(w) 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. 10 -2I I mml-1 E— 0 R 1 ol 2

To ascertain the heterogeneity of the polyacrylamide 10 10 1f(s) 10 10
samples we can measure the distribution of displacements
[26] of all the beads in our field of view. For a homogeneous  FiG. 3. Plot of the scaled mean square displacements of probe
sample the individual probes will explore a similar environ- particles measured by using multiparticle tracking in a 3 wt % total
ment and the distribution will be Gaussian; their widths will polyacrylamide sample with 0.03 wt % cross-linker concentration.
reflect the local response of the system. By contrast, probeshe MSD's are scaled with the corresponding probe sizes. The one-
in a heterogeneous environment will experience a differenparticle MSD for 0.48um (solid line) polystyrene spheres overlaps
local environment each of which can result in Gaussian diswith that of the 1.0um (dashed ling particles. The scaled two-
tributions of displacements whose widths reflect the differenparticle MSD’s for 0.48um (circles and 1.0um (squares show
local environments. However, an ensemble average of thgood agreement with each other and with the one-particle MSD.
distribution of all the beads will result in a non-GaussianThe line indicates a slope of 1.
distribution.

Rheological measurements are performed to compare mpus environment to leave the backbone with a very weak
crorheology with traditional bulk rheology. We measure thenegative charge. This might lead to specific adsorption onto
frequency-dependent elastic modul@® (w) and viscous the surface of the probe particles, which are themselves
modulusG”(w) of our samples with a strain-controlled rhe- charged, and could modify the measured results. To check
ometer using a double-wall Couette geometry for all thefor this possibility, we compare polystyrene probe particles
polyacrylamide samples. We compare polymer samples ief the same size, but with different surface chemistries. We
both the presence and absence of the probe particles. Singge 1.0um diameter polystyrene probe particles with posi-
the gels are irreversible the samples are preparesitu at  tively charged aldehyde-amidine- and negatively charged
room temperature in the rheometer. Strain sweeps, where tif@rboxylate-modified surfaces. A plot of the MSD’s mea-
elastic,G'(w), and the viscous3”(w), moduli are plotted as sured using DWS for 1 wt % probe particles dispersed in a
a function of the maximum applied strain, are performed a8 Wt % polyacrylamide “gel” sample with 0.05 wt % cross-
different frequencies ranging from 0.5 to 50 rad/s to deterdinker concentration is shown in Fig. 4. The open circles
mine the linear region of measurement of the moduli for thedenote the results obtained using the positively charged
p0|ymer SolutionS. A” Subsequent measurements Of the frealdehyde-amidine pal’ticles Wh|le the SO|id Iine denotes those
guency dependence of the storage and loss moduli are petbtained with the negatively charged CML probe particles.

formed at strains sufficiently low to ensure linear response Because these samples are nonergodic, we av¢sajehe
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-

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 Lt
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- v ol ol sl oo ond o e e s
pendence of the probe size when measuring the moduli of 100 10" 100 10° 100 10
the material. The open symbols represent the two-particle- 7(s)
correlated MSD's, again scaled by the bead size. Both the g\ 4 Effect of different bead chemistry. Comparison of the

one- and two-particle MSD’s overlap with each other whichnean square displacements probed with 0 negatively charged
indicates that the material is homogeneous at these lengihyrhoxylate-modifiedsolid line) and positively charged aldehyde-
scales. amidine(circles polystyrene spheres in a 3 wt % total polyacryla-

The polymer backbone, which contains aminocarbonyimide gel sample with 0.05 wt% cross-linker concentration. The
(—CONH,) groups, can undergo hydrolysis and form car-excellent overlap of the data suggests that there is not a significant
boxyl (—COOH) groups, which can dissociate in an aque-effect due to the surface chemistry of these probe particles.
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placements have slopes near 1 at short time scales indicatin ~ 0.0100¢ @ T T
predominantly viscouslike behavior while at longer time [
scales the slopes are closer to 0 reflecting an elastic respon: [
as expected for gelled samples. The mean square displact
ments for the two types of probes overlap very well with
each other, indicating that the bead surface chemistry doe<
not affect our measurements. S 0.0010}
Polyacrylamide is known to be a heterogeneous polymer‘\g ;
[31]; 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 ¢
polyacrylamide “gel” with 3 wt % polymer and 0.05 wt % 0.0001
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 aw 100f T m‘ T
)

