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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 nigues have the advantage of providing an inherent average
over the particle ensemble, while single-particle techniques
Soft materials, which include polymer solutions, surfac-require successive measurements in order to obtain a reliable
tant solutions, and biological materials, among others, araverage. It is worth noting that atomic force microscopy
characterized by complex structures with multiple charactertAFM) can also be used in this contd®]. Here one moni-
istic time and length scales; thus their response to externabrs the thermal fluctuations of the tip of the AFM cantilever
strains has a nontrivial time dependence. One of the moshstead of following a probe particle. While an AFM allows
important descriptors of these properties is the complexne to examine microrheology at interfad@s do particle-
shear modulus$s(t), which is typically measured in the fre- tracking techniques or the dynamic light scattering technique
qguency domainw. The real partG’(w) in the frequency we propose in this papgithe analysis of the AFM data is not
domain describes the elastgtorage property of the system, straightforward for a number of reasons. Most notable
while the imaginary parG”(w) is a measure of the viscous among these are the complicated geometry of the plicke
(losg behavior. The ability to measure locally the mechani-the AFM tip) and the influence of the intrusive, mechanical
cal response of a material to an applied shear strain haslehavior of the AFM cantilever itselfand the resulting, of-
variety of potential applications, especially in biology, whereten ill-characterized, fluid responses].
the mechanical properties of the cells and intracellular matter Microrheological measurements have been reported in the
are of utmost importance. last few years for a number of materials, e.g., colloidal dis-
Recently a number of techniques have been developed @ersions, polymer solutions, and biological cells and materi-
suggested for probing the rheological properties of complexls. For example, numerous experiments on actin networks
materials at a microscopic scglél—an area that has come have shown nontrivial high-frequency dependence of the
to be known asnicrorheology Most of the microrheological shear modulus and models have been proposed to explain
techniques rely on applying a strain to the fluid through em-such behavior(see, for example[7—-9)). It is commonly
bedded “probe” particles, and the strains result either fromagreed that most of the viscoelastic fluids have shear moduli
the (Brownian thermal noise imparted through the probe orthat follow a power-law dependence in the high-frequency
from a suitable, externally imposed force on the probe. Ap+egion, but the actual value of the exponent appears to vary
plication of an external force, such as a magnetic field, to thelepending on the materials and, sometimes, the experimental
particles may produce a nonlinear response of the fluid sinceechnique used. More recently, it has been shown that cross
the resulting strain could be substantial, whereas strains reorrelating the thermal motion of pairs of embedded particles
sulting from thermally excited probes are quite low and en-offers a more precise and a different way of examining the
sure linearity of response in most of the cases. The probmicrorheology of soft condensed matter, suggesting that
motion is quantified by its mean-squared displacementneasurements using previous microrheological techniques
which can be obtained by particle trackifg,3], single- may need to be revised or reexamin@-13. Therefore, it
particle microscopy4], or dynamic light scatterinfp] (e.g., is of great interest to find complementary investigation meth-
diffusing wave spectroscopy, when multiple scattering isods for high-frequency viscoelastic behavior of complex flu-
dominanj. Note that recording individual particle trajecto- ids at microscopic scales.
ries typically requires a smaller sample volume than in the The paper is organized as follows. We begin with a brief
case of diffusing wave spectroscof®WS), in which the introduction to microrheological measurements and a de-
measurements are performed over an ensemble of particlescription of the localized-coherence-volume scattering tech-
On the other hand, dynamic light scatterifgLS) tech-  nique proposed in this paper. Following these, a series of
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experiments and the analyses of the results are described abhtbadband source, we restrict the measurement volume to the
discussed. These discussions start with a set of experimengsid of the optical fiber. The reduced dimensions of the mea-
on purely viscous fluids in order to show that the experi-surement volume allows the technique to provide accurate
ments lead to the expected behavior for viscous materialeesults for the particle diffusion coefficient and concentration
[i.e., G"(w)~w and G’ (w)<G"(w)]. Then we discuss the and to circumvent multiple scattering even for optically
results obtained for a model polymer solutigrolyethylene  dense suspensions. The main characteristic of this dynamic
oxide in watey, which is known to become sharply vis- light scattering scheme is that the properties of the system
coelastic as the polymer concentration is increased andnder investigation are probed locally, which can reveal de-
passes over to an elastic “gel” at higher polymer concentratailed information about its morphology. In addition, the use
tions. We then comment on the liquid-to-gel transition asof an optical fiber allows a high degree of experimental flex-
detected by the proposed technique. An important advantaghbility, thereby enhancing the range of applicability of the
of the proposed localized-coherence-volume technique is iteechnique. It is also important to emphasize another signifi-
ability to provide spatial maps of variation in viscoelastic cant advantage offered by the elimination of multiple scat-
properties. We demonstrate this in the final part of the distering effects in the proposed technique. The analysis of mul-
cussions by considering a one-dimensional interface betwediple scattering in DWS-based microrheological studies is

