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Spatially resolved microrheology using localized coherence volumes
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We propose an optical technique, based on dynamic light scattering, for investigating the local rheological
response of a complex fluid over a frequency range larger than that provided by standard mechanical instru-
mentation. The low-coherence radiation used in a fiber optics configuration allows the measurements to be
confined to a small volume around a tenth of a picoliter. The ability of the method to accurately measure both
loss and storage moduli has been tested using both simple Newtonian liquids and viscoelastic, complex fluids.
The possibility to monitor liquid-gel transitions in polymer solutions has also been demonstrated. The unique
capability of the technique to localize the measurement volume suggests that this novel approach can be used
for three-dimensional mapping of rheological properties in heterogeneous systems.
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I. INTRODUCTION

Soft materials, which include polymer solutions, surfa
tant solutions, and biological materials, among others,
characterized by complex structures with multiple charac
istic time and length scales; thus their response to exte
strains has a nontrivial time dependence. One of the m
important descriptors of these properties is the comp
shear modulusG(t), which is typically measured in the fre
quency domainv. The real partG8(v) in the frequency
domain describes the elastic~storage! property of the system
while the imaginary partG9(v) is a measure of the viscou
~loss! behavior. The ability to measure locally the mecha
cal response of a material to an applied shear strain h
variety of potential applications, especially in biology, whe
the mechanical properties of the cells and intracellular ma
are of utmost importance.

Recently a number of techniques have been develope
suggested for probing the rheological properties of comp
materials at a microscopic scale@1#—an area that has com
to be known asmicrorheology. Most of the microrheologica
techniques rely on applying a strain to the fluid through e
bedded ‘‘probe’’ particles, and the strains result either fro
the ~Brownian! thermal noise imparted through the probe
from a suitable, externally imposed force on the probe. A
plication of an external force, such as a magnetic field, to
particles may produce a nonlinear response of the fluid s
the resulting strain could be substantial, whereas strains
sulting from thermally excited probes are quite low and e
sure linearity of response in most of the cases. The pr
motion is quantified by its mean-squared displaceme
which can be obtained by particle tracking@2,3#, single-
particle microscopy@4#, or dynamic light scattering@5# ~e.g.,
diffusing wave spectroscopy, when multiple scattering
dominant!. Note that recording individual particle trajecto
ries typically requires a smaller sample volume than in
case of diffusing wave spectroscopy~DWS!, in which the
measurements are performed over an ensemble of parti
On the other hand, dynamic light scattering~DLS! tech-
1063-651X/2002/65~4!/041504~8!/$20.00 65 0415
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niques have the advantage of providing an inherent ave
over the particle ensemble, while single-particle techniq
require successive measurements in order to obtain a rel
average. It is worth noting that atomic force microsco
~AFM! can also be used in this context@6#. Here one moni-
tors the thermal fluctuations of the tip of the AFM cantilev
instead of following a probe particle. While an AFM allow
one to examine microrheology at interfaces~as do particle-
tracking techniques or the dynamic light scattering techniq
we propose in this paper!, the analysis of the AFM data is no
straightforward for a number of reasons. Most nota
among these are the complicated geometry of the probe~i.e.,
the AFM tip! and the influence of the intrusive, mechanic
behavior of the AFM cantilever itself~and the resulting, of-
ten ill-characterized, fluid response! @6#.

Microrheological measurements have been reported in
last few years for a number of materials, e.g., colloidal d
persions, polymer solutions, and biological cells and mat
als. For example, numerous experiments on actin netwo
have shown nontrivial high-frequency dependence of
shear modulus and models have been proposed to ex
such behavior~see, for example,@7–9#!. It is commonly
agreed that most of the viscoelastic fluids have shear mo
that follow a power-law dependence in the high-frequen
region, but the actual value of the exponent appears to v
depending on the materials and, sometimes, the experime
technique used. More recently, it has been shown that c
correlating the thermal motion of pairs of embedded partic
offers a more precise and a different way of examining
microrheology of soft condensed matter, suggesting t
measurements using previous microrheological techniq
may need to be revised or reexamined@10–12#. Therefore, it
is of great interest to find complementary investigation me
ods for high-frequency viscoelastic behavior of complex fl
ids at microscopic scales.

The paper is organized as follows. We begin with a br
introduction to microrheological measurements and a
scription of the localized-coherence-volume scattering te
nique proposed in this paper. Following these, a series
©2002 The American Physical Society04-1
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experiments and the analyses of the results are described
discussed. These discussions start with a set of experim
on purely viscous fluids in order to show that the expe
ments lead to the expected behavior for viscous mate
@i.e., G9(v);v andG8(v)!G9(v)#. Then we discuss the
results obtained for a model polymer solution~polyethylene
oxide in water!, which is known to become sharply vis
coelastic as the polymer concentration is increased
passes over to an elastic ‘‘gel’’ at higher polymer concen
tions. We then comment on the liquid-to-gel transition
detected by the proposed technique. An important advan
of the proposed localized-coherence-volume technique i
ability to provide spatial maps of variation in viscoelas
properties. We demonstrate this in the final part of the d
cussions by considering a one-dimensional interface betw
a viscous fluid and a viscoelastic polymer solution.

