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Translational diffusion of small and large mesoscopic probes
in hydroxypropylcellulose-water in the solutionlike regime

Kiril A. Streletzky and George D. J. Philliesa)

Department of Physics, Worcester Polytechnic Institute, Worcester, Massachusetts 01609

~Received 24 April 1997; accepted 10 November 1997!

Quasi-elastic light scattering spectroscopy was used to study the translational diffusion of
monodisperse spheres in aqueous 1 MDa hydroxypropylcellulose~HPC! at 25 °C. Probe diameters
d spanned 14–455 nm; HPC concentrations were 0<c<7g/L. Light scattering spectroscopy
consistently found spectra having the formg(1)(t)5(12Af)exp(2u tb)1Af exp(2uf t

bf). Hereu f

andb f refer to the ‘‘fast’’ mode;u andb describe the ‘‘slow’’ mode. We examine the dependence
of u, b, u f , b f , and Af on d, c, scattering vectorq, and viscosityh. b51 for large probes;
elsewise,b andb f areP(0,1). The slow mode, with short-lived memory function, is diffusive; for
large probesu'(dh)21. The fast mode, with long-lived memory function, appears coupled to
polymer chain internal dynamics. Probe behavior differs between ‘‘small’’ and ‘‘large’’ probes.
Small probes have diametersd,Rh , Rh being the chain hydrodynamic radius. Large probes have
d>Rg , Rg being the polymer radius of gyration. ©1998 American Institute of Physics.
@S0021-9606~98!50507-7#

INTRODUCTION

Polymer dynamics in non-dilute solutions remains an
important problem of macromolecular science. Several mod-
els treat polymer transport. A widely-accepted model is the
reptation/scaling picture of de Gennes1 and Doi and
Edwards.2 Reptation predictions are based on entanglement
~topological! forces and assume power law dependences of
the polymer self-diffusion coefficientDs and polymer vis-
cosityh upon polymer concentrationc and molecular weight
M .

Numerous literature reviews3–5 identify inconsistencies
between experiment and reptation/scaling predictions forDs

and h in the semidilute regionc.c* . Reptation predicts
Ds;M 22c22 andh;M3c4 for c.c* , while empirically3,5

Ds5D0 exp~2acnMg! ~1!

and

h5h0 exp~acn8Mg8!. ~2!

Here a is a scaling pre-factor, andn, n8, g, and g8 are
scaling exponents. Phillies demonstrated3 that equations 1
and 2 describe the literature very well for many polymer
solutions over a wide range of concentrations. Although the
reptation prediction for self-diffusionDs;M 22 appears to
be confirmed experimentally for polymer melts, the well-
established experimental behaviorh;M3.4 differs substan-
tially from the originally-predicted behavior.4

There are several alternatives to the reptation/scaling
model of polymer dynamics; see Refs. 3,5. The hydrody-
namic scaling model of Phillies3,5 is a successful alternative;
this model assumes that interchain hydrodynamic interac-
tions dominate entanglements and derives Eq. 1. An impor-

tant implication of the hydrodynamic scaling model is a
solutionlike–meltlike transition with increasingc. At this
transition, the phenomenological concentration and
molecular-weight dependencies ofDs andh change from a
stretched-exponential behavior~in c, M ) in more dilute so-
lution to a power-law~in M ) behavior in more concentrated
solution. The transition concentrationc1 is the concentration
above which Eq. 2 is replaced by

h5 h̄cx. ~3!

