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Probe size effects on the microrheology of associating polymer solutions
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Diffusing wave spectroscopy has been used to investigate the thermally driven displacement of colloidal
particles dispersed in solutions of associating polyni&Ps). The effect of varying colloidal probe size on the
measured particle displacements is studied in particular. Recent theories of microrheology are examined in
light of the observed effects. The associating polymer used in this research was a linear polyethylene oxide
(PEO chain(molecular weight 35000 g/moalavith a Cl,, aliphatic group appended to each end of the PEO.
Above a critical concentration, the associating polymers display linear viscoelasticity consistent with the
Maxwell model. The concentration of agueous AP solutions was varied from 0.25 to 4.0 wt. %. At low
concentration of APs, the mean square displacement of the colloidal beads was indistinguishable from simple
Brownian diffusion in the aqueous solvent. However, at concentrations greater than 0.5 wt. %, the mean square
displacement differed from simple diffusion in a way that was found to be consistent with the Maxwell model
linear viscoelasticitfLVE) of the AP solutions. Significantly, for the most concentrated solutions, as the probe
particle size was varied from 0.3 to 2:4n, the observed mean square displacement deviated substantially
from the generalized Stokes-Einstein behavior predicted by microrheological theories. Our experiments
showed that these deviations could not be attributed to specific physicochemical interactions at the probe-
matrix interface, since observed mean square displacements were independent of different probe surface
chemistries studied. Moreover, this particle size effect was not observed in semidilute, high molecular weight
PEO solutiongmolecular weight 4.8 10° g/mole). We concluded that possible effects of AP network com-
pressibility and AP depletion at the probe surface could not account for the observed particle size effects. We
examined recent reports of the structural heterogeneity in AP solutions for their possible connection to our
observation of the breakdown of the generalized Stokes-Einstein equation for this system. Numerical conver-
sion of the microscopic results to the linear viscoelastic mo@il{w) andG"(w), by means of a constrained
regularization methodconTin), demonstrates that the experiments with larger probe particles are most con-
sistent with the single-mode Maxwell model LVE observed by macroscopic mechanical rheology.
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[. INTRODUCTION microrheology than with mechanical rheology. Microrheo-
logical studies of actin solutiorjg,13], cells[11], semidilute
Microrheology is a class of methods in which material solutions of flexible polymerg3], colloidal suspensions and
viscoelasticity is characterized by quantifying the local dis-emulsions[2], and micellar systemfgl4,15 have all been
placement of embedded colloidal beads in response to arcently reported. For additional references, refer to recent
applied force, and converting the displacement of the probeeviews of Gisler and Weitg16], MacKintosh and Schmidt
beads to macroscopic material properties, such as linear vi§17], Mukhopadhyay and Granickl8], Solomon and Lu
coelasticity{1—4]. The thermally driven displacement of par- [19], and Harden and Viasnof20].
ticles in viscoelastic fluids has been of long-standing interest Experimentally, microrheology relates the mean square
[5-10. In the long time limit, deviations from Stokes- displacement(ArZ(t», of colloidal particles to the linear
Einstein behavior for probe diffusion in polymer solutions viscoelastic response of the material in which they are dis-
have been observefb—8]. Microrheology builds on this persed{Ar?(t)) can be measured by a number of different
early work by considering the time-dependent diffusivity of experimental techniques. Epifluorescence microsd@dy,
probe particles and providing a formalism to pass from mealaser deflection particle trackin@], optical interferometry
surement of diffusion to characterization of rheology of the[4], atomic force microscopj22], dynamic light scattering
material at the microscopic level. In microrheology, the driv-[23], and diffusing wave spectroscop$,2] have all been
ing force is either thermal fluctuatiori4,2] or an external used. Diffusing wave spectroscoflyWS) is a multiple scat-
force, usually of magnetigl1] or optical[12] origin. One of  tering technique in which fluctuations of intensity transmit-
the advantages of microrheology is that this method can bted or backscattered from a turbid sample are related to the
applied when only a small volume of fluid is available. In displacement of scattering objects. With DW&%(t)) can
addition, since microrheology measures material propertiebe extracted from the measured intensity autocorrelation
at the microscopic level, it is capable of probing local vis-function,g)(t), by means of the theory of Pine, Weitz, and
coelastic properties, which cannot be otherwise quantified bgo-workers[24,25. DWS is well suited to microrheology
traditional rheological measurements. Moreover, the maxidue to its excellent temporal and spatial resolution: these
mum frequency to which the linear viscoelastic response calimits are approximately 1¢° s and 10! nm, respectively
be characterized may be orders of magnitude greater witf2].
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Microrheology supposes the validity of the generalizedenough, a physically crosslinked network structure is formed
Stokes-Einstein equatioi2]. Here the generalization refers [29]. The association of chain ends leads to unusual rheologi-
to the extension of the Stokes-Einstein equation valid forcal properties, such as single-mode Maxwell model linear
Newtonian fluids to one valid for viscoelastic fluids with Viscoelasticity, strong enhancement of the zero-shear viscos-
frequency-dependent linear viscoelastic moduli. A number ofty, shear thinning and, sometimes, shear thickeh8gy34.
assumptions are required to apply the generalized Stoke&eviews of the unique physicochemical and rheological
Einstein equation. First, the implanted probes are assumed RfOPerties of associating polymers have been published by
be spherical, monodisperse, dilute, and noninteracting. In aginnik and Yekta[30] and Larsor{35]. It has been discov-
dition, the size of the beads must be large relative to th&red that the characteristic Maxwell relaxation time corre-

characteristic length scale of the material structure so that thgP0nds to the time for detachment of one-polymer chain
assumption of continuum viscoelasticity is valid,26]. Fi-  rom a hydrophobic aggregal€9,33,34. The characteristic

nally, it is assumed that the probe beads do not affect thRore size of the network, which is relevant to the diffusion of
existing structure of the complex fluid in which they are diSpersed particles, is controlled by polymer molecular

dispersed by inducing structural inhomogeneity either in theV€ight, aggregation behavior, and concentrafif36. As-
bulk material or in the vicinity of the probe surfaces. sociating polymer systems have also been used as model