II. MICRORHEOLOGY IN LOCALIZED COHERENCE
VOLUMES

Here, we propose a technique that relies on quantify
the motion of thermal particles embedded in the fluid un
investigation. We show that, by combining the properties
partially coherent light that is guided through a single-mo
optical fiber, one can extract, from the intensity of the sc
tered light, the high-frequency limit of the power spect
density of the mean-squared displacements^Dr 2(v)& of the
embedded, probe particles. The measurement volume we
is of the order of a tenth of a picoliter, which is about five
six orders of magnitude smaller than the one needed,
instance, in DWS-based techniques. The microrheolog
information is then obtained using the fluctuation-dissipat
theorem that relateŝDr 2(v)& to the loss responsex9(v)
that characterizes the fluid through

x9~v!5
v

2kBT
^Dr 2~v!&, ~1!

wherekB is Boltzmann’s constant, andT is the absolute tem
peture of the material. Due to causality, the stora
~memory! componentx8(v) and loss~dissipative! compo-
nentx9(v) of the response functionx~v! are related through
the Kramers-Kronig equation

x8~v!5
2

p
PE

0

`

x9~j!
j

j22v2 dj, ~2!

whereP indicates the principal value integral.
As noted in the introductory section of this paper, we ha

tested this new technique on a variety of systems with rh
logical properties ranging from purely viscous behavior
materials with high viscoelasticity. The experimental geo
etry and arrangement we use here has been successfull
plied in the context of standard dynamic light scattering
localized coherence volumes recently@13# to provide a new
optical method for investigating the dynamics of random m
dia over a broad range of optical densities. In our techniq
by taking advantage of the spatial coherence properties
single-mode fiber and the limited temporal coherence o
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broadband source, we restrict the measurement volume to
end of the optical fiber. The reduced dimensions of the m
surement volume allows the technique to provide accu
results for the particle diffusion coefficient and concentrat
and to circumvent multiple scattering even for optica
dense suspensions. The main characteristic of this dyna
light scattering scheme is that the properties of the sys
under investigation are probed locally, which can reveal
tailed information about its morphology. In addition, the u
of an optical fiber allows a high degree of experimental fle
ibility, thereby enhancing the range of applicability of th
technique. It is also important to emphasize another sign
cant advantage offered by the elimination of multiple sc
tering effects in the proposed technique. The analysis of m
tiple scattering in DWS-based microrheological studies
based on the assumption that the photon path length
Gaussian. In systems in which the scatterers~either naturally
present scatterers or embedded probe particles! are not in
large enough concentration to justify the Gaussian assu
tion, DWS-based analyses of the data introduce numer
artifacts in the extracted complex moduli. Such artifac
when undetected or not accounted for in the analysis of
data, are attributed to the frequency dependence of the
terial properties of the fluid. In contrast, in the propos
technique, multiple scattering is efficiently eliminated so th
the extracted modulus reflects the true property of the m
rial.

In the following we will show how the local loss an
elastic response of a complex fluid can be extracted from
response of the fluid to the thermal excitation communica
by the probe particles. The experimental setup is describe
more detail elsewhere@13#. Here we provide a brief descrip
tion for convenience. In the experimental arrangement, lo
coherence radiation emitted by a superluminescent diod
coupled to a single-mode optical fiber, which represents
arm of a 132 fiber coupler. The light output from the cou
pler illuminates the fluid under investigation. The light bac
scattered by the probe particles is collected through the s
fiber and is fed to a detector, and the signal is then analy
in the frequency domain using a spectrum analyzer. The
nal detected is an interference of two electromagnetic fie
the fluctuating field backscattered by the particles under
ing thermal motion and the static field due to Fresnel refl
tion at the fiber-fluid interface. Thus the specular reflect
amplifies the backscattering signal, which significantly
creases the sensitivity of the technique. The intensity fluct
tions are detected only from the coherence volume, defi
by the coherence length and the transversal dimension o
fiber core, in which the optical fields preserve relative pha
correlations@14#.