A review5 and experimental studies by Phillieset al.6,7 find
this change inh from solutionlike ~stretched-exponential!
behavior to meltlike~power-law! behavior in many though
not all systems.5,6 In most cases considered in ref. 5,Ds

follows Eq. 1 for all concentrations, includingc.c* .
The coupling model of Ngai and collaborators8,9 consid-

ers the process of relaxation in complex systems as the ‘‘co-
operative process of motions coupled together by
interactions.’’9 This model also predicts thatDs follows Eq.
1. In this model, dynamic constraints~the degree of cou-
pling! between polymer chains play an important role in re-
laxation. In dilute solutions, there is almost no coupling; the
degree of coupling increases with increasing con-
centration.8–11

There is substantial experimental support for the hydro-
dynamic scaling model~refs. 3,5–7,12,13, and 14 and refer-
ences therein!. Experimental support for the Ngai coupling
model as applied to polymers has also been reported.8–11,15,16

This paper treats the diffusion of spherical polystyrene
latex particles~PSL!, used as optical probes, in solutions of
the uncharged, semirigid, water-soluble polymer hydrox-
ypropylcellulose ~HPC! of high molecular weight. The
probes had a wide range of diameters~14 nm<d<455 nm!.
Quasi-elastic light scattering spectroscopy~QELSS! was
used to observe the motion of the dilute, strongly-scattering

a!Author to whom correspondence should be addressed; Electronic mail:
phillies@wpi.wpi.edu~Internet!.
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probes in solutions of the weakly-scattering polymer.
Previously,7,13 we inferred the self-diffusion coefficientDp

of probes from the initial slope of the QELSS spectrum
S(q,t). However, ifS(q,t) is substantially non-exponential,
the initial slope does not describe the spectrum completely.
In this paper we extend our previous studies by using direct
line shape analysis to characterize probe spectra.

Probe diffusion measurements in HPC solutions have
also been reported by Brown and Rymden,17 Yang and
Jamieson,18, Russoet al.,19–21, Bu and Russo,12 and Phillies
and Lacroix.22 Bu and Russo12 studied diffusion of 10 differ-
ent size probes in HPC of high molecular weight; their work
used smaller probes~0.5 nm<Rh<55.1 nm, whereRh is the
probe hydrodynamic radius! than we did. Studies by Phillies
et al.7,13 examined high molecular-weight HPC, but used
only one probe size. Reference 22 used four probes having
diameters similar to those studied here, but it studied only
intermediate~300 kDa! molecular-weight HPC, not the 1
MDa HPC studied here.

Viscosity measurements on HPC: water are given in
Refs. 7,12,18,21. A detailed viscosity study is reported by
Phillies and Quinlan.6 For 1 MDa HPC solution, Phillies and
Quinlan6 found that h(c) has a very sharp solutionlike–
meltlike transition atc156 g/L andh'144 cP. They also
explicitly show thath(c) is continuous and analytic through
the transition, i.e.,h(c) and ] log(h (c))/] log(c) are both
continuous atc1. At c,c1, h followed a stretched expo-
nentialh0 exp(acn ) with h050.85,a50.97 andn50.93; at
c.c1, h followed a power law, Eq. 3, withx54.33.

This paper addresses:~1! Determination of the detailed
form of the spectral line shape, which is found to have a
bimodal relaxation. The angular and concentration depen-
dencies of both modes are carefully examined.~2! Measure-
ment and analysis of spectral line shape parameters of probes
diffusing in HPC: water, in the solutionlike regime and near
the solutionlike–meltlike transition.~3! Determination of the
effect of probe size on spectral line shape.

The next section describes our apparatus. Further sec-
tions discuss line shape analysis, describe results and data
interpretation, and discuss our findings with respect to the
literature. A discussion with conclusions closes the paper.

EXPERIMENTAL METHODS

The subject of this study was hydroxypropylcellulose
~HPC!, nominal molecular weight 1 MDa, from Scientific
Polymer Products. Stock solutions of polymer concentration
7 g/L were initially prepared in water purified~resistivity
14–18 MV/cm! by Millipore Milli-RO and Milli-Q water
systems. Other solutions were prepared by serial dilution to
cover polymer concentrations of 0–7 g/L. A trace surfactant
concentration~0.2 wt. % TX-100 ~Aldrich!! was added to
prevent HPC absorption by probes. The TX-100 concentra-
tion was chosen based on Phillieset al.5

Nominal diameters of the probes were 14, 21, 38, 87,
189, and 282 nm~Interfacial Dynamics!, 67 nm ~Seradyn!,
and 455 nm~Dow Chemicals!. Trace quantities~5–10mL of
carboxylate-modified polystyrene latex spheres~PSL! per
mL of polymer solution! were used in the probe diffusion
experiments. Since latex spheres are very good scatterers,

even trace amounts of PSL are usually enough for probes to
dominate the scattering intensity. Multiple scattering by the
probes was avoided by using probe volume fractions under
0.001.