age macroscopic response of the material, individual probe F (0) 4,
particle measurements are necessary to characterize the n [ ,,'[
croenvironments. The MSD’s of many individual probe par- I s
ticles suspended in the sample are shown in Fg). @here I f ;\ a
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 [ o
or to differences in the local structure of the gel, we are L !
limited by the fact that the individual probe particle data are ,'
not sufficiently time averaged to provide an appropriate mea- 1
sure of the heterogeneity. In order to better distinguish the 1 6
effects of insufficient statistics from true sample variations ’ AX (um)
[26], we plot the probability distributioP(Ax) of the dis-
placements\x at a fixed lag timeAt of all the beads in the )
field of view. These distributions provide better evidence of [
the heterogeneity of the samples since we can compare bot [
the individual probe particle and the ensemble-averaged dis 1°°°§ %
tributions. The probability distributions of displacements of C %
&

/)
10 L

P(Ax)

two individual particles at a lag time of 0.1 s are shown in
Fig. 5b); both distributions can be fitted to a Gaussian, but E
with different widths. By contrast, the probability distribu- : a
tion of individual particles embedded in a homogeneous ma- [
terial can be fitted to a Gaussian with the same w[@i.

For a purely homogeneous material the ensemble-average s a N WA A
probability distribution of the probe displacements is Gauss- 1 I n
ian [26]. However, the ensemble-averaged distributions for -0.2 -0.1
the polyacrylamide gel are non-Gaussian at large displace

ments when calculated at lag times of 0.033 and 0.1 s and FIG. 5. (Color onling Measure of heterogeneity in the polyacry-

gig)tte_?hgigﬂ_g;ﬂz?;ns naart]lcjjremci‘nt%lees,rczebzgﬁﬁtlv(;zri:Jnut'i:cl)?llamide samples. Van Hove correlation functions for prh diam-
fd.' | i in the tail pf the di ty'b tion f eter particles moving in a 3 wt % total polyacrylamide solution with
ordisplacements, as seen In the talis ot the distribution unCC).OS wt % cross-linker concentratiofe) The spread of the indi-

t!ons' IS dye to the. averaging _Of 'nd'v'd,ual dl_strlbuthn func- vidual particle mean square displacements for several particles is an
t!ons Qf d!ffererlt widths; the dlffe_rent widths in the distribu- indicator of the difference in local elasticity measured by the
tion signify different local environments for the probes prones (b) Individual particle distributions, shown at a time lag of
which result from the heterogeneous nature of the polyacryg 1 s, are each well described by a Gaussian, albeit of different
lamide sample. widths indicating different local environment&) The ensemble-
Rheological measurements are performed to compargyveraged distributions, shown at time lags of 0.038liamonds
with microrheological measurements of the polymer solu-and 0.1 s(triangles are non-Gaussian at large displacements.
tions and gels. Most of the measurements are done in the
absence of probe particles at room temperature and thgrobe particles does not affect the bulk rheological measure-
samples are mixed in the tool itself to avoid breakage of thenents; this is accomplished by comparing the results for
network, which might occur while loading gelled samples in3 wt % polyacrylamide solutions with 0.03 and 0.05 wt %
the tool. Separate experiments confirm that the presence afoss-linker concentration with 0.02 wt % @dm diameter

P(Ax)

100f

0 0.1 0.2
AX (Uum)
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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
10% 10" 10° 10" 10> 10° 10* 10° both with the multiparticle tracking measurements and with
o (radfs) 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

G'(e) G"(w) (Pa)

vond ool oo vl vowed el 15

g methods than with the low-frequency particle tracking mea-
3 surements, but the differences are relatively small. Although
o the dominant viscous modulus obtained from the different
2 techniques overlaps very well, the comparison for the elastic
o modulus is not as good; this is typical of the subdominant
L = modulus in microrheological experiments.
10210 10° 10" 102 10° 10° 10° 10° The comparison of moduli obtained from microrheologi-
o (rad/s) cal and rheological experiments performed on a 3 wt % total

polyacrylamide with 0.05 wt % cross-linked “gel” is shown
in Fig. 6b). For particle tracking measurements on this
sample we use 0.Lm diameter rhodamine-dyed probe par-
ticles while the light scattering measurements are done using
0.48 um diameter carboxylate modified polystyrene probe
particles. The gel sample exhibits a dominant elastic plateau

open symbols denote the storage and the loss moduli, respectivew{'th significantly lower viscous modulus at low frequencies