In the experiments reported here, the central wavelengl
of the broadband light was 824 nm, while the coheren
length l c had a value of 30mm. For this geometry, the rela
tionship between the normalized intensity and amplitude
tocorrelation functions has the form@13#

g~2!~t !511gg~1!~t !, ~3!

whereg52I 0I s
CV(I 01I s

CV)2, with I 0 and I s
CV the total aver-
4-2
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SPATIALLY RESOLVED MICRORHEOLOGY USING . . . PHYSICAL REVIEW E65 041504
age intensities associated with the Fresnel component
the scattered light from the coherence volume~superscript
‘‘CV’’ !, respectively. In all the experiments, the photon me
free path in the medium was always much longer than
coherence length of the light used. Thus, within the coh
ence volume, the single scattering regime applies and
first-order autocorrelation functiong(1)(t) can be written as

g~1!~t !5expF2
1

6
q2^Dr 2~t!&G , ~4!

where q54p/l is the magnitude of the scattering vect
associated with our backscattering geometry, and^Dr 2(t)&
is the mean-squared displacement of the particles under
mal motion. The quantity measured in the experiment is
power spectrum of the scattered light fluctuationsP(v),
which is the Fourier counterpart ofg(2)(t). At this point, we
make the observation that, in the high-frequency regi
P(v) is directly related to the power spectral density of t
particle displacementŝDr 2(v)& through

P~v!5
gq2

6
^Dr 2~v!&. ~5!

Equation~5! holds for times of evolution much shorter tha
the characteristic decaying time of the autocorrelation fu
tion, when Eq. ~4! can be linearized asg(1)(t)51
2q2^Dr 2(t)&/6. This approximation is similar to the firs
cumulant expansion used in deriving the Laplace relations
between the autocorrelation function and the path len
probability distribution in the context of DWS techniqu
@15#. Therefore, it is rather surprising that the microrheolo
cal experiments based on the DWS technique provided a
rate results even for long times of evolution@5#. Equation~5!
is valid in the high-frequency domain, beyond the charac
istic width of the power spectrumP(v). Under what condi-
tions this approximation holds is illustrated in Sec. III
With this approximation, it becomes apparent that the hi
frequency dependence of the shear modulusG(v) can be
obtained by combining Eqs.~1!, ~2!, and~5! using the rela-
tionship between the response functionx~v! andG(v),

G~v!5
1

6pa

1

x~v!
, ~6!

wherea is the radius of the probe particles@16#. Thus, the
measurement of the response functionx~v! in the frequency
domain allows one to obtain the rheological information
rectly in the frequency domain~instead of having to resort to
Fourier transformation of̂ Dr 2(t)&, as done in previous
studies based on particle tracking and DWS!. Equation~6! is
often referred to as thegeneralized Stokes-Einstein equatio,
and it is valid only under restricted conditions. We shall co
ment on its applicability to the materials and conditions us
in our experiments in our discussion of measurements
ported for viscoelastic fluids.
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III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Purely viscous fluids

In order to test the accuracy of our approach, we fi
report results of a few experiments on simple~i.e., purely
viscous! liquids. For this, we use solutions of ethylene glyc
~EG! in water at various concentrations and mixed with po
styrene microspheres of diameter 0.2mm, at a volume frac-
tion of 1022, as probe particles; the experiments were a
repeated with beads of 0.1mm in diameter. The bandwidth o
the measurement was 2 Hz, and each power spectrum
averaged typically over 100 measurements in order to
crease the signal-to-noise ratio. The high-frequency~tail! re-
gions of the power spectra were found to exhibit a power-l
dependence of the formvn, and a least-square analysis
the data with this functional form led ton52260.01 for all
the EG solutions and water. Note that this result is what o
would expect for the power spectra associated with pur
viscous fluids at large frequencies, i.e., for viscous flu
P(v) should have a Lorentzian shape, which, for high f
quencies, implies av22 dependence. In order to compute th
real and imaginary parts of the response function, we u
the functional forms obtained from the fit over the frequen
domain where they describe the experimental results a
rately. This result, in combination with Eqs.~5! and~1!, leads
directly to x9(v), from which one then obtains the memo
componentx8(v) using the Kramers-Kronig relation, Eq
~2!.

In order to perform the Kramers-Kronig integration in E
~2!, the power-law dependence ofP(v) on frequency has
been assumed to be valid beyond the actual frequency in
val measured. This is a common procedure necessar
avoid the effects of a limited bandwidth. The value of t
integral was evaluated for points within the measurem
interval. The results obtained are shown in terms of the l
modulusG9(v) in Fig. 1, for water and EG solutions at tw
different concentrations. The results shown are for probe

FIG. 1. Loss moduli for water and aqueous solutions of ethyle
glycol ~EG! at two different concentrations, as indicated. T
dashed line indicates thev1 behavior. The viscosityh obtained
from the fit is shown for each data set. The corresponding visc
ties obtained using a mechanical viscometer are:h51.02, 2.01, and
3.9 for water and ethylene glycol solutions of concentrations
vol % and 50 vol %, respectively.
4-3



th

o
ar

5

r

ld
th

th
lts
t

s
n
ifi

of
a
th
an
th
s

fo
F

te
ht
n-

p
u
ct
cu
x

As
ea-

pre-

ults
av-

ller
the
tra-
av-
ss

for

on,
rre-

n-
be

uld

ular
lts
ter
the
nt
dif-

o

ing

G. POPESCU, A. DOGARIU, AND R. RAJAGOPALAN PHYSICAL REVIEW E65 041504
ticles of diameter 0.2mm. A comparison of the results with
the line of unit slope shown in the figure demonstrates
linear dependence ofG9(v) in all cases, consistent with
what is expected for purely viscous fluids. The intercepts
linear fits of the data give the viscosities of the fluids and
also indicated in Fig. 1. The results obtained~h51.06, 1.92,
and 3.56 cP for pure water and EG concentrations of 2
and 50% by volume, respectively! are within 10% of values
measured independently using a mechanical viscomete~h
51.02, 2.01, and 3.9 cP, respectively!. The corresponding
storage moduliG8(v) are essentially zero, as one wou
expect for purely viscous materials, and are not shown in
figure.