To interpret spectra, it is essential that the observed re-
laxations correspond to probe motion, not to concentration
fluctuations of the polymer or surfactant. As control experi-
ments, we compared under identical operating conditions
spectra of probes in polymer solutions and spectra of probe-
free polymer solutions. Spectra of probe-free polymer solu-
tions are far weaker than spectra of polymer solutions con-
taining probes. For probes withd>50 nm, matrix scattering
at all t is less than 1% of probe scattering. For smaller
(d,50 nm! probes at high HPC concentration, polymer scat-
tering is more substantial, but probes scatter much more light
than polymer does. For most of the probes and HPC concen-
trations, the initial amplitude of the spectrum of a probe-free
polymer solution is<1% of the spectrum of a probe:polymer
solution. For the smallest spheres~14 nm! at the highest HPC
concentration~7 g/L! the initial spectral amplitude of the
polymer solution is less than 4% of the probe:polymer spec-
tral amplitude. The amplitude ratio depends on the time
scale. The spectrum of a probe:polymer sample decays
somewhat faster than the spectrum of a probe-free polymer
sample. To confirm that polymer scattering does not influ-
ence our spectral analysis we measured probe:polymer and
probe-free polymer spectra under the same conditions~for
the smallest 14 nm spheres!, subtracted~at the field correla-
tion level! the polymer spectrum from the probe:polymer
spectrum, and used our fitting procedure to analyze the dif-
ference spectra. We found for all HPC concentrations, at the
time scales covered by this study, that the difference spec-
trum is successfully fit by exactly the same function and
parameters that we obtained by fitting the probe-polymer
mixtures without subtraction. The difference in fitting pa-
rameters before~probe:polymer spectrum! and after subtrac-
tion ~probe-free polymer spectrum subtracted from probe:
polymer spectrum! was on the order of the experimental er-
ror. Therefore polymer scattering does not influence our
probe spectra significantly.

For the smallest 14 nm spheres, in addition to comparing
probe-free polymer solutions with solution containing probes
at our standard probe concentrationx, we conducted addi-
tional control experiments using triple probe concentration
3x. At all t, the amplitude of the spectra of the probe-
concentration 3x samples was roughly 3 times higher than
the amplitude of the probe-concentrationx samples, confirm-
ing that we are monitoring probe motions. The~measurable!
polymer spectra, while not negligible on all time scales, do
not perturb our determinations of the spectral line shape for
probe systems. Our spectra thus reflect to high accuracy
probe motions in the polymer matrix.

Probe: polymer: surfactant solution samples were clari-
fied by passage through cellulose filters~Micron Separations,
pore diameters 0.22–2.0mm). The pore size was selected
using two criteria. First, the pore size must be larger than the
probe diameter so the probes pass through the filter. Second,
HPC solutions of high concentration~5–7 g/L! are very vis-
cous. To limit filtration time to 30–45 minutes, we used
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filters with pores 2–3 times larger than the probe size. Light
scattering cells were glass fluorimeter cuvettes~NSG Preci-
sion Cells, Inc!, four sides polished. Cells were thoroughly
rinsed several times with 18 MV conductivity grade water
passed through an 0.22mm filter; cells were dried by nitro-
gen clarified with an 0.2mm filter.

Quasi-elastic light scattering spectroscopy~QELSS!
studies the fluctuating light scattering intensityI (q,t) by de-
termining the intensity–intensity correlation function
S(q,t). Hereq is the magnitude of the scattering vector,

q5
4pn

l
sin

u

2
, ~4!

wheren is the index of refraction,l is the laser light wave-
length in vacuo, andu is the scattering angle.