To date, the range of validity of these assumptions has notystems to study equilibrium clustering and dynamic transi-

been fully tested. In this study, we carry out a series of mi-lons: Measurements of probe diffusion can also be com-

crorheological experiments in a complex fluid with Maxwell Pared to simulations to study the underlying structure of the
model linear viscoelasticity. In these studies the size and suSSociating polymer solutiori87]. , o
face chemistry of the colloidal probes are systematically var- AN advantage of the AP model system is that its linear
ied. By investigating the behavior of these probe particlesYScoelastic storage and loss mod@i,(w) andG"(w), sat-
especially on very short time and length scales, we hope t&fY the single-mode Maxwell model. Microrheology re-
improve our understanding of the range of the validity of theduires complex data reduction schemes including numerical
generalized Stokes-Einstein equation. Note that although@Place transformation, analytical continuation and/or in-
probe size effects have been investigated for complex fluid¥€rse transformation of integral equatidds-3]. For a fluid
in the long time limit[27,6—§, such effects in viscoelastic with ideal Maxwell model linear viscoelasticity, these results
solutions that are relevant to microrheology have not beeffa" be obtained analytically. Thus, experiment and theory
studied before. can be compared at intermediate stages and the performance
Other recent studies have investigated the limits of mi-of the various numerical conversion methods can be system-

crorheology. Schnuret al. [4] recognized that at low fre- atically evaluated. o
quencies, for complex fluids that could be modeled as a com- !N this research, we used diffusing wave spectroscopy to
pressible polymer network viscously coupled to a Newtoniarflu@ntify the mean square displacement of colloidal probes
fluid, the generalized Stokes-Einstein equation may not holgdiSPersed in the AP solutions. The effects of the probe bead
This effect was quantitatively investigated by Levine anddiameter, polymer concentration, and probe surface chemis-
Lubensky using a two-fluid mod¢R8]. By comparing the try of the beads were investigated. The performance of the
linear response of a sphere dispersed in the two-fluid visgeneralized Stokes-Einstein equation is discussed in terms of
coelastic matrix, Levine and Lubensky were able to precisely"® Polymer network structure, probe surface depletion, and
quantify the range of validity of the generalized Stokes-Probe-polymer interactions. The linear viscoelastic storage
Einstein equation. In addition, Crocket al. [21] have re- and loss moduli obtalneq.by mlcrorheo'logy are compared to
cently developed a two-particle microrheology method,those measured by traditional mechanical rheology.
which measures the linear viscoelasticitvVE) of locally
inhomogeneous_ viscoelgstic materials by cross correlating 1 EORETICAL BACKGROUND OF SINGLE-PARTICLE
the thermal motion of pairs of probe beads. MICRORHEOLOGY
To explore the limits of microrheology, we chose to in-
vestigate the effect of probe size in a system with model Theories of microrheology relate the microscopic dis-
linear viscoelastic properties. We selected associating polyplacement of embedded probe particles to the macroscopic
mer solutions as such a model system, because they displéigear viscoelasticity of the complex fluid. A number of treat-
ideal Maxwell model linear viscoelasticify29,30. In addi- ments of the theoretical basis for extracting the linear vis-
tion, the dynamics of colloidal particles in associating poly-coelasticity from such microscopic measurements of probe
mer solutions are of interest in their own right: applicationsdisplacement are available. Based on a generalized Langevin
in paints[30], drilling fluids [31], and genomic sequencing equation with a memory function and the assumption of the
[32] are all related to such behavior. generalized Stokes-Einstein relationship, Mason and co-
Telechelic associating polyme{APs) are linear polymers  workers[1,2] related the Laplace transformed modulsi&s)
with chain ends of different chemical functionality than the o (AT%(s)), which is the Laplace transform ¢fr(t)), a
remainder of the molecule. Typically, the main chain is cho-quantity that can be directly measured,
sen to be hydrophilic and the chain ends are modified to be
hydrophobic. When such an AP is dissolved in water, the

hydrophobic chain ends tend to associate together to form (~3(s)= kgT B
micellelike aggregates. If the polymer concentration is high was{ATz(s»'
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Here a is the radius of the probe particles akdT is the 10° - R —— I —
thermal energy. To arrive at E@l), the following assump- :
tions were made: First, the Stokes-Einstein equation valid for [
Newtonian fluid was generalized to viscoelastic fluids with 10% L
frequency-dependent linear viscoelastic moduli; Second, 3
continuum viscoelasticity was assumed; Third, inertial ef-
fects of the probe beads were neglected.

Once G(s) has been obtained froAr?(t)), methods
such as analytical continuatid2], relaxation spectra3],
conversion of creep complian¢d8], or CONTIN deconvolu-
tion [19] are available to extract the desired linear viscoelas-
tic moduli, G’ (w) andG"(w). [

Other microrheological methods have been developed 10" t L. et 5
which do not rely on the measurement of the mean square 10 10 . 10
displacement to extract linear viscoelastic properties. @)

Schnurret al. [4] studied the viscoelasticity of flexible and FIG. 1. G' () andG"(w) measurements of 4.0 wt. % associat-