Not shown here for brevity are the results obtained for
samples with 0.1mm probe particles; however, these resu
are in excellent agreement with the ones presented in
figure.

It is worth noting that the lower limit of the frequencie
accessible in the experiments is determined by the freque
at which the experimental power spectrum deviates sign
cantly from the power function behavior. The upper limit
the frequency interval is set by the measurement noise
does not represent a limitation of the method itself, as
range could be extended with improved instrumentation
noise reduction. In all the experiments, we could obtain
shear modulus over a typical range of at least two order
magnitude in frequency.

B. Viscoelastic fluids

We now illustrate the use of the proposed technique
measuring the local response of viscoelastic materials.
this, we use polyethylene oxide~PEO! solutions of various
concentrations and molecular weights. PEO is a wa
soluble polymer available in a range of molecular weig
~e.g., 103– 107!, and its local viscoelastic properties in co
centrated solutions have been investigated previously@3#. In
the experiments reported in the present paper, all the sam
were kept homogenized for several days before the meas
ments. Figure 2 shows two examples of raw power spe
P(v) for aqueous solutions of PEO with an average mole
lar weight of 33106 ~denoted by PEO-3M, where the suffi

FIG. 2. The raw power spectra for PEO-3M solutions of tw
different concentrations~0.125% and 1% by weight! obtained using
0.2 mm particles.
04150
e

f
e

%

e

e

he

cy
-

nd
e
d
e
of

r
or

r-
s

les
re-
ra
-

3 M for 33106 identifies the molecular weight! at concen-
trations of 0.125% and 1.0% by weight, as indicated.
evident from Fig. 2, the functional dependence of the m
sured power spectrum changes from a power of21.91
~0.125%! to 21.66 ~1%! for large frequencies, indicating
deviations from the response of a purely viscous fluid@for
which one expects a Lorentzian forP(v), corresponding to
a v22 behavior at large frequencies, as discussed in the
ceding section#.

The above power spectra are converted toG8(v) and
G9(v) as discussed in the preceding section and the res
are plotted in Fig. 3. First, one notes that the relative beh
ior of G9(v) andG8(v) is consistent with what one would
expect. In particular, the elastic component is much sma
than the loss modulus for the 0.125% solution relative to
case of the 1% solution, since the lower polymer concen
tion only marginally perturbs the essentially viscous beh
ior of the solution. Correspondingly, the slope of the lo
modulusG9(v) with respect to the frequencyv is about
0.91—a small deviation from a slope of unity expected
purely viscous behavior. For the larger concentration,G8(v)
is noticeably larger than the one for the lower concentrati
indicating stronger elasticity. One also notices that the co
spondingG9(v) increases more slowly withv ~as ;v0.66!
than for the lower concentration. The values for the two co
centrations, in fact, intersect each other, but this should
expected. To see this, note that for both solutionsG9(v)
should becomelinear in v in the so-calledterminal zone,
namely, forv→0, @i.e., G9(v);hv, whereh is the effec-
tive viscosity of the solution#. The effective viscosity will be
higher for the 1% solution, but the deviation ofG9(v) from
linearity with increases inv would also be larger for the
more concentrated solution. Therefore, the two lines wo
be expected to intersect at some frequencyv@0 ~the precise
magnitude being determined by concentration and molec
weight!. Finally, the solid lines in Fig. 3 represent the resu
for the same fluids, now seeded with particles of diame
0.1mm, and the results are almost indistinguishable from
data obtained with 0.2mm particles, suggesting an excelle
agreement between the measurements with particles of

FIG. 3. The storage modulusG8 and the loss modulusG9 for
PEO-3M solutions at two different concentrations obtained us
0.2 mm particles. The results obtained with 0.1mm on the same
samples are represented by the solid lines.
4-4
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SPATIALLY RESOLVED MICRORHEOLOGY USING . . . PHYSICAL REVIEW E65 041504
ferent dimensions. The effect of probe size on the interp
tation of the data is not a trivial issue, and we shall comm
on it below in Sec. III C.