The intensity–intensity correlationS(q,t) function for a
light scattering experiment with durationT is

S~q,t!5E
0

T

dtI~q,t !I ~q,t1t!, ~5!

wheret is a shift in time. For a linear correlator,t can be
represented as series ofk adjoining time intervals having
equal durationsdt~sample time!. Operationally, a digital
correlator counts the number of received photonsnj during
each interval of widthdt, and computes the intensity–
intensity correlation function as a summation overK5 T/dt
time intervals

S~q,t!5(
j 51

K

njnj 1k . ~6!

In our experiments, spectra were analyzed by a 264-
channel Brookhaven Instruments BI2030AT digital multitau
correlator. The multiple sample time~multitau! option of the
correlator was effectively used in our measurements to moni-
tor simultaneously fast (1 – 102msec! and slow
(104– 106msec! relaxation processes. We confirmed that the
measured spectrum had decayed down to the baseline, as
inferred from the correlator delay channels. The multitau op-
tion allows one to split the 264 real-time data channels into
four groups, each with a different sample time of value 2ldt
~where l 50 in the first bank of channels andl is integer
l i> l i 21>0 for i 52 . . . 4). Details of interpreting the nomi-
nal t, as calculated by a multitau correlator, were discussed
by Ref. 23. For each sample we made at least three measure-
ments under identical experimental conditions to ensure re-
liability of the results. Overall, we measured more than 1000
light scattering spectra.

Most measurements used a Spectra-Physics 2020-03
Ar1 laser with maximum power output of 1.5 W at 514.5
nm, coupled to a BI-200SM photometer-goniometer~Brook-
haven Instruments!. Cells were placed into a decalin-filled
index-matching vat. A Neslab RTE-110 temperature regula-
tor maintained samples at 2560.1 °C. Most of the experi-
ments were conducted at scattering angleu590°
(q52.303105 cm21). We also studied theq-dependence of
S(q,t). Rotation of the detector arm covered internal scat-
tering angles 28°<u<107°, i.e. 7.843104<q<2.613105

cm21. For latex sphere probes of diameter 21, 87, and 189

nm and solutions with concentrations 0–5 g/L~0–6 g/L for
87 nm spheres! we made angular experiments starting with
external arm angleue5105°, and decrementingue by 5°
down to 30° (45° was inaccessible!.

In some angular-dependence experiments, we illumi-
nated sample cells with a 50 mW Coherent Radiation DPSS-
532 diode-pumped frequency-doubled cw laser operating at
532 nm. In these studies, the detector was an RCA 7265
photomultiplier tube, mounted on an arm on a Model 496
Power Rotation Stage~Newport!, controlled by Model 855
Programmable Controller System~Newport!. External scat-
tering angles ranged from 10 to 90° at 5° intervals except for
40, 45, and 50°. A computer-controlled Neslab RTE-100
bath connected to a massive copper cell-holder gave a
sample temperature 2560.1 °C.

DATA ANALYSIS

We analyzed spectra by fitting them to specific func-
tional forms, as opposed to fitting to a generic form such as
Koppel’s cumulants expansion.24 This section explains how
and why we chose our forms. First, the relationship between
the measured spectrumS(q,t) and the field correlation func-
tion g(1)(q,t) is noted. The numerical process for parameter
optimization within g(1)(q,t) is considered. Second, a re-
view of the literature on probe diffusion in HPC: water con-
firms that our approach is consistent with other work. Third,
we discuss the forms that we tried. For small spheres a sum
of two stretched exponentials fits spectra well. For large
spheres, analysis of theq-dependence ofg(1)(q,t) confirmed
that a sum of a faster stretched exponential and a slower
simple exponential was the best available fitting function.