Sem.lﬂeXIble polymer networks_, by monl_torlng thermal ﬂuc'_ing polymer solutions collected by time-temperature superposition
tuations of the.probe bgads using laser m_terferometry. In thig,e reported at a reference temperaffire25 °C. The curve is the
case the particle motion was characterized by the powefeg; fit of a single-mode Maxwell model. The extracted plateau
spectral densityPSD of the probe displacement. This PSD moqulusG and relaxation timer are reported in Sec. Il A. The
approach has also been used by Popescu and co-worke{ssociating polymer is a PEO backbdimeolecular weight 35 000
[23]. By means of the fluctuation-dissipation theorem, theg/mole with a C,, aliphatic group appended to each end of the
PSD of probe displacement was related to the imaginary padackbone by an isophorone diisocyanate linker.

of the complex compliance. The viscoelastic quantities, such

as storage and loss moduli are then obtained from the com
plex compliance. Although this method avoids complicatedt
data reduction schemes necessitated by(Eq.it has yet to
be applied to the analysis of DWS results, most likely be
cause the conversion frofAr(t)) to the PSD is itself dif-
ficult. Here, we limit our efforts to the application of E@).

® G -- mechanical rheology

0 G" - mechanical rheology 3
G' - Maxwell model ]
G" - Maxwell model

G'(o) or G"(w) (Pa)

hetic protocol. The linear viscoelastic properties were plot-
ed in Fig. 1. The experimental data were fit to a single-mode
Maxwell model. The plateau modulus and relaxation time
‘were found to be 205 Pa and 0.017 srespectively.

B. Colloidal probe beads

IIl. MATERIALS AND EXPERIMENTAL METHODS Both unmodified monodisperse polystyrene and
o carboxylate-modified particles were studi€8eradyn Inc.,
A. Associating polymers Indianapolis, IN. As reported by the manufacturer, the un-

The associating polymer, hydrophobically modified modified polystyrene(PS particles were synthesized by
ethoxylated urethanéHEUR) was synthesized by a modifi- emulsion polymerization in the presence of small mount of
cation of the procedure of Kaczmarski and GIE&g]. Poly-  surfactant. Carboxyl-modified PS particles were made by a
ethylene oxide(PEO of molecular weight 35000 g/mole Similar process, except that additional acrylic acid groups
and polydispersity 1.18Fluka, Milwaukee, W] was used. were copolymerized with styrene during the emulsion poly-
PEO was first purified by azeotropic distillation to remove merization. The size of the particles ranged from 0.3 to 2.2
any residual water; 50 g PEO was dissolved in the mixture ofxm. Monodispersed colloidal silica beada=0.25um)

150 ml tolueng(Sigma Aldrich, W) and 150 ml tetrahydro- were synthesized by the method of Stober, Fink, and Bohn
furan (Fluka). At 49+1 °C and in an N atmosphere, 100- [40] and Bogush, Tracy, and Zukogl1]. The volume frac-
equiv excess of isophorone diisocyanate, and 0.2 wt.%on of the probe suspension was confirmed by measurement
(based on total polymer weighof the catalyst dibutyltin  of the solid content. The diameter of all probe beads was
dilaurate were added to the PEO solution. The reaction prosharacterized by means of dynamic light scattering of dilute
ceeded for 3.5 h before an additional 0.2 wt(based on samples.

total polymer weight of dibutyltin dilaurate was added,

along with 120 equiv of 1-tetradecanol. The reaction was C. Diffusing wave spectroscopy

continued at 491 °C for an additional 4 h. The solution
was then slowly transferred into 500 ml of petroleum ether.
Precipitation occurred upon stirring for at least 1 h. The pre- Dry HEUR samples were dissolved in deionized water at
cipitate was collected with a Buchner funnel and then disthe desired weight fraction. To ensure complete dissolution,
solved into warm acetone. After the filtration of the warm samples were maintained at 60 °C for 24 h. Polymer solu-
polymer-acetone solution, the polymer was again precipitions were used within a week of preparation.

tated into petroleum ether. The petroleum ether was then Agqueous probe particle solutidat 2.0 vol % were added
filtrated and the finished HEUR polymer was collected. to an equal volume of stock HEUR solutions prior to mea-

Mechanical rheological measurement was performed osurement. The mixture was heated to 60 °C, vortex mixed,
the polymers made according to the above mentioned syrand then heated for another 0.5 h to ensure complete mixing.

1. Sample preparation

061504-3



QIANG LU AND MICHAEL J. SOLOMON PHYSICAL REVIEW E66, 061504 (2002

TABLE I. Comparison ofl* values calculated from both Mie samples were resuspended every 10 min to avoid possible
theory and DWS measuremerifsr dilute aqueous suspension of effects of sedimentatiofi24]. For the associating polymer

colloidal particles. solutions studied here, resuspension was not required due to
the high viscosity of the solutions, which were typically hun-
Particle Mie DWS dreds of times more viscous than water. In addition, our tests
Particle size concentration theory measurements  \yith one sample for periods of 8, 12, and 24 h showed no
0.6 um 1.0% 0.22 mm 0.22 mm sedimentation effects on correlation functions collected.
2.0% 0.11 mm 0.11 mm DWS results were reprodumb_le_over a period of several
1.1 um 1.0% 0.29 mm 0.32 mm weeks, after which the associating polymer gradually de-
2.0% 0.14 mm 0.16 mm graded.
2.2 um 1.0% 0.45 mm 0.47 mm D. Data analysis
2.0% 0.22 mm 0.23 mm

1. Mean square displacement extraction

First, g(2)(t) is related to the normalized electric autocor-
The mixture was transferred to rectangular cuvettes for DW3elation functiong;)(t) by the Siegert relationg,(t)=1
measurements. The concentration of probe particles was 1.9/3|g(1)(t)|2, where B8 is an instrument constant. In this

vol % for all experiments. study, 8 was determined by one of the two methods: A semi-
logarithmic extrapolation procedure as described by Johnson
2. DWS experiments and Gabrie[43] or by averaging the first thirty data points of