a viscous fluid and a viscoelastic polymer solution. based on the assumption that the photon path length is
Gaussian. In systems in which the scatteferther naturally
II. MICRORHEOLOGY IN LOCALIZED COHERENCE present scatterers or embedded prObe par}ld& not in
VOLUMES large enough concentration to justify the Gaussian assump-

tion, DWS-based analyses of the data introduce numerical
Here, we propose a technique that relies on quantifyingrtifacts in the extracted complex moduli. Such artifacts,

the motion of thermal particles embedded in the fluid undewhen undetected or not accounted for in the analysis of the
investigation. We show that, by combining the properties ofdata, are attributed to the frequency dependence of the ma-
partially coherent light that is guided through a single-modeterial properties of the fluid. In contrast, in the proposed
optical fiber, one can extract, from the intensity of the scattechnique, multiple scattering is efficiently eliminated so that
tered light, the high-frequency limit of the power spectralthe extracted modulus reflects the true property of the mate-
density of the mean-squared displacemgats®(w)) of the  rial.
embedded, probe particles. The measurement volume we useIn the following we will show how the local loss and
is of the order of a tenth of a picoliter, which is about five to elastic response of a complex fluid can be extracted from the
six orders of magnitude smaller than the one needed, fafresponse of the fluid to the thermal excitation communicated
instance, in DWS-based techniques. The microrheologicaby the probe particles. The experimental setup is described in
information is then obtained using the fluctuation-dissipationmore detail elsewherg 3]. Here we provide a brief descrip-
theorem that relateéAr?(w)) to the loss responsg”’(w)  tion for convenience. In the experimental arrangement, low-
that characterizes the fluid through coherence radiation emitted by a superluminescent diode is
coupled to a single-mode optical fiber, which represents one
arm of a X 2 fiber coupler. The light output from the cou-
pler illuminates the fluid under investigation. The light back-
scattered by the probe particles is collected through the same
wherekg is Boltzmann’s constant, aflis the absolute tem- fiber and is fed to a detector, and the signal is then analyzed
peture of the material. Due to causality, the storagdn the frequency domain using a spectrum analyzer. The sig-
(memory componenty’(w) and loss(dissipativé compo-  nal detected is an interference of two electromagnetic fields:
nenty”(w) of the response functiog(w) are related through the fluctuating field backscattered by the particles undergo-
the Kramers-Kronig equation ing thermal motion and the static field due to Fresnel reflec-

tion at the fiber-fluid interface. Thus the specular reflection

w

X' (w)= ZkBT<Ar2(w)>, (1)

, 2 = I3 amplifies the backscattering signal, which significantly in-
X' (w)= ;Pfo x"(€) gz_—wzd& 2 creases the sensitivity of the technique. The intensity fluctua-
tions are detected only from the coherence volume, defined
whereP indicates the principal value integral. by the coherence length and the transversal dimension of the

As noted in the introductory section of this paper, we havdiber core, in which the optical fields preserve relative phase
tested this new technique on a variety of systems with rheoSOrrelations{14].
logical properties ranging from purely viscous behavior to " the experiments reported here, the central wavelength
materials with high viscoelasticity. The experimental geom-Cf the broadband light was 824 nm, while the coherence
etry and arrangement we use here has been successfully 4pP9thlc had a value of 3Qum. For this geometry, the rela-
plied in the context of standard dynamic light scattering intionship between the normalized intensity and amplitude au-
localized coherence volumes recerfthg] to provide a new tocorrelation functions has the forf3]
optical method for investigating the dynamics of random me-
dia over a broad range of optical densities. In our technique, 9@ (n)=1+yg"V(7), 3
by taking advantage of the spatial coherence properties of a
single-mode fiber and the limited temporal coherence of avherey=2115"(15+15Y)2, with 15 and1$Y the total aver-
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age intensities associated with the Fresnel component and . Wator | T
the scattered light from the coherence volufsaperscript 1%} o EG (25%) i
“CV" ), respectively. In all the experiments, the photon mean + EG (50%)
free path in the medium was always much longer than the
coherence length of the light used. Thus, within the coher- © K
ence volume, the single scattering regime applies and the o n=
first-order autocorrelation functiogt*)(7) can be written as _§— 10"k £ i
o n=1.06cp _:::5:'
1 &
g<1><r>=exp[— g AXAr3(n) |, @