For microrheology measurements every third data point is plottedVhile at higher frequencies both the elastic and loss moduli
for clarity. are comparable. At very short lag times the polymer chains

are free to diffuse around which results in a more viscouslike
polystyrene probe particles with similar polymer solutionsresponse at high frequencies. However, at longer times these
without probe particles. chains are constrained in their excursions due to the cross-
Microrheological measurements obtained from QELS|inks of the polymer matrix, resulting in the frequency-
DWS, and particle tracking experiments on polyacrylamideindependent plateau at low frequencies. Using DWS, we are
samples are compared directly with bulk rheological meaable to probe the shorter time or higher-frequency regime
surements and are shown in Fig. 6. The comparison for “solivhere the moduli are comparable; the data are plotted as
and “gel” samples are shown in Figgaband Gb), respec- squares. By contrast, QELS and one- and two-particle track-
tively, where the symbols denote data obtained from miing measurements, shown using triangles, circles, and dia-
crorheological technigues and the lines denote data obtainedonds, respectively, probe the low-frequency plateau regime
from bulk rheological measurements. For all the microrheol-very well. The elastic modulus obtained from microrheologi-
ogy measurements every third data point is plotted for clareal measurements using QELS and DWS compares very well
ity. The modified algebraic form of the generalized Stokesdin the region of overlap between 10 and 1000 rad/s. The
Einstein equations given in Eg$5) and (6) is used to viscous modulus obtained from these techniques also com-
calculate the elastic and viscous moduli from MSD’s ob-pares very well. Elastic and viscous moduli obtained using
tained from light scattering and particle tracking measureparticle tracking are however slightly larger than the moduli
ments. A combination of all these different microrheologicalobtained from DWS and QELS measurements. Elastic and
methods enables us to probe almost eight decades in freiscous moduli obtained from bulk rheological measure-
guency, which is considerably larger than the frequencyments exhibit features which are very similar to the low-
range accessible by any one technique or by bulk rheologicdtequency behavior obtained from the microrheological mea-
measurements. surements using QELS and particle tracking where a
We use 0.48um diameter polystyrene spheres for all mi- predominantly elastic plateau is observed. The variation in
crorheology measurements performed on a “sol” sampl¢he plateau elastic modulus values3 Pa for QELS and
which is prepared using 3 wt% total polyacrylamide and~10 Pa for particle tracking, is due to the sample-to-sample
0.03 wt % cross-linker. As expected for a sol, the viscousvariation in the preparation of the gel and has also been
modulus shown using open symbols dominates over the elagbserved in the bulk rheological measurements. Oxygen
tic modulus which is plotted using filled symbols, indicating from the atmosphere can react with the unpolymerized
that the sample is a viscoelastic fluid over the entire range ahonomers and prevent the polymerization of those mono-
frequencies investigated. The slope of the viscous moduliners. This affects the rigidity of the gels due to a lower

FIG. 6. (Color online Comparison of the storage and loss
moduli for a sol(a) and a gelb) sample obtained from bulk rheol-
ogy (G’, solid line; G”, dashed lingwith diffusing wave spectros-
copy (DWS) [(green square§ quasielastic light scatterin@QELS)
[(red triangled, and one-particlé(blue) circles| and two-particle
[(magenta diamonds microrheology measurements. The solid and
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10’ ;,2wt%-0.2wt% &