II\he data set. The methods gave equivalent results and thus
were used interchangeably. According to the Weitz and Pine
theory[24] for the diffusive light approximatiorg)(t) can

be expressed for a point source illumination as

DWS measurements were carried out in transmissio
mode on an ALV compact goniometérangen, Germany
The wavelength of the incident laser light was-488 nm
(Innova 1-70, Coherent Inc., Santa Clara, CAhe incident
laser beam was propagated through a lens and focused on the
front surface of the sample. Dual avalanche photodiode de- _ (" -(1-0)¢
tectors were positioned in the transmission mode to collect 9 (¥ fQ D(e.&.{)ce dé. @
the scattered light. The detector output was then sent to a

digital correlator and the normalized intensity autocorrelayere; ands are dimensionless parameters that are functions
tion function go)(t)=(1(0)I(t))/(I)* was constructed by ot (j%/1). L is the thickness of the sample aiti is the
cross correlating the signal from the two detec{@flswhgre transport mean free pat® is a function ofs, & and{, as
[ (t) is the scattering intensity at timteand( ) denotes a time reported by Weitz and Ping24]. Therefore, once;(t) is
average. The temperature was controlledTat25°C. To  gyaijlable from DWS measurement, the lower integration
ensure thg validity _of the diffusive light approximation for |imit Q can be extracted by performing a nonlinear least
interpretation of diffusing wave spectroscopy data, theSquares fit of Eq(2). Q is related to(Ar2(t)) through its
sample thickness must be at least several times the mean frggition: (Ar2(t))=Qky 2(L/I*) 2, wherek, is the wave
transport length* [24]. This condition was satisfied for the vector of the incident lightk,=2mn/\,. To maintain con-

2 mm thickness of the sample cells used. sistency in data analysis, we analyzed all data for which
The conversion frongz)(t) to mean square displacement 9(2(t)=0.01. Below this limit, background fluctuations,
requires knowledge of the mean free transport lergth most likely due to the laser source, contributed systematic
characterizes the distance over which the direction of propas .. £or our systems, the magnitude of these background

gation of the incident light is randomized due to multiple luctuations was never greater than about 0.005
scattering. It is a function of the concentration of probes ané BN

the ratio of the probe refractive index to the matrix refractive
index. For dilute probe solutions it can be computed by Mie
theory[42]. Note that although the matrix refractive index is  To apply Eq.(1) to computeG(s) we require the Laplace
a function of concentration for our test solutions, for the lowspace mean square displacemént?(s)). A number of
polymer concentrations studied here the change is no greatgrethods to perform the conversion are availal#e3,38.
than 0.3%, so we use the refractive index of watar ( Although other methods might be equally acceptable, here
=1.33) forl* calculations. To further confirm ou calcu- Wwe choose to perform the Laplace transformation numeri-
lations, we also extracteld by applying the multiple scat- cally. We assess the accuracy of the numerical transforma-
tering theory of Weitz and Pinf@4] to DWS measurement of tion, particularly with regards to the range ofor which the
dilute, noninteracting suspensions. Table | lidts/alues cal-  limited range of time domain data allows a valid transforma-
culated from both Mie theory and measured experimentalljiion, by analyzing results for an analytical function that cor-
by DWS. The results are in good agreement. Thus, we uséesponds to the single-mode Maxwell modizb]. We find
the value ofl* computed from Mie theory for all measure- that the minimum time resolution of our results.{,) allows
ments reported here. Smax=0.17 with an error of no more than 10%,;, is

The duration of DWS measurements varied from 3 to 24 rdetermined by the longest delay time of the correlation func-
for results reported here. For low viscosity solutions,tion. This maximum delay time is determined by the dynami-

2. Extraction of G(s) from (Ar?(t))
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cal and optical properties of the individual sample. We find

Smm~107'r;§w where 7, is the maximum delay time of a

particular DWS spectra. This cutoff yields an errosgi, of
no more than 2%. These errors, computed for an analytical
function, are representative of errors due to the numerical %
Laplace transformation of the experimental data. - \A% Y 9
e © 0% AP 2 %2 %
107 F 4 oas%ap % %o L ° E
3. LVE construction from (s) using CONTIN [ e 05%AP ® .'.i E.—Ié M ‘Z
The frequency domaiG’(w) and G”(w) were obtained 2 ?’ggﬁﬁ % $E v ‘;
by application of the inversion routine of Provencher Y 30%AP 2 e E P
[44,45. Application of this transformation method in mi- | o 40%aAP 'g “Wao T oo
crorheology has been discussed by Solomon andL.Bl We 5 s :guf—;" . le e
proceed by expressing the relaxation spectra as a summation 1010.6' T "164 107 10°
of Maxwell modes, a procedure that is valid for any vis- t(s)
coelastic fluid [46]. Thus, the shear moduluss,(t)

=EiNGie“/Ti, whereG; is the amplitude and; is the relax-

FIG. 2. DWS intensity autocorrelation functions of associating
ation time of modei. The Laplace domain shear modulus Polymer solutions at various concentrations are plotted vs time. The
G(s) can be expressed §3]

probe beads have a diameter of Zuth. Probe concentration is

fixed at 1.0 vol %. Results are fdr=25°C.
N
- G;s
G(s)= S 3
( ) 2 S+ 1/7'] ( )

namic light scattering47]. OnceG; and r; are determined,

the linear viscoelastic moduli were constructed by means of
standard expressiofd6].