. 10° L L
where g=4=/\ is the magnitude of the scattering vector 10 10° 10* 10°
associated with our backscattering geometry, &hd®(7)) o (rad/s)

is the mean-squared displacement of the particles under ther- ) _
mal motion. The quantity measured in the experiment is the FIG. 1. Loss modul! for water and aqueous solut_lon_s of ethylene
power spectrum of the scattered light fluctuationéw), glycol (E_G) gt Mo dlfferelnt con(_:entratlons_, as_lndlcate_d. The
C . 2) . . dashed line indicates the~ behavior. The viscosityy obtained
which is the Fourier counterpart gf?)(7). At this point, we L o :
. . g . from the fit is shown for each data set. The corresponding viscosi-
make the observation that, in the high-frequency region

L : ties obtained using a mechanical viscometer gre1.02, 2.01, and
P(w_) is d_lrectly related tc2) the power spectral density of the3.9 for water and ethylene glycol solutions of concentrations 25
particle displacement&Ar<(w)) through

vol % and 50 vol %, respectively.

7q2 ) Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS
Plw)= 6 (Ar(®)). ® A. Purely viscous fluids
In order to test the accuracy of our approach, we first
Equation(5) holds for times of evolution much shorter than report results of a few experiments on simgi®., purely
the characteristic decaying time of the autocorrelation funcviscous liquids. For this, we use solutions of ethylene glycol
tion, when Eq. (4) can be linearized asg®(7)=1 (EG) in water at various concentrations and mixed with poly-
—q%(Ar?(7))/6. This approximation is similar to the first styrene microspheres of diameter @, at a volume frac-
cumulant expansion used in deriving the Laplace relationshipion of 10 2, as probe particles; the experiments were also
between the autocorrelation function and the path lengthepeated with beads of Ogm in diameter. The bandwidth of
probability distribution in the context of DWS technique the measurement was 2 Hz, and each power spectrum was
[15]. Therefore, it is rather surprising that the microrheologi-averaged typically over 100 measurements in order to in-
cal experiments based on the DWS technique provided accurease the signal-to-noise ratio. The high-frequeiay) re-
rate results even for long times of evolutidl. Equation(5) gions of the power spectra were found to exhibit a power-law
is valid in the high-frequency domain, beyond the characterdependence of the form", and a least-square analysis of
istic width of the power spectrurR(w). Under what condi- the data with this functional form led to= —2=+0.01 for all
tions this approximation holds is illustrated in Sec. IlI B. the EG solutions and water. Note that this result is what one
With this approximation, it becomes apparent that the highwould expect for the power spectra associated with purely
frequency dependence of the shear modWhf®) can be viscous fluids at large frequencies, i.e., for viscous fluids
obtained by combining Eg¢l), (2), and(5) using the rela- P(w) should have a Lorentzian shape, which, for high fre-

tionship between the response functigim) and G(w), quencies, implies @2 dependence. In order to compute the
real and imaginary parts of the response function, we used

1 the functional forms obtained from the fit over the frequency
G(w) —, (6) domain where they describe the experimental results accu-

rately. This result, in combination with Eq®$) and(1), leads
directly to x"(w), from which one then obtains the memory
wherea is the radius of the probe particl¢$6]. Thus, the componenty’(w) using the Kramers-Kronig relation, Eq.
measurement of the response functigmw) in the frequency (2).

domain allows one to obtain the rheological information di- In order to perform the Kramers-Kronig integration in Eq.
rectly in the frequency domaifinstead of having to resortto (2), the power-law dependence &fw) on frequency has
Fourier transformation of Ar?(7)), as done in previous been assumed to be valid beyond the actual frequency inter-
studies based on particle tracking and DMWBquation(6) is  val measured. This is a common procedure necessary to
often referred to as thgeneralized Stokes-Einstein equation avoid the effects of a limited bandwidth. The value of the
and it is valid only under restricted conditions. We shall com-integral was evaluated for points within the measurement
ment on its applicability to the materials and conditions usednterval. The results obtained are shown in terms of the loss
in our experiments in our discussion of measurements remodulusG”(w) in Fig. 1, for water and EG solutions at two
ported for viscoelastic fluids. different concentrations. The results shown are for probe par-
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FIG. 2. The raw power spectra for PEO-3M solutions of two
different concentration€.125% and 1% by weighbbtained using
0.2 um particles.