In general, the ratioG9/G85tand, known as theloss tan-
gent, provides a measure of the material fluidity of viscoela
tic fluids. The real and imaginary parts ofG(v) for each
solution appear to have almost identical dependence on
quency, as suggested by the results shown in Fig. 3; th
fore, the loss tangent has a weak dependence on frequ
for both concentrations in the range of frequency show
However, the magnitude of the loss tangent does decr
considerably with polymer concentration, as expected.
general, the loss tangent should approach infinity for a pu
viscous material such as water and decrease to zero a
system tends to a perfectly elastic material, such as a
@17#. We shall return to this in Sec. III D.

In summary, our results show that for viscous fluids t
linear dependence of the loss modulus with frequency is
covered from the measured response function and that
values ofG9(v) are very high relative toG8(v), which is
practically zero. When very small quantities of the polym
are added to pure water and the polymer is dispersed ho
geneously, the solution remains essentially viscous but
viscosity increases slightly~relative to that of the solvent!. If
the concentration of the polymer is well below the critic
concentration for entanglement, the elastic modulus of
fluid should stay at a very low level, corresponding to a la
loss tangent. With subsequent increases in the concentr
of the polymer, the fluid will gradually depart from pure
viscous behavior until entanglement becomes strong eno
Correspondingly, the fluid would exhibit viscoelastic prop
ties until the concentration of polymer becomes so high t
the system becomes essentially a purely elastic solid, c
acterized by a very small loss tangent and a modulus in
pendent of frequency.

C. Microrheology versus macrorheology

To what extent the reported microrheological measu
ments truly represent the bulk rheology of the materials
serves some attention. It has been recognized in prev
studies that the mesh size of a polymer network relative
the size of the probe particle plays a critical role in the ov
all response of the system to the excitation@2#. It is expected
that, whenever the particle size is much smaller than
mesh size, only the response of the fluid is probed, since
cages formed by the polymer network are so large that t
do not influence the motion of the particle. Once the parti
is comparable in size to the mesh size, both viscous
elastic properties determine the mean-square displaceme
the embedded particles. However, the mesh size~relative to
the probe size! is not the only relevant parameter, and t
question of under what conditions the microrheological m
surements of the type reported here accurately represen
macroscopic rheology of the materials requires an exam
tion of other factors. Clearly, this question is relevant in t
case of other methods~e.g., particle tracking and DWS! as
well, and has been addressed in detail by Levine and Lub
sky @11,12#. The Levine-Lubensky analysis is based on t
04150
-
t

-

e-
e-
cy
.
se
n
ly
the
el

e
e-
he

r
o-
e

l
e
e
ion

h.
-
t
r-

e-

-
-

us
o
-

e
he
y

e
d

t of

-
the
a-

n-
e

so-called ‘‘two-fluid’’ model, in which the mechanical re
sponse of a polymer network viscously coupled to an inco
pressible, Newtonian solvent is examined in the presenc
an applied force. In view of the theoretical analysis presen
by Levine and Lubensky, our objective here is to simp
highlight the important considerations and to establish t
our experimental conditions meet the requirements.

The correspondence between microrheology and m
rorheology rests on two issues:~i! One is the use of the
generalized Stokes-Einstein equation~6! to obtain G(v)
from the observed response functionx~v!. Therefore, under
what conditions the use of the generalized Stokes-Eins
relation is acceptable must be addressed.~ii ! The second is
the influence of any local heterogeneity that might be int
duced by the probe particles themselves. We consider eac
these separately.

1. Acceptability of generalized Stokes-Einstein relation

The acceptability of Eq.~6! rests on three requirement
namely, that the inertial effects of the probe particles,
inertial effects of the fluid, and the longitudinal compressi
mode of the mesh be all negligible over the frequency ra
of measurements. The last of the above three requirem
arises from the fact that, in contrast to the pure shear app
in macrorheological measurements, the Brownian fluct
tions of the probe particle in a microrheological measu
ment impart a compressional wave on the polymer netw
~which leads to the draining of the fluid from the denser pa
to the more rarified parts!. Detailed criteria for all the three
requirements have been developed by Levine and Luben
@11,12# based on certain approximations. Of the three effe
the contribution of particle inertia tox21(v) is the easiest to
deal with, as it can be obtained from a simple Lange
formulation of the equation of motion for the probe particl
~see, for example, Ref.@18#!. This contribution is equal to
v2mp ~wheremp is the mass of the particle!, as also shown
by Levine and Lubensky through their more comprehens
analysis. The resulting criterion for the neglect of partic
inertia simply requires that the measurement frequencies
restricted to values ofv such that 6paG(v)@v2mp ; or,
equivalently,

v!S 9G~v!

2a2rp
D 1/2

5v i ,p , ~7!

whererp is the density of the particle~51.05g/cm3, in the
present case!. For the present conditions,v i ,p is of the order
of about 10 MHz, and therefore the particle inertia may
safely ignored.

In the absence of particle inertia, the two-fluid mod
leads to an additive expression for compliance that conta
in addition to the Stokes-Einstein term, two additional term
one corresponding to the fluid inertia and the other for
excitation of the longitudinal degrees of freedom in the s
tem@12#. The criteria for the neglect of fluid inertia include
restriction onv similar to the restriction described above,

v!S p2G~v!