- E. Mechanical rheology

G(s) is available from experiments as per the previous The mechanical theology of APs was measured using a
sections and application of E{L). The problem is then to AR 1000 constant stress rheomet@A instruments, New
determine thé&s; and r; parsimoniouslyCONTIN is a general Castle, DB and an ARES strain-controlled rheome(tléheo—
purpose constrained regularization method developed for S‘?ﬁetricé Scientific Inc., Piscataway, NFor the AR 1000
lution of inverse problems of this kind4,45. It has found ' e
wide application in the areas of dynamic light scattelfiig]

rheometer, the frequency range was 0.04<sw<300s 1.
; ! ) . Temperature was controlled by a Peltier platett6.01 °C.
and rheolog;{48]. Here we describe the details of its appli- £ 1 ARES theometer, the frequency range is 001 s
cation to m|cror_heolog_y. L <w<100s !. Temperature was controlled by a water bath
When Eq.(3) is applied to ProvencherBoNTIN objective to +0.1°C
function we obtain the following minimization equation: - '
IV. RESULTS AND DISCUSSION
M N Gs 2 Nreg N 2 . S -
Z W G(Sj)_Z +I1/l : +a22 rj_Z R;Gi| =A. A. DWS investigation of AP solutions
i=1 i=1S Ti =1 i=1

4) The effect of associating polymer concentration on the

thermal motion of colloidal probes was investigated. The
concentration range on a weight basis was from 0 wt. % AP
Here, w; is a weighting factor and is the regularization

(pure probe particle solutigrio 4.0 wt. % AP. Figure 2 plots
parameter that controls the degree of regularizatiprand ~ DWS g,(t) of AP-colloidal probe solutions. The probe par-
Rij are regularization arrays of dimensidd <1 and

ticle size is 2.2um. At very low concentratiori.e., AP con-
NyegX N, respectively, which are constructed according tocentration<0.25 wt. %, the g(»)(t) curve nearly overlays

Provenchef44,45. A is the objective parameter to be mini- that of pure water, indicating that AP has no effect on
mized. Typically the weighting factors; are unbiased and  g,)(t) at this concentration. With further increase of poly-
is chosen according to a Fishetest that determines a prob- mer concentration, the decay time @by(t) shifts to longer
ability for rejection of oversmoothed solutiofi44,45. The times. This shift indicates a retardation of probe dynamics in
quality of the CONTIN fit was assessed by analysis of thethe AP solutions. Presumably, such retardation occurs con-
residual difference between the fit and data, as discussed gomitantly with the formation of network structure in the AP
Sec. IVC. To determine the sensitivity of the fit, we exam-solutions.
ined the effect of varying regularization facterand weight-

g(2)(t) was converted tQAr2(t)) (Fig. 3) by the methods

ing factorw; for experimental data and a model system con-described in Sec. llID 1. Again, at low concentration, the
structed from a multimode Maxwell model. TheonTIN  almost identical Ar?(t)) curves indicate that the probe bead
algorithm was able to construct LVE of both systems withdisplacement is hardly affected by the presence of the asso-
low residual error. While the quality afoNTIN fit iS sensitive  ciating polymer solutions. In addition, the slope of the
to these parameters, the sensitivity is equivalent to that typi¢Ar?(t)) curve on log-log coordinates is nearly 1. This scal-
cally observed in other applications 0bNTIN, such as dy- ing indicates that the dynamics of the embedded beads are
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L [T L B A A AN B TABLE Il. Comparison of zero-shear viscosities obtained from
10 3 © an 3 probe mean square displacement and mechanical rheology.

10° 1 2.0% AP 4.0% AP
: 1o, Mechanical rheology 0.31 Pas 1.91 Pas
1o, Microrheology 0.29 Pas 1.65 Pas

<A (®)> (um?)
5&

B. Effect of particle size on{Ar?2(t))

ot
<,
w

We investigated théAr?(t)) of probe particles of varying

Hgoqn»o»o
°°_

w

S

R

40% AP diameters at fixed polymer concentration to assess the valid-
106 - e A sl ity of the generalized Stokes-Einstein equation for the asso-
100 107 100 107 10 10 ciating polymer system.
t) We recognized that, according to Eq), and due to the

FIG. 3. (Ar?(t)) of different polymer concentrations are calcu- fact thatG(s) is a material property independent of probe
lated from the data of Fig. 2 and plotted vs time. The standardoarticle size, the product AT2(s))a) must be independent
deviation of four runs of experiments on 2. probe in 4.0 wt. %  of the particle size. HencéAr?(t)), the Laplace transform
AP solutions is also plotted. pair of (AT2(s)), will likewise exhibit the sama ! scaling.

This scaling is easily confirmed to be consistent with the
case of simple diffusion in Newtonian fluids. Thus, by plot-
the shape of thding the product (Ar?(t))a) versus time for various particle
a_sizes, deviation from a universal master curve indicates a

diffusive over the full range of time probed.

Above polymer concentrations of 0.5%,
(Ar?(t)) curve progressively changes. At high concentr = - :
tions, the(Ar(t)) curve is characterized by a nearly con- deviation from the behavior predicted by HQ).

stant value at short times followed by a crossover to diffusive F19ure 4 shows that at 2.0 wt. % polymer concentration, a
behavior(i.e., slope of 1 on a log-log scalat long times. plot of the sc;aled quant'lty((kr' (t))a) demonstrates that the
These results are consistent with ther2(t)) curve pre- curves for different particle sizes overlay each other over the

dicted from a single-mode Maxwell model in the absence of 219€ investi.gated. Izn addition, the characterist.ic Maxwell
inertial effects[15], mogiel behavior of Ar<(t)) was not observe_d at this concen-
tration. The slopes of the curves at long times &k indi-
kgT cating that the particle motion is diffusive at long time for
(Ar%(t))= —ag 1. (5)  these conditions.
Results for 3.0 wt. % AP concentration are plotted in Fig.