FIG. 3. The storage modulus’ and the loss modulu&” for
PEO-3M solutions at two different concentrations obtained using
0.2 um particles. The results obtained with Quin on the same

. . . . samples are represented by the solid lines.
ticles of diameter 0.2um. A comparison of the results with P P y

the line of unit slope shown in the figure demonstrates th% M for 3x 10°
linear dependence d&”(w) in all cases, consistent with
what is expected for purely viscous fluids. The intercepts o
linear fits of the data give the viscosities of the fluids and ar
also indicated in Fig. 1. The results obtaineg=1.06, 1.92,
and 3.56 cP for pure water and EG concentrations of 259
and 50% by volume, respectivelgre within 10% of values
measured independently using a mechanical visconieter
=1.02, 2.01, and 3.9 cP, respectivelfhe corresponding
storage moduliG’ (w) are essentially zero, as one would

expect for purely viscous materials, and are not shown in th%,,(w) as discussed in the preceding section and the results

figure. e . .
Not shown here for brevity are the results obtained for theare plotted in Fig. 3. First, one notes that the relative behav

samples with 0.lum probe particles; however, these resultsIor of G"(w) andG’(w) is consistent with what one would
P : P X ' ’ expect. In particular, the elastic component is much smaller

?ilgr;irg] excellent agreement with the ones presented in tht(ln‘lan the loss modulus for the 0.125% solution relative to the

- . . . case of the 1% solution, since the lower polymer concentra-
It is worth noting that the lower limit of the frequencies J : Poly

oo . . : tion only marginally perturbs the essentially viscous behav-
acce;5|klz1)leh|n the expenm?nts 's determined gy the frequer}%r of the solution. Correspondingly, the slope of the loss
at which the experimental power spectrum deviates signifi- p . ' .
cantly from the power function behavior. The upper limit of modulus G"(w) with respect to the frequency is about

the frequency interval is set by the measurement noise an%gl_é1 small deviation from a slope of unity expected for

does not represent a limitation of the method itself, as thgurely viscous behavior. For the larger concentrat®h)

o . . = noticeably larger than the one for the lower concentration,
range could be extended with improved instrumentation and_ .~ L .
indicating stronger elasticity. One also notices that the corre-

noise reduction. In all the experiments, we could obtain the ondingG"(w) increases more slowly wit (as ~ %9
shear modulus over a typical range of at least two orders o P 9 ) Y @
than for the lower concentration. The values for the two con-

magnitude in frequency. centrations, in fact, intersect each other, but this should be
expected. To see this, note that for both soluti@iq )
should becomdinear in o in the so-calledterminal zone

We now illustrate the use of the proposed technique fonamely, forow—0, [i.e., G"(w)~ nw, wherey is the effec-
measuring the local response of viscoelastic materials. Fdive viscosity of the solutioh The effective viscosity will be
this, we use polyethylene oxid®EO solutions of various higher for the 1% solution, but the deviation 6f (w) from
concentrations and molecular weights. PEO is a waterlinearity with increases inv would also be larger for the
soluble polymer available in a range of molecular weightsmore concentrated solution. Therefore, the two lines would
(e.g., 16—-10), and its local viscoelastic properties in con- be expected to intersect at some frequeney0 (the precise
centrated solutions have been investigated previddglyin magnitude being determined by concentration and molecular
the experiments reported in the present paper, all the samplegight. Finally, the solid lines in Fig. 3 represent the results
were kept homogenized for several days before the measurtsr the same fluids, now seeded with particles of diameter
ments. Figure 2 shows two examples of raw power spectr@.1 um, and the results are almost indistinguishable from the
P(w) for aqueous solutions of PEO with an average molecudata obtained with 0.2um particles, suggesting an excellent
lar weight of 3x 10° (denoted by PEO-3M, where the suffix agreement between the measurements with particles of dif-