4a2r f
D 1/2

5v i , j , ~8!
4-5
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wherer f is the fluid density~51g/cm3!, and a restriction on
the mesh sizej of the polymer network

«5S j

aD 2

!1. ~9!

Equation~8! arises from a comparison of the inertial dec
length with the particle radius. In view of the fact thatr f is
comparable torp and that the equations forv i , f andv i ,p are
similar, v i , f is also of the order of 10 MHz. We shall se
shortly that the condition onj is also easily met in our ex
periments, so that the effects of fluid inertia are negligible
the range of frequencies over which we reportG8(v) and
G9(v).

The criterion for the neglect of longitudinal compre
sional mode is also discussed by Levine and Lubensky
detail. In particular, they show that for frequenciesv.vc
(vB in the notation of Levine and Lubensky!, the polymer
network locks in viscously with the incompressible solve
thus eliminating the free-draining, longitudinal mode
Therefore, for frequencies larger thanvc , which is of the
order of 10 Hz@12#, the microrheological measurements fa
into closer correspondence with macrorheological respo
of the system.

Before addressing the remaining consideration of the
of local heterogeneities introduced by the probe partic
themselves, it is necessary to develop estimates for the m
sizej of the polymer network in terms of the polymer co
centration. First, we note that the radius of gyrationRg for
the PEO molecules in dilute solutions may be estimated fr
the experimental work of Devanand and Selser@19#. The
values are about 130 nm for PEO-3M and 230 nm
PEO-8M ~i.e., PEO of molecular weight 83106!. The free
coils in a dilute solution begin to overlap at anoverlap con-
centration c* given by

c* '
3M

4pNARg
3 , ~10!

whereM is the molecular weight andNA is Avogadro’s num-
ber. The above equation follows from the definition of t
overlap concentration, namely, the concentration at wh
the segment density in the solution equals the segment
sity within each coil. In the present paper, the overlap c
centrations are roughly 0.05 wt % for PEO-3M and 0.
wt % for PEO-8M. At and beyond the overlap concentratio
the solution can be described as an un-cross-linked netw
of mesh sizej, which scales with concentration as~see de
Gennes@20#!

j'RgS c

c* D 23/4

, ~11!

wherec is the polymer concentration. One sees immediat
that except for concentrations very close toc* the ratio«,

«5S j

aD 2

'S Rg

a D 2S c

c* D 23/2

, ~12!
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meets the condition«!1 required for the neglect of fluid
inertia. For instance, for the 1% PEO-3M for which resu
are shown in Fig. 3,« is roughly 0.02 for the 0.2-mm-
diameter probe particle (a50.1mm) and is about 0.08 for
the 0.1-mm-diameter probe. For the lower concentrati
shown ~0.125%!, the condition is not met for the 0.1-mm-
diameter probe particle~although the other criteria on th
frequencies are easily satisfied!. However, at this low con-
centration, the solution is expected to deviate only marg
ally from the pure-solvent case~as discussed earlier in thi
section!, and a comparison of the data for pure water in F
1 with the results in Fig. 3 for 0.125% with the 0.1-mm-
diameter probe in fact reveals that the values ofG9(v) are in
the expected range.

2. Local heterogeneity introduced by the probe particles

We are now in a position to comment on the effects of a
local heterogeneities introduced by the probe particles th
selves. If one takes the spatial range of inhomogeneity~from
the surface of the probe particle! to be (a82a), the measure-
ments ofx~v! @equivalentlyG(v)# then will represent spa
tially averaged values in a system with material parame
for distances beyonda8 corresponding to bulk values and th
ones belowa8 differing from bulk values because of loca
inhomogeneities. Levine and Lubensky@11# have addressed
this problem and showed that, as one would expect,
crorheological measurements would reflect the bulk rh
logical behavior for

S a82a

a D!1, ~13!

i.e., if the range of spatial inhomogeneity is small relative
the probe radiusa. One would expect the spatial range (a8
2a) of the disruption of the homogeneity of the network
be roughly (a82a);aj, with the magnitude of the propor
tionality constanta being of the order of 1. Therefore, i
view of the discussion concerning the relative mesh s
«1/25(j/a) above, it follows that the condition specified b
Eq. ~13! is also easily met in all but one case in our expe
ments ~i.e., except in the case of polymer concentratio
close toc* for the lower probe size!. Where inhomogeneity
is an issue, two-particle~i.e., cross-correlation! microrheol-
ogy is a better alternative in place of single-particle m
crorheological measurements@10#. The fact that we obtain
physically consistent values forG(v) even in the one limit-
ing case is interesting and might be the result of the rela
flexibility of the PEO chains~as opposed to the stifferf-actin
networks, for which one-particle microrheology leads to n
ticeably different results from the bulk rheology probed u
ing two-particle method@10#! and the weak dependence
the mechanical behavior of the network to relatively sm
deviations from homogeneity in the bulk.