5. For particles of size 0.3 and O8n, no obvious Maxwell
Here G is the plateau modulus andis the relaxation time. Model (Ar%(t)) was observed. In Figs. 4-6 the reported
The range of validity of this equation is the same as that of"€@n square displacement data extend to different maximum
Eq. (1). Therefore(Ar2(t)) of the model associating poly- tmes because we analyze data ) (t)=0.01 only, as de-

mer solutions at high concentrations is consistent with th&cribed in Sec. 1lID 1, and since the time required for the
Maxwell model prediction. Hence, we conclude that the net9(2)(t) to decay to the value 0.01 is a function of particle

work structure has formed at these conditions, since there f@z€. For larger particledi.e., 1.1 and 2.2um), a modest
ample evidence that the onset of Maxwell model behavior

signals the network formation in the AP solutioi28]. '

To assess the effect of sample preparation, measurement, 103
and data analysis error on mean square displacement results,
one samplg2.2 um probe particles in 4.0 wt. % AP solu- S
tions) was selected for in-depth analysis. We conducted four 5 10
independent experiments. The mean and standard deviation %
of the data are plotted in Fig. 3. L 108

In addition, a simple check confirms that the microscopic 5 d=0.6 um
(Ar?(t)) data are consistent with the results of mechanical 10° o d=iigm |
rheology. The zero-shear viscosity, can be extracted from v 422 um
linear viscoelastic measurements with mechanical rheology ’
because 7,=[G"(w)/w],_0- Equivalently, 7o 10'10_5 — 104 s "“1653 . 1(‘)’_2 — '1(')_‘

=[t/J(t) ]i~», WhereJ(t) is the creep compliance. Note
that J(t) is also proportional to théAr?(t)) of the probe e

particles according to Mason, Gang, and W¢R Table II FIG. 4. The scaled quantity 4r(t))a) for various probe sizes
shows that the results of DWS measurements and mechari plotted vs timea is the radius of probe particles. The associating
cal rheology are in good agreement for both 2% and 4% ARolymer concentration is 2.0 wt. %, the probe concentration is 1.0
solutions. vol % andT=25°C.
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FIG. 5. ((Ar2(t))a) of various probe sizes are plotted vs time. 10° 10" 10° 10° 10 10
The associating polymer concentration is at 3.0 wt. %, the probe s (S'l)

concentration is 1.0 vol % anf=25°C.

FIG. 7. Comparison between reconstruct@¢s) from CoONTIN
and theG(s) calculated from the experimental mean square dis-
rplacement. The inset is a plot of the fit residuals. The AP concen-
tration is 4.0 wt. %. The probe concentration is 1.0 vol % dnd
=25°C.

change of slope at~10"? s was observed. This change
roughly corresponds to the relaxation time of the polyme
network, as identified by mechanical rheologgfer to Fig.
1). Again, note that at longer times, tiar?(t)) obeys dif-
fusive behavior.

At 4.0 wt. % AP concentration, a pronounced patrticle siz
effect in the scaled((Ar?(t))a) appears. From Fig. 6, it is
clear that this effect is most pronounced at short times. A
long times, diffusive behavior is again attained. The particleth
size effect appears fdrless than~10"2 s, which is again
the approximate relaxation time of the transient AP network
At short times, the value of the scaled variab{a (%(t))a)
is greater for larger particles. In fact, for the largest particle

ecussed earliefrefer to the standard deviation data reported in
Fig. 3. Because of these interesting results at short times, we
onducted long DWS measurements-(L0O h) to extend our
inimum sample time for this material to 10's to confirm
e finding and improve the possibility of a successful ex-
traction of LVE from Eq.(1), as reported in the following
section. The behavior of Fig. 6 is inconsistent with ED),
%because the observed particle size effect cannot be predicted
) ) rom the generalized Stokes-Einstein equation. Since this is
studied f=2.2 um), ‘he<AF2(.t)> behavior approaches that the first o%servation of a breakdown of r?wicrorheology on an
of the Maxwell model prediction of Ed5). associating polymer system, the results of Fig. 6 warrant

The observeq deviation from Maxwv_ell mpde! LVE be- erther investigation, as discussed in Secs. IVC and IV D.
comes progressively greater as the particle size is decreased.

Indeed, at the smallest particle sizel=0.3xm), the
(Ar?(t)) at short times differs from the large particle behav-
ior by nearly a factor of 50. We note that the differences in The extraction of linear viscoelasticity frorAr?(t))

Fig. 6 are much greater than the characteristic errors disneasurements allows direct comparison between microrhe-
ology and mechanical rheology. In this case, we investigate
implications of Fig. 6 results for the extraction of linear vis-
coelastic moduli.

By applying the methods in Secs. [IID2 and 1lID 3, we
calculate the Laplace domain shear modulbés) from
(Ar?(t)) and then extract the relaxation spectfaand the
corresponding amplitud&; by means of thecoONTIN algo-
rithm. The linear viscoelastic moduli are reconstructed using
the relaxation spectra information. In Fig. 7, we compare the
G(s) reconstructed frontONTIN with G(s) determined di-
rectly from experiment. In the inset of Fig. 7, we plot the
residual difference between the fit and data. The maximum
. ] residuals are=7% at the lowest frequency, and for most of

107 Bt il the data the residuals are within 2%. The fit residuals quan-
107 107 107 100 107 10 10° 10 tify that the CONTIN algorithm reconstructs the Laplace do-
© main modulus with very high fidelity.

FIG. 6. ((Ar?(t))a) of various probe sizes are plotted vs time. ~ From the Fig. 7 spectra’ (o) and G"(w) were con-
The associating polymer concentration is 4.0 wt %. The probe constructed and plotted in Figs. 8 and 9, respectively. All spectra

centration is 1.0 vol % and@i=25°C. extend to w=10° s 1. This maximum frequency corre-

C. Linear viscoelastic reconstruction usingCoNnTIN

<AF()>a (um’)
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(1 ) — the LVE of the single-mode Maxwell modéiefer to Fig. 1.

i From Fig. 9, it appears that this characteristic behavior is
best captured by the larger probes. This observation agrees
with the results of Fig. 6, where the obsergd 2(t)) of the
larger probes was most similar to the Ef) prediction.