identifies the molecular weightt concen-

Frations of 0.125% and 1.0% by weight, as indicated. As

evident from Fig. 2, the functional dependence of the mea-
ured power spectrum changes from a power-df.91
0.125% to —1.66 (1%) for large frequencies, indicating

deviations from the response of a purely viscous fldat

which one expects a Lorentzian fB( ), corresponding to

a w2 behavior at large frequencies, as discussed in the pre-

ceding sectioh

The above power spectra are converted@ ) and

B. Viscoelastic fluids
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ferent dimensions. The effect of probe size on the interpreso-called “two-fluid” model, in which the mechanical re-
tation of the data is not a trivial issue, and we shall commensponse of a polymer network viscously coupled to an incom-
on it below in Sec. llIC. pressible, Newtonian solvent is examined in the presence of
In general, the rati®@"/G’ =tans, known as thdoss tan- ~ an applied force. In view of the theoretical analysis presented
gent provides a measure of the material fluidity of viscoelasPy Levine and Lubensky, our objective here is to simply
tic fluids. The real and imaginary parts Gf(w) for each  highlight the important considerations and to establish that
solution appear to have almost identical dependence on fr&Ur experimental conditions meet the requirements.
quency, as suggested by the results shown in Fig. 3; there- 1N€ correspondence between microrheology and mac-
fore, the loss tangent has a weak dependence on frequentgfheology rests on two issued) One is the use of the
for both concentrations in the range of frequency showndeneralized Stokes-Einstein equatit) to obtain G(w)

However, the magnitude of the loss tangent does decreadi®m the observed response functig(w). Therefore, under

considerably with polvmer concentration. as expected. IV at conditions the use of the generalized Stokes-Einstein
y Poly ' P " " relation is acceptable must be addresgéd.The second is

general, the loss tangent should approach infinity for a purel&e influence of any local heterogeneity that might be intro-

viscous material such as water ar_1d decre_ase to zero as hfqq by the probe particles themselves. We consider each of
system tends to a perfectly elastic material, such as a g ese separately,

[17]. We shall return to this in Sec. Il D.

In summary, our results show that for viscous fluids the 1. Acceptability of generalized Stokes-Einstein relation
linear dependence of the loss modulus with frequency is re- - .
covered from the measured response function and that thr(]ea;r;? afﬁ:tptﬁg'lza/egfalf(ggégtessff ?r?ethrfoebéqulrrt(iacrr:aesntfﬁe
values ofG"(w) are very high relative t&’'(w), which is Y P P ’

practically zero. When very small quantities of the polymerinertial effects of the fluid, anq @he longitudinal compression
are added to pure water and the polymer is dispersed homg']OOIe of the mesh be all negligible over the frequency range

geneously, the solution remains essentially viscous but thgisr?azi?g?minftasg:tmgtI?r?tcgrqtt:]aestatgot\r/z thur:eeesrheg;rlraemﬁg;s
viscosity increases slightlfrelative to that of the solventlf ' P PP

the concentration of the polymer is well below the critical In macrorheological measurements, the Brownian fluctua-

concentration for entanglement, the elastic modulus of thgons pf the probe partple in a microrheological measure-
ment impart a compressional wave on the polymer network

fluid should stay at a very low level, corresponding to a large, . oo )
loss tangent. With subsequent increases in the concentratiéwhmh leads to the draining of the fluid from the denser parts

of the polymer, the fluid will gradually depart from purely 0 the more rarified partsDetailed criteria for all the three

viscous behavior until entanglement becomes strong enougﬁgul'raerg;esngz 22\2222; nadng)l(?r?]Z?iobgng\;'?hee?Q?eléﬁgé‘:‘gy
Correspondingly, the fluid would exhibit viscoelastic proper--~"" PP : '