We first consider spectral analysis. The intensity–
intensity correlation functiong(2)(q,t) is related to the field-
correlation functiong(1)(q,t) via

g~2!~q,t !5S~q,t !2B5A~g~1!~q,t !!2, ~7!

whereA is the scattering amplitude andB is the baseline, the
time-independent part of the spectrum. We determinedB as
an average ofS(q,t) in 6 correlator channels located near
t5102432ldt, where l 5 l 4. We tried different forms of
g(1)(q,t) to see which one best describedg(2)(q,t). We
minimized @g(2)(q,t)2S(q,t)#2/@S(q,t)#2 using nonlinear
least squares and the simplex algorithm.25 During the fitting
process, we tried multiple initial values for parameters to
determine if the output of the simplex algorithm depended
upon the initial values. If the final fit parameters changed
insignificantly ~less than 1–2%) when the initial parameter
values were changed, we considered the fit to be stable; we
elsewise characterize the fit as ‘‘unstable.’’

Spectral line shapes for probe diffusion in HPC: water
have been determined previously. Phillieset al.7 studied
spherical probes in solutions of HPC with nominal molar
masses of 60, 100, 300 and 1000 kDa. Phillieset al.7 suc-
cessfully fittedS(q,t) using a stretched exponential field-
correlation function

g~1!~q,t !5exp~2utb!. ~8!

Hereu is the decay pseudorate andb is the stretching expo-
nent. Reference 7 found that fits ofg(1)(q,t) to Eq. 8 were
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very good for 60 and 100 kDa HPC solutions. Spectra were
nearly pure-exponential (0.85<b<1). Probes in 300 kDa
HPC showed good agreement with Eq. 8 with 0.65<b<1.
Finally, for 1 MDa HPC, Phillies,et al.7 show g(1)(q,t)
could be described by Eq. 8, but note a possible second slow
decay mode.

Brown and Rymden,17 and Mustafa and Russo19 found a
bimodal relaxation in spectra of probes in HPC. Brown and
Rymden17 used multiexponential analysis of the spectral
lineshape for probes in 800 kDa HPC. Mustafa and Russo19

used multiexponential analysis and two different Laplace in-
version methods for probes in 300 kDa HPC. Reference 17
and all three methods in Ref. 19 revealed the same result:
two relaxation modes were present in each spectrum.

Studying probe diffusion in 300 kDa HPC, Phillies and
Lacroix22 tried a form due to Nystromet al.11

g~1!~q,t !5Af exp~2u f t !1~12Af !exp~2utb!. ~9!

HereAf is the amplitude fraction of the fast mode andu f is
the decay rate of the fast mode. Phillies and Lacroix22 dis-
covered that Eq. 9 is significantly better than Eq. 8 for probes
in 300 kDa HPC atc.10g/L; the fast decay was weak
(0.01<Af<0.03), so deviations from Eq. 8 were not clearly
pronounced.

We concentrated on obtaining very accurate measure-
ments ofS(q,t) and finding an optimal functional form for
g(1)(q,t). Using the correlator multitau option, we covered
4–6 decades~all that were needed! in time and a 100 to 5000
fold decay of g(2)(q,t)/g(2)(q,0). We used a very small
sample time for the first data channel bank: 1msec for low
HPC concentrations (c<3 g/L! and small spheres (d<67
nm!, and 2 – 8msec in order to cover large delay times ad-
equately for higher concentrations and larger spheres.

We find different diffusive behaviors for probes of dif-
ferent sizes. Small spheres~diameterd,67 nm! gave an
obviously bimodal spectrum at allc. Spectra of large spheres
(d.67 nm! do not have an obvious bimodal line shape, but
are found to be bimodal in numerical analysis of each spec-
trum. Spheres of 67 nm exhibit some properties of each re-
gime. Modestly different forms ofg(1)(q,t) were adequate to
describe the spectra of large and of small probes. Our ratio-
nale for identifying these regimes follows.