The microrheology data fow>3x10? s™! extend be-
yond the range of mechanical rheology, so the extent to
. which these data reflect the macroscopic rheology of the ma-
1.1 pum ] terial cannot be assessed at this time. However, the observed
] particle size effect clearly indicates that the underlying phys-
mechanical theology ics is more complex than allowed by E@.). Interestingly,

o T even the power law scaling exponent®f(w) and G"(w)
ol 108 with frequency is a function of particle size. While the lit-
oY erature is silent regarding the expected scaling in the associ-
ating polymer systems at high frequencies, deviations from

FIG. 8. Storage modul’(w) of different probe sizes obtained single-mode Maxwell model LVE for AP systems have been
by applying the method pf Sec. 11D 3. AP concentration is 4.0 yhserved by high frequency mechanical rheoldg9,50.
wt. %. Results of mechanical rheology are also plotted. Since mechanical rheology provides no further insight into

the apparent effect of probe size on the microrheology, in the
sponds to the minimum time resolution of our data, as disfollowing section, we report additional DWS experiments
cussed in Sec. IlID 2. Likewise, the low frequency data ex-designed to further study the effect.
tend to varying limits in a way that is consistent with our
selection of the cutoffg,(7)=0.01, as described in Sec. D. Possible origins of the particle size effect

[IID 1. Qualitative features appearing in Fig. 6 are reflected . . -
in Figs. 8 and 9. First, there is little effect of particle size for _We hypothesize that possible origins of the observed par-

w=<1® s, consistent with the long time data of Fig. 6. ticle size effgct in AP microrheqlogy migh_t bét) failure of
Second, the correct low frequency scalif@y )~ w? and the assum_ptlor) of cpntmuum wscqe_lgstlc@) the eﬁgct of
G"(w)~w are apparent in the experimental data. Note thaP"oP€ particle inertia(3) compressibility of the matrix net-
at high frequency ¢>10° s~ 1), slight undulations in the work; (4) associative _polymer cha_m absor_ptlon on the sur-
G’'(w) and G"(w) curves are observed. This behavior pre—face of the probe part|cle£_5} entropic depletion of the poly-
cisely tracks the slight functionality of the residual error in M€" molecules in the vicinity of the particle surfad®)

the CONTIN fit reported in the inset of Fig. 7. Thus we view structural heterogeneity of the AP network. In this section,
these undulations as an artifact of solving the ill-posed inVe evaluate the possible relevance of these effects to the

bl f Eq€3) and (4). experimental observations: _ _ _
ver_?ﬁepéq(i)ma%d (.g’??a)))a(r:]ur(ve)s extend over a range that A fundamental assumption of microrheology is the valid-

allows comparison to the results of mechanical rheology. oy of ﬁonﬂjnltj)um V|src]:(|)elastlct:|r':y. 'I;Eat 'rsl’ thet protpe partr:cle_
greatest interest is the behavior®!(w) for o>10% s 1. In S|fztehs oul . ? rr:“i\?v rsrgerth atnth € Cr Srac errtlisllc mfs s:qze
this range, mechanical rheology shows tB4{ w) decreases ot the polymer network, so that In€ probe particies are con-

with increasing frequency. This behavior is consistent withs.Idered to be. dynamically COUPIEd o a \_/lscoelastlc_ con-
tinuum (devoid of structurg Failure of this assumption

would require explicit consideration of the effect of matrix

10° L

—

(=1
N

T

G'(w) (Pa)

101 E ® O

®<4ar» 0
eor-?
o
E

10* e BEARAaiss S e e A A structure on probe displacement. Such effects are beyond the
i ° ﬁm ' scope of Eq.(1). For the AP_squtions we studieq in this
\ v 06 um o research, by a radius of gyration calculation we estimated the
10° | v ?nzc :::nicalrhwlogy v characteristic structural size of the AP solutions to be no

larger than 5—10 nm. It is reasonable to consider a ratio of
probe size to matrix structural size of at least 20 as sufficient
for continuum viscoelasticity to be valid]. Since the probe
particles used in this study are of diameter 218 or greater,
which is at least 30 times larger than the matrix mesh size,

10' 3 ."000"0 3 we expect the assumption to hold. Thus we are led to con-
'E." ] sider other possible origins of the particle size effects ob-
ol 1 served in the AP solutions.
10 100 1(')1 ' 1(')2 1(')3 BT T Using the criterion of van Zanten and Ruferjés], we

estimated the probe particle inertia to be significant in our
system only fort<10 ®s. Since the particle size effects

FIG. 9. Loss moduliG"(w) of different probe sizes obtained by Shown in Fig. 6 persist to times as long asl0 ? s, we
applying the method of Sec. 1ll D 3. AP concentration is 4.0 wt. %. conclude that the inertia of the probe particles cannot explain
Results of mechanical rheology are also plotted. the observed behavior.

[0 (s‘l)
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FIG. 10. (Ar?(t))a) of different probe surface chemistry ) ) . .
(silica particles, carboxylated polystyrene particles, and unmodified FIG- 11. (Ar*(t))a) of various probe sizes are plotted vs time.
polystyrene particlésare plotted against time. The associating poly- The PEO polymer concentration is 1.5 wt. %. The molecular weight

mer concentration is fixed at 4.0 wt. %, the probe concentration i§f PEO is 4. 10° g/mole. The probe concentration is 1.0 vol %,
1.0 vol % andT=25°C. with probe diameter ranging from 0.543 to 2.@ih. Results are for

T=25°C.