. . B . . _1 . .
ties until the concentration of polymer becomes so high thaEhe con_tnbutlor_] of particle Inertia ty (w) is 'Fhe easiestto
ai;leal with, as it can be obtained from a simple Langevin

the system becomes essentially a purely elastic solid, cha}- . . . )
acterized by a very small loss tangent and a modulus inde_ormulatlon of the equation of m_otlon fo_r th_e prpbe particles
(see, for example, Ref18]). This contribution is equal to
pendent of frequency. 5 : :
o“m, (wherem, is the mass of the partidleas also shown
by Levine and Lubensky through their more comprehensive
analysis. The resulting criterion for the neglect of particle
To what extent the reported microrheological measureinertia simply requires that the measurement frequencies be
ments truly represent the bulk rheology of the materials derestricted to values of» such that GraG(w)>w2mp; or,
serves some attention. It has been recognized in previousguivalently,
studies that the mesh size of a polymer network relative to
the size of the probe particle plays a critical role in the over-
all response of the system to the excitatjéh It is expected
that, whenever the particle size is much smaller than the
mesh size, only the response of the fluid is probed, since th&herep,, is the density of the particlé=1.05g/cr, in the
cages formed by the polymer network are so large that thepresent caseFor the present conditions , is of the order
do not influence the motion of the particle. Once the particleof about 10 MHz, and therefore the particle inertia may be
is comparable in size to the mesh size, both viscous angafely ignored.
elastic properties determine the mean-square displacement of In the absence of particle inertia, the two-fluid model
the embedded particles. However, the mesh &ieltive to  leads to an additive expression for compliance that contains,
the probe sizeis not the only relevant parameter, and thein addition to the Stokes-Einstein term, two additional terms,
question of under what conditions the microrheological meaone corresponding to the fluid inertia and the other for the
surements of the type reported here accurately represent tg&citation of the longitudinal degrees of freedom in the sys-
macroscopic rheology of the materials requires an examindem[12]. The criteria for the neglect of fluid inertia include a
tion of other factors. Clearly, this question is relevant in therestriction onw similar to the restriction described above,
case of other methode.g., par_t|cle tra_lckmg aﬂd DWSs 7G(w)
well, and has been addressed in detail by Levine and Luben- <
sky [11,12. The Levine-Lubensky analysis is based on the 4a°p;

C. Microrheology versus macrorheology

1/2

9G
S %)

2a2pp

<

112
=wjj, (8
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whereps is the fluid densityf=1g/cnT), and a restriction on meets the conditior<1 required for the neglect of fluid
the mesh siz& of the polymer network inertia. For instance, for the 1% PEO-3M for which results
are shown in Fig. 3¢ is roughly 0.02 for the 0.2¢m-
2 diameter probe particlea=0.1um) and is about 0.08 for
a <1 ©  the 0.1um-diameter probe. For the lower concentration
shown (0.125%, the condition is not met for the 0,m-

Equation(8) arises from a comparison of the inertial decaydiameter probe particléalthough the other criteria on the
length with the particle radius. In view of the fact thatis ~ frequencies are easily satisfledowever, at this low con-
comparable tg, and that the equations fer; ; andw; , are centration, the solution is expecteq to deviate oply_margln-
similar, w; ; is also of the order of 10 MHz. We shall see ally from the pure—sol\{ent cad@as discussed earlier in th|§
shortly that the condition o is also easily met in our ex- Section, and a comparison of the data for pure water in Fig.
periments, so that the effects of fluid inertia are negligible inl With the results in Fig. 3 for 0.125% with the Oum-

the range of frequencies over which we repGrt(w) and diameter probe in fact reveals that the value§bfw) are in
G"(w). the expected range.

The criterion for the neglect of longitudinal compres-
sional mode is also discussed by Levine and Lubensky in
detall. In particular, they show that for frequencies w, We are now in a position to comment on the effects of any
(wp In the notation of Levine and Lubenskythe polymer local heterogeneities introduced by the probe particles them-
network locks in viscously with the incompressible solvent,selves. If one takes the spatial range of inhomogeri&ioyn
thus eliminating the free-draining, longitudinal modes.the surface of the probe partigh® be @' —a), the measure-
Therefore, for frequencies larger than, which is of the  ments ofy(w) [equivalentlyG(w)] then will represent spa-
order of 10 HZ12], the microrheological measurements fall tially averaged values in a system with material parameters
into closer correspondence with macrorheological responsir distances beyond’ corresponding to bulk values and the
of the system. ones belowa’ differing from bulk values because of local