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
el ol ol il csnd e moduli when compared to those obtained from bulk mea-
10" 10° 10" 10* 10° 10 . o
o (radls) surements for a cross-linked sample very near the transition.
Our results confirm that QELS, DWS, and particle track-
FIG. 7. (Color online@ Moduli for 2 wt % total polyacrylamide ing microrheological techniques can be successfully used to
solution with 0.2 wt % cross-linker concentration, which is near themeasure the elastic and viscous moduli of cross-linked poly-
sol-gel transition. Bulk rheology data measured on two separatelyner solutions. The dominant viscous modulus for a “sol”
prepared samples denoted by different line styles are compared witample obtained from microrheological techniques compare
QELS (triangleg and one-particldcircles, and two-particle(dia-  very well with that obtained from the bulk rheological mea-
mondg microrheology measurements. The solid and open symbolsurements. Likewise, for the “gel” sample the elastic modu-
denote the storage and the loss moduli, respectively. The bulk datgs measured using the various techniques exhibit a similar
on one sampléG’, solid line; G”, dashed lingshow a dominant plateau modulus. Furthermore, the use of DWS-based mi-
e!astic modulus. By contrast,_ an identical s_amplg prepared on &rorheology allows us to probe higher frequencies where a
different day(G’, dot-dashed line", dotted ling with the same  yore viscouslike regime is observed for the gel samples. The
concentration shows a more viscouslike response for the same fr%bility to measure this marked difference in the frequency-

quency interval. Both thege data compare very yvell to micror'heodependent response of the gel is possible because of the mul-
logical measurements which are done using different techniquegy e of microrheological techniques available to us. Particle
and where the samples are prepared separately. Every third d

point is plotted for the microrheological measurements for purposes cking mea}sgrements confirm the heteroggnglty O.f the
of clarity polymer matrix; however, sample-to-sample variations in the

preparation of the polymer samples are much larger than the

number of acrylamide and bis-acrylamide monomers in thén€asured heterogeneities. Our results show that the vis-
polymer matrix, resulting in the sample-to-sample variationC°e|a$t'C response is mdgpendent of the size and surface
in the moduli. We conclude that, using different microrheo-chemistry of the probe particles and we can conclude that the
logical techniques, we are able to measure the same respor%ré’be particles do not introduce any further heterogeneity in
as those obtained by bulk rheological measurements for boti€ system.
a cross-linked “sol” and a “gel” polyacrylamide sample.

The cross-linkers of the polyacrylamide samples intro- IV. CONCLUSIONS
duce an additional length scale in the system which is deter-
mined by the distance between the cross-links. Both the size We show that quasielastic light scattering, diffusing wave
and the distribution of this length scale grow as the sol to gespectroscopy, and video-based particle tracking techniques
transition is approached, and it is unclear what effect this hagsan be used to measure the viscoelastic properties of a
on the response of the probe particles. To investigate thighemically cross-linked polymer. The use of diffusing wave
effect, microrheological and rheological measurements arépectroscopy and quasielastic light scattering enables us to
performed on a polyacrylamide sample close to the sol-geﬂ)l’obe almost eight decades in frequency which is not avail-
transition. We use 2 wt % total polymer and 0.2 witSiss  able using traditional bulk measurements using a rheometer.
acrylamide sample and compare the elastic and viscou# the frequency regime where all the measurements overlap,
moduli obtained from a rheometer to those obtained fronthe elastic and loss moduli obtained from the different mi-
QELS and particle tracking microrheological techniques. Mi-crorheological techniques agree well with rheological mea-
crorheological measurements obtained from one- and twosurements for both the sol and gel states of the chemically
particle tracking measurements are shown by circles and di&ross-linked polymer. Microrheological and rheological mea-
monds while results obtained from QELS measurements argurements performed on samples near the sol-gel transition
plotted using triangles in Fig. 7. For each of the microrheo-€xhibit similar variations in the elastic and viscous moduli.
logical measurements the elastic and viscous moduli ar¥Ve conclude that our experiments validate the ability of mi-
plotted using filled and open symbols, respectively. Since thérorheology for studying permanently cross-linked poly-
sample is very close to the gel transition line small differ-meric systems.
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 authors would like to thank M. Gardel and M. T.
the response obtained from QELS measurements exhibidalentine for useful discussions. B.R.D. would like to thank
predominantly viscouslike behavior while that obtained fromJohan Mattsson for reading the manuscript. This work was
particle tracking measurements exhibits a dominant elastisupported by NSF Grant NODMR-0243715.
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