D. Liquid-gel transitions

In order to examine the method across liquid-gel tran
tion, we performed systematic experiments on PEO soluti
over a broad range of concentrations. The experiments w
4-6
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performed on aqueous solutions of PEO with two molecu
weights: 33106 ~PEO-3M! and 83106 ~PEO-8M!, with
concentrations by weight from 0.0125% to 4%. The resu
for the shear modulus and loss tangent are summarize
Figs. 4~a! and 4~b!. As in the case of the results shown
Fig. 3, bothG8(v) andG9(v) vary asavb, with different
prefactorsa and exponentsb. Figure 4~a! presents the expo
nentsb for G8(v) and G9(v) and shows that beyond th
overlap concentrations the exponents forG8(v) andG9(v)
are essentially the same@thereby indicating that the loss tan
gent, shown in Fig. 4~b!, is a very weak function ofv for the
solutions considered#. It can be seen from Fig. 4~a! that for
the lower molecular weight PEO~PEO-3M!, viscous behav-
ior dominates in the region of low polymer concentration
This region is characterized by an almost linear freque
dependence ofG9(v), while G8(v) is small in magnitude
~large tand!. At the other end of the concentration interv
considered, the storage modulus becomes larger than the
modulus, indicating gelation. As an example, Fig. 5 prese
G8(v) and G9(v) for the heavier molecule~PEO-8M!;
G8(v) is almost constant with respect to the frequen
while the associated loss tangent decreases to values si

FIG. 4. The exponentb and loss tangent tand as functions of
the PEO concentrations for two molecular weights, namely
3106 ~PEO-3M! and 83106 ~PEO-8M!. ~a! The power-law depen-
dence ofG8 and G9 on frequency, as indicated; the parameterb
was obtained by fittingG8(v) andG9(v) with the functionavb.
~b! The loss tangent for the same solutions as in Fig. 4~a! measured
as the ratioG9(v)/G8(v) corresponding to an angular frequency
104 rad/s. The ‘‘rescaled’’ data points correspond to the data
PEO-8M when the corresponding concentrations are multiplied
4.25.
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cantly smaller than unity. This transition to a gel-like beha
ior is less developed for the PEO-3M solutions, which
quire higher concentrations for the liquid-to-gel transiti
@21#.

E. Microrheology at interfaces of complex systems

A particular advantage of the experimental arrangem
and technique we propose here is the possibility of prob
changes in viscoelasticitythroughan interface as a function
of spatial positionwithin the interface. That is, so far, w
have demonstrated the ability of the technique to measure
rheological properties of complex fluids within small cohe
ence volumes, and it has been shown that detailed infor
tion about the liquid-gel transition can be obtained with t
approach proposed. The information about the fluid un
investigation is retrieved from a measurement volume of
order of a tenth of a picoliter. This unique feature of o
technique makes the method appealing for investigating
tems with heterogeneities existing on a much smaller sc
than could be measured with any other method. To illustr
this, we consider a test system with a gradient in the con
tutive properties along one spatial coordinate, created
placing two different solutions in contact so that an inter
cial region of about 2000mm is formed. More specifically,
an aqueous solution of ethylene glycol~25% by volume! was
placed in contact with a polymer solution of PEO-8M~0.5%
by mass! in a capillary tube of 1 mm diameter. The optic
fiber ~125mm diameter! was then immersed in the liquid an
successive measurements were taken at various depths,
the spatial concentration gradient created. The results for
loss tangent as a function of depthz are summarized in Fig
6. The figure demonstrates that there is a clear transi
from a region of high loss-tangent values associated with
viscous liquid~the ethylene glycol solution! to the low val-
ues characteristic of viscoelastic fluids~PEO-8M!; the tran-
sition occurs over a distance of about 2000mm. It can be
seen that at the two extreme ends~above and below the in
terface!, the values of the loss tangent show almost no
pendence onz, thereby identifying homogeneity at the tw
extremes. The corresponding values of the loss tangent a
excellent agreement with the ones measured for each

3

r
y

FIG. 5. The storage modulusG8 and the loss modulusG9 for
PEO-8M solution at a concentration of 4 wt %, i.e., beyond
gelation point.
4-7
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independently. This remarkable result proves that the opt
fiber slips through the fluid, without substantially carryin
solute molecules from one solution to the other. The ab
results imply that the proposed technique can be use
obtain a three-dimensional mapping of the microrheolog
properties in highly heterogeneous complex fluids, ther
opening a new class of potential applications.