Before addressing the remaining consideration of the rolénhomogeneities. Levine and Lubenskyl] have addressed
of local heterogeneities introduced by the probe particleshis problem and showed that, as one would expect, mi-
themselves, it is necessary to develop estimates for the mesghorheological measurements would reflect the bulk rheo-
size ¢ of the polymer network in terms of the polymer con- logical behavior for
centration. First, we note that the radius of gyratRg for
the PEO molecules in dilute solutions may be estimated from
the experimental work of Devanand and Selg&8]. The
values are about 130 nm for PEO-3M and 230 nm for
PEO-8M (i.e., PEO of molecular weight 810°). The free e, if the range of spatial inhomogeneity is small relative to
coils in a dilute solution begin to overlap at amerlap con-  the probe radius. One would expect the spatial range’ (

e=

2. Local heterogeneity introduced by the probe particles

<1, (13

centration ¢ given by —a) of the disruption of the homogeneity of the network to
be roughly @' —a)~ «¢, with the magnitude of the propor-
o* 3M 10 tionality constanta being of the order of 1. Therefore, in
477NAR93’ view of the discussion concerning the relative mesh size

e1?=(¢&la) above, it follows that the condition specified by
whereM is the molecular weight an, is Avogadro’s num-  EQ. (13) is also easily met in all but one case in our experi-
ber. The above equation follows from the definition of thements (i.e., except in the case of polymer concentrations
overlap concentration, namely, the concentration at whiclglose toc* for the lower probe size Where inhomogeneity
the segment density in the solution equals the segment deis an issue, two-particléi.e., cross-correlationmicrorheol-
sity within each coil. In the present paper, the overlap conogy is a better alternative in place of single-particle mi-
centrations are roughly 0.05 wt% for PEO-3M and 0.03crorheological measuremerit$0]. The fact that we obtain
wt % for PEO-8M. At and beyond the overlap concentration,physically consistent values f@(w) even in the one limit-
the solution can be described as an un-cross-linked networkg case is interesting and might be the result of the relative
of mesh size¢, which scales with concentration ésee de  flexibility of the PEO chaingas opposed to the stifféractin

Genned20]) networks, for which one-particle microrheology leads to no-
ticeably different results from the bulk rheology probed us-

c\ 34 ing two-particle method10]) and the weak dependence of

&~ Rg(c_*) ) (11 the mechanical behavior of the network to relatively small

deviations from homogeneity in the bulk.
wherec is the polymer concentration. One sees immediately

that except for concentrations very closecto the ratioe, D. Liquid-gel transitions
) 5 3 In order to examine the method across liquid-gel transi-
o= § - & c (12) tion, we performed systematic experiments on PEO solutions
a a \c* ' over a broad range of concentrations. The experiments were
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(a) Concentration (wt.%)
10% . . FIG. 5. The storage modulus’ and the loss modulu&” for
¢ = PEO-8M PEO-8M solution at a concentration of 4 wt%, i.e., beyond the
e PEO-3M gelation point.
T 1 ¢ 8 Rescaled
a 10 Fg % . . . . .
2w " . cantly smaller than unity. This transition to a gel-like behav-
e g " Joa g4 ior is less developed for the PEO-3M solutions, which re-
2 100 L " _‘ %a.ﬂ B quire higher concentrations for the liquid-to-gel transition
- . « [21].
n
[ ]
-1 ; ; ‘21 E. Microrheology at interfaces of complex systems
10
0.01 0.1 . 1 10 A particular advantage of the experimental arrangement
(b) Concentration (wt.%)

and technique we propose here is the possibility of probing

FIG. 4. The exponeng and loss tangent tahas functions of ~changes in viscoelasticityiroughan interface as a function
the PEO concentrations for two molecular weights, namely, 30f spatial positionwithin the interface. That is, so far, we
X 10° (PEO-3M and 8x 1¢P (PEO-8M. (a) The power-law depen- have demonstrated the ability of the technique to measure the
dence ofG’ and G” on frequency, as indicated; the parameger rheological properties of Complex fluids within small coher-
was obtained by fittings’ (w) andG”(w) with the functionaw?.  ence volumes, and it has been shown that detailed informa-
(b) The loss tangent for the same solutions as in Fig) heasured tion about the liquid-gel transition can be obtained with the
as the raticG”(w)/G’ (w) corresponding to an angular frequency of approach proposed. The information about the fluid under
10* rad/s. The “rescaled” data points correspond to the data forinvestigation is retrieved from a measurement volume of the
PEO-8M when the corresponding concentrations are multiplied byorder of a tenth of a picoliter. This unique feature of our
4.25. technique makes the method appealing for investigating sys-