As first reported by Schnuet al. [4] and further investi-
gated by Levine and Lubenskg8], at low frequencieglong  weight 4.0< 10° g/mole, 1.5 wt. % of PEO. The measured
times viscous drag between the AP network and solveni((Ar?(t))a) for probe particles of different sizes are plotted
could lead to deviations from EL). The scaling analysis of in Fig. 11. As opposed to the results for the AP solutions, for
Schnurret al. [4] indicates that, for our system, such effects semidilute PEO solutions the particle size effect was not ob-
of network compressibility are relevant for frequencies lesserved, since the Fig. 10 data sets overlay for probe sizes
than of order 100's". This suggests that for times larger than varying from 0.543 to 2.0%zm. The comparison between the
1072 s, the effect of network compressibility may not be results of Figs. 6 and 11 is pivotal because it demonstrates
negligible. However, in our study the particle size effects arethat the breakdown of the4r?(t))a) scaling predicted by
observed in a completely different regime: they occur forEq. (1) is not universal. Instead, the failure of E€) is
timesless thanl0 2 s. Thus, we conclude that this possible apparently linked to some specific attribute of the particular
origin cannot account for the experimental observations. AP complex fluid studied. Furthermore, the results of Figs. 6

It is possible that specific physical chemical interactionsand 11, taken together, indicate that depletion of the polymer
between the polymer chains and the probe surface may giviea the vicinity of the probe surface is not the likely origin of
rise to deviations from generalized Stokes-Einstein behaviothe observed particle size effects. It is known that polymers
For example, a probe particle that is locally bound to theare depleted in the vicinity of a surface to distances of order
polymer matrix due to irreversible absorption of chains onof the coil radius of gyratiori51]. There has been specula-
the probe surface might undergo a thermally driven displacetion that this coil depletion would have implications for the
ment inconsistent with Eq(1). To learn if this possibility dynamics of dispersed colloidal probps. However, since
were relevant to the interpretation of the Fig. 6 results, welepletion is a general phenomena we would expect its effect
conducted experiments in which the surface chemistries ab be equally apparent in both AP and PEO solutions.
the probe particles were systematically varied. The following In the previous paragraphs, we have argued that the first
surface chemistries were studied: Silica particled ( five hypothetical origins of the Fig. 6 particle size effects are
=0.50um), carboxylate-modified polystyrene spheras ( not likely relevant. We now turn our attention to the sixth
=0.543um), and unmodified polystyrene spheresl ( possibility, structural inhomogeneity of the AP solutions. In-
=0.60um). Specific details of the surface chemistries ofterestingly, the literature provides ample evidence of struc-
these particles are summarized in Sec. Il B. Results are raural inhomgeneity in associative polymer solutions. For ex-
ported in Fig. 10. We find that the three different probes yieldample, microphase separatiofp2-54 and long-range
nearly identicak Ar?(t)) curves. The absence of an effect of “super-bridging” [29] have been reported in the AP net-
surface chemistry effect on the thermally driven displaceworks. According to Klucker and Schosselé&5], fluctua-
ment of the colloidal probes suggests that the specific physkions in polymer concentration can occur at a length scale an
cochemical details of the interaction between the polymeprder of magnitude greater than the characteristic mesh size
matrix and the probe particles are not the origin of the resultestimated for ideal semidilute solutions. The possibility that
reported in Fig. 6. the structural defects in the AP solutio(i., inhomogene-

We addressed the possibility that the Fig. 6 observationity) are the origin of the breakdown of théXr?(t))a) scal-
are a general behavior by investigating a different modelng predicted by Eq(1) deserves further investigation.
material. We selected high molecular weight PEO because it As discussed in the Introduction, Crocledral. [21] have
has previously been studied by other microrheological methrecently demonstrated that the generalized Stokes-Einstein
ods [3,13]. We prepared a semidilute solutidmolecular equation can fail for inhomogeneous complex fluids. They
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proposed two-particle measurements as a method to quantifghomogeneity, show the greatest deviations from the ex-
the microrheology of such materials. Therefore, further in-pected continuum viscoelastic response.

vestigation of the inhomogeneity hypothesis in the AP solu- Thus, our report of the failure of the generalized Stokes-
tions may require the execution of two-particle microrheo-Einstein equation for the specific instance of associative
logical studies, the report of which is beyond the scope ofolymer solutions demonstrates that the application of the
this communication. HOWeVer, we note that the pOSS|b|I|ty Ofpowerfu' formalism of microrheology to this class of com-
structural inhomgeneity of the associative polymer solutiongjex fluids requires special care. Since associative polymers
is not inconsistent with the Fig. 6 results. Specifically, struc-can pe considered to be a model of the chemically and physi-
tural inhomogeneity would tend to increase the characteristigy|ly heterogeneous complex fluids that are often encoun-
dimension of the polymer matrix beyond that of the 5-10 NMered in industrial applications, the results reported here in-
scale of the polymer radius of gyratigh5]. Thus, in a sense, gicate that additional work is warranted to fully delineate
the assumption of continuum viscoelasticity would be invali-jimjtations and possible extensions of microrheology so that

dated by the larger inhomogeneous regions, and the corrgnjs yseful method can be more broadly applied.
spondence between microrheology and macroscopic rheol-

ogy indicated by Eq(1) would no longer be assured. This
trend is apparent in the experimental observations: qualita-
tively the largest probe particle sizes studied most closely Support for this research was provided by the National
approximate the macroscopic rheological respaifsgs. 6, Science FoundatiofGrant No. CTS-0093076and Dupont.

8, and 9, while smaller particle sizes, which are perhaps notWe also thank Dr. S. W. Provencher for providing us with his
much larger than the characteristic scale of the structuratONTIN code.
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