For small probe diameters~14, 21, and 38 nm!, one sees
a clear bimodal relaxation at every polymer concentration
c.0 g/L studied. Figure 1 show a typical spectrum. Fits of
such spectra to Eq. 8 fail badly; rms fractional errors were
131022– 431022. We also fit spectra for small spheres to
Eq. 9. The non-exponentiality of the fast decay keeps Eq. 9
from fitting these spectra; rms fractional errors were
231023– 5.531023. Figure 1a shows an exemplary fit to
Eq. 9. At t>103msec, Eq. 9 does not fit this spectrum well.
However, this spectrum is described well by a sum of two
stretched exponentials, namely

g~1!~q,t !5Af exp~2u f tb f !1~12Af !exp~2utb!. ~10!

Here b f and u f are a stretching exponent and a relaxation
pseudorate of the fast decay. Figure 1b shows Eq. 10 fit to

S(q,t) of 14 nm probes in 3 g/L HPC. Eq. 10~solid line!
accurately describesS(q,t). Fitting parameters from the
above analysis appear in Table I.

For small spheres (d of 14, 21, and 38 nm! at all con-
centrations, Eq. 10 fits each spectrum well over its entire
decay. Rms fractional errors were in the range

FIG. 1. Typical spectrum of 14 nm diameter polystyrene latex spheres in 3
g/L HPC: water. Solid line represents a fit to the spectrum usingg(1)(q,t) in
the form of:~a! a sum of a stretched exponential and a fast pure exponential
~Eq. 9!, ~b! a sum of two stretched exponentials~Eq. 10!. Fit parameters are
in Table I.

TABLE I. Parameters from fits to a representive spectrum for small (d514
nm! PSL spheres in 3 g/L HPC: water solution, using forg(1)(q,t): ~1! a
single stretched exponential~Eq. 8!, ~2! a sum of a slow stretched exponen-
tial and a fast pure exponential~Eq. 9!, and ~3! a sum of two stretched
exponentials~Eq. 10!.

Form u b Af u f b f rms error

1 1.5531022 0.77 0 n/a n/a 2.1731022

2 0.6131022 1 0.41 4.4831022 0.50 3.1131023

3 1.0231022 0.89 0.19 1.3231022 0.57 9.1531024
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5.531024– 1.331023. The slower relaxation dominatesg(1)

wheng(2)(q,t)/g(2)(q,0)<0.04. At earlier times, the fast re-
laxation is dominant. Depending onc andd, u f /u was in the
range 1.3 to 11; the modes remain separable at smallu f /u
because the stretching parameters were very different
(0.7<b<1, 0.2<b f<0.6). The fractionAf of the fast decay
at 900 scattering was in the range 0.20–0.35. Experimental
challenges in observing 2 to 3 decades of decay of
g(2)(q,t) caused the slower decay to be overlooked previ-
ously.

Spectra of large spheres (d of 87, 189, 282, 455 nm!
lack the prominent bimodal relaxation characteristic of small
sphere spectra. However, fits of these spectra to eqs. 8 or 9
were unsatisfactory. rms fractional error for Eq.~10! was
1.531023– 431023. The stability of the fits was unsatisfac-
tory, especially at elevated concentration and largerd. The
best fits foru and other parameters, plotted againstc, were
excessively scattered. Multiangle experiments were per-
formed for 87 nm spheres in six solutions having 0<c<6
g/l, and for 189 nm spheres in five solutions having 0<c<5
g/l. Figure 2 shows theq-dependence ofu for 87 nm probes
in 4 g/L HPC solution;u corresponds to fits to eqs. 9, 10, and
11 ~below!. u from Eq. 9 shows substantial deviations from a
linear dependence onq2 and has a substantial intercept as
q2→0. u from fits to Eq. 10 has an irregular dependence on
q2. This lack of q2-behavior is unreasonable for large
spheres in dilute polymer solutions, because in such systems
one expects the slowest mode to be diffusive, i.e., linear in
q2 with u→0 asq2→0.

Becauseu from Eq. 9 lacks a clear linear dependence on
q2, and because rms fractional errors of fits to Eq. 9 are not
small, we conclude that Eq. 9 is unsatisfactory for large
probes. Fits to Eq. 10 for concentrated HPC solutions lack
stability, i.e., the outcome of the fit is sensitive to the initial
guesses of the parameters;u does not have a simple linear

dependenceq2. We conclude that Eq. 10 is also unsatisfac-
tory for large probes.