tems with heterogeneities existing on a much smaller scale

performed on aqueous solutions of PEO with two moleculathan could be measured with any other method. To illustrate
weights: 3<10° (PEO-3M and 8x10° (PEO-8M, with  this, we consider a test system with a gradient in the consti-
concentrations by weight from 0.0125% to 4%. The resultgutive properties along one spatial coordinate, created by
for the shear modulus and loss tangent are summarized islacing two different solutions in contact so that an interfa-
Figs. 4a) and 4b). As in the case of the results shown in cial region of about 200@:m is formed. More specifically,
Fig. 3, bothG’(w) andG"(w) vary asaw®, with different  an aqueous solution of ethylene gly¢ab% by volume was
prefactorsa and exponentg. Figure 4a) presents the expo- placed in contact with a polymer solution of PEO-§B15%
nents B for G'(w) and G"(w) and shows that beyond the by mas$in a capillary tube of 1 mm diameter. The optical
overlap concentrations the exponents & w) andG"(w) fiber (125 um diameter was then immersed in the liquid and
are essentially the sanfithereby indicating that the loss tan- successive measurements were taken at various depths, along
gent, shown in Fig. ®), is a very weak function ob for the  the spatial concentration gradient created. The results for the
solutions considerddIt can be seen from Fig.(d that for  loss tangent as a function of deptlare summarized in Fig.
the lower molecular weight PEQPEO-3M), viscous behav- 6. The figure demonstrates that there is a clear transition
ior dominates in the region of low polymer concentrations.from a region of high loss-tangent values associated with the
This region is characterized by an almost linear frequencyiscous liquid(the ethylene glycol solutionto the low val-
dependence 06" (w), while G'(w) is small in magnitude ues characteristic of viscoelastic fluiBEO-8M); the tran-
(large tany). At the other end of the concentration interval sition occurs over a distance of about 200M. It can be
considered, the storage modulus becomes larger than the lossen that at the two extreme en@dove and below the in-
modulus, indicating gelation. As an example, Fig. 5 presentterface, the values of the loss tangent show almost no de-
G'(w) and G"(w) for the heavier moleculdPEO-8M; pendence oz, thereby identifying homogeneity at the two
G’'(w) is almost constant with respect to the frequency,extremes. The corresponding values of the loss tangent are in
while the associated loss tangent decreases to values signiéixcellent agreement with the ones measured for each fluid
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Probe IV. CONCLUSIONS

4000 T v gé . . .
% We have _mtroduced an optlca_l technique capable of mea-
2000 F g;ﬁz'?y; ?'YCO' . - % suring the high-frequency behavior of the shear modulus as-
—_ A, % sociated with complex fluids. Owing to the coherence prop-
g ) i erties of the light used, a small measurement volume of the
e 0 e §§ order of picoliters is isolated at the end of a single-mode
M § optical fiber and the data are analyzed directly in the fre-
—2000 g%gﬁm) ’ § quency domain. The coherence volume used here is, to our
' ' § knowledge, the smallest accessible to rheological measure-
4000 1'0 100 > ments to date, and should lead to important new applications,
tan & especially in investigations of heterogeneous biomaterials. In

addition, the minute dimensions of the measurement volume
suppress multiple scattering and, therefore, the technique can
e applied to fluids having a broad range of optical densities.
t should be stressed that the above, extremely small mea-
surement volume is obtained purely by optical means with-
out requiring that one physically isolates a small quantity of
the material to be tested. It has been shown that the method
independently. This remarkable result proves that the opticalas the ability to infer the complex shear moduli for a variety
fiber slips through the fluid, without substantially carrying of systems and also to monitor morphological transforma-
solute molecules from one solution to the other. The abovéions in complex fluids, such as the liquid-gel transition. The
results imply that the proposed technique can be used tose of optical fibers ensures experimental flexibility. Finally,
obtain a three-dimensional mapping of the microrheologicathe technique can be used to build three-dimensional maps of
properties in highly heterogeneous complex fluids, therebyheological properties in heterogeneous systems, and thus

FIG. 6. Loss tangentmeasured as in Fig.)4s a function ofz
coordinate, as the optical fiber goes from a layer of simple viscou
liquid (25 vol % of ethylene glycolto a viscoelastic fluid0.5 wt %
of PEO-8M.

opening a new class of potential applications.

opens a whole new field of microrheological applications.
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