FIG. 6. Loss tangent~measured as in Fig. 4! as a function ofz
coordinate, as the optical fiber goes from a layer of simple visc
liquid ~25 vol % of ethylene glycol! to a viscoelastic fluid~0.5 wt %
of PEO-8M!.
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IV. CONCLUSIONS

We have introduced an optical technique capable of m
suring the high-frequency behavior of the shear modulus
sociated with complex fluids. Owing to the coherence pro
erties of the light used, a small measurement volume of
order of picoliters is isolated at the end of a single-mo
optical fiber and the data are analyzed directly in the f
quency domain. The coherence volume used here is, to
knowledge, the smallest accessible to rheological meas
ments to date, and should lead to important new applicatio
especially in investigations of heterogeneous biomaterials
addition, the minute dimensions of the measurement volu
suppress multiple scattering and, therefore, the technique
be applied to fluids having a broad range of optical densit
It should be stressed that the above, extremely small m
surement volume is obtained purely by optical means w
out requiring that one physically isolates a small quantity
the material to be tested. It has been shown that the me
has the ability to infer the complex shear moduli for a varie
of systems and also to monitor morphological transform
tions in complex fluids, such as the liquid-gel transition. T
use of optical fibers ensures experimental flexibility. Fina
the technique can be used to build three-dimensional map
rheological properties in heterogeneous systems, and
opens a whole new field of microrheological applications

s

root
elf.
re-
only
her-
ck-
the
the

nd-

e,

al-

he
f
ce
the

g
of

the
re
@1# F. C. MacKintosh and C. F. Schmidt, Curr. Opin. Colloid I
terface Sci.4, 300 ~1999!.

@2# F. Amblard, A. C. Maggs, B. Yurke, A. N. Pargellis, and
Leibler, Phys. Rev. Lett.77, 4470~1996!.

@3# T. G. Mason, K. Ganesan, J. H. van Zanten, D. Wirtz, and S
Kuo, Phys. Rev. Lett.79, 3282~1997!.

@4# F. Gittes, B. Schnurr, P. D. Olmsted, F. C. MacKintosh, and
F. Schmidt, Phys. Rev. Lett.79, 3286~1997!.

@5# T. G. Mason and D. A. Weitz, Phys. Rev. Lett.74, 1250
~1995!.

@6# H. Ma, J. Jimenez, and R. Rajagopalan, Langmuir16, 2254
~2000!.

@7# F. Gittes and F. C. MacKintosh, Phys. Rev. E58, R1241
~1998!.

@8# D. C. Morse, Phys. Rev. E58, R1237~1998!.
@9# J. Xu, A. Palmer, and D. Wirtz, Macromolecules31, 6486

~1998!.
@10# J. C. Crocker, M. T. Valentine, E. R. Weeks, T. Gisler, P.

Kaplan, A. G. Yodh, and D. A. Weitz, Phys. Rev. Lett.85, 888
~2000!.

@11# A. J. Levine and T. C. Lubensky, Phys. Rev. Lett.85, 1774
~2000!.

@12# A. J. Levine and T. C. Lubensky, Phys. Rev. E63, 041510
~2001!.

@13# G. Popescu and A. Dogariu, Opt. Lett.26, 551 ~2001!.
@14# The sensitivity of the technique is enhanced due to sev

reasons. First, the backscattered intensity is a product of
field amplitude of the scattered light and that of the Fres
reflection. Therefore, the specular reflection amplifies
backscattering signal, as noted in the text. In addition, as
any heterodyne technique, the dynamic range is increa
.

.

.

al
e
l

e
n
ed

since the measured intensity is proportional to the squared
of the backscattered intensity and not to the intensity its
This is not the case in traditional DLS and DWS measu
ments. Second, although the incident beam undergoes
single scattering due to the reduced dimensions of the co
ence volume, the total detected signal is the result of ba
scattering from a collection of particles. Lastly, because
measurements are made directly in the frequency domain,
electrical noise is reduced dramatically by narrowing the ba
width of the measurement and by extensive averaging.

@15# D. A. Weitz, J. X. Zhu, D. J. Durian, H. Guang, and D. J. Pin
Phys. Scr.149, 610 ~1993!.

@16# The actual data analysis proceeds as follows. We first norm
ize the area under the power spectrumP(v) by fitting the
low-frequency region with a polynomial and extrapolating t
polynomial to v50. Doing so guarantees the availability o
the full spectrum of frequencies in the normalization. On
P(v) is normalized the subsequent data analysis follows
procedure discussed in the text.

@17# R. I. Tanner,Engineering Rheology, 2nd ed.~Oxford Univer-
sity Press, Oxford, UK, 2000!.

@18# R. Rajagopalan, Colloids Surf. A174, 253 ~2000!.
@19# K. Devanand and J. C. Selser, Macromolecules24, 5943

~1991!.
@20# P.-G. de Gennes,Scaling Concepts in Polymer Physics~Cor-

nell University Press, Ithaca, NY, 1979!.
@21# The results shown in Fig. 4~b! appear to show an interestin

scaling behavior. As shown in the figure, the loss tangents
the lower-molecular-weight solution correspond to those of
higher-molecular-weight solution for concentrations that a
roughly 4.25 times the concentrations of the latter.
4-8