We observed, however, thatb increased with increasing
d, andb'1 at larged. Recalling that overparameterization
causes nonlinear fits to be unstable, and that the large sphere
spectra have fewer visible features than do small sphere
spectra, we therefore tried another fitting function with fewer
parameters, namely a fast stretched exponential and a slow
pure exponential

g~1!~q,t !5Af exp~2u f tb f !1~12Af !exp~2ut !. ~11!

Equation 11 gave fits with rms fractional errors
131023– 3.531023, i.e., fixingb of Eq. 10 atb51 did not
increase the fitting errors. However, fits to Eq. 11 were very
stable at allc, unlike fits with Eq. 10, in which the final fit

FIG. 3. Slow relaxation pseudorateu ~Eq. 10 for small spheres and Eq. 11
for large spheres!, as functions of:~a! Probe diameter for different polymer
concentrations; and~b! HPC concentration for small 14~z!, 21 (h), 38
(s), and 67~m! nm and large 67 (n), 87 (L), 189 (1), 282 (,), and 455
(.) nm probes. Solid lines are stretched exponentials inc with parameters
in Table II. Units ofu are (mS)2b.

FIG. 2. The slow decay pseudorateu as a functionq2, for 87 nm probes in
4 g/L HPC. Filled circles areu from Eq. 9; triangles areu from Eq. 10; open
circles areu from Eq. 11, confirming our use of Eq. 11. Units ofu are
(mS)2b.
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parameters were sensitive to the initial guesses. Furthermore,
as seen in representative data in Figure 2, unlikeu from Eq.
10, u from Eq. 11 shows diffusiveq2 behavior, as expected
for large probes at long times. For large spheres, Eq. 10 is
thus seen to overparameterizeg(1)(q,t), therefore, Eq. 11 is
the preferred form forg(1)(t).

Since Eq. 11 is simply Eq. 10 withb51 forced, one
might ask why a fit to Eq. 11 does not give precisely the
same result as a fit to Eq. 10, the fit to Eq. 10 givingb'1.
The answer is that fits of large sphere spectra to Eq. 10 do
find thatb is close to 1.0. However, increasing the number
of free parameters in the fit by floatingb, rather than forcing
b51, increases the compliance of the fitting function,
thereby increasing the errors in determining every parameter,
without improving significantly the rms errors. Excessive
compliance of the fitting function manifests itself as random
scatter in all parameters~e.g., Figure 2,u from Eq. 10!, not
just in the one ‘‘extra’’ parameter. This random scatter dis-
appears whenb51 is forced. In contrast, for small spheres,
b was needed as a free parameter. Fits of Eq. 11 to small
sphere spectra gave much worse results than fits of Eq. 10.

Intermediate~67 nm! spheres show intermediate spectral
behavior. Spheres havingd567 nm do not show the evident
bimodal relaxation that small spheres have; nor do fits of
such spectra to Eq. 11 give better results than fits to Eq. 10.
Spectra of the 67 nm spheres were analyzed using both eqs.
10 and 11.

In summary, this section described functional forms that
might describe our spectra. For small probes (d,67 nm!,
spectra are described well by Eq. 10, a sum of two stretched
exponentials. For large spheres (d.67 nm!, spectra are de-
scribed well by Eq. 11, a sum of a fast stretched exponential
and a slow pure-exponential. Spectra of the 67 nm spheres
show transitional behavior. We are not claiming that eqs. 10
or 11 necessarily follow directly from a correct physical
model; we are at this stage only claiming that eqs. 10 and 11
quantitatively parameterizeg(1)(q,t).

RESULTS

In this section we present our detailed findings. A more
generalized analysis appears in the Discussion. We deter-
minedu,b,u f ,b f andAf as described above; now we exam-
ine the concentration dependencies of these parameters. To
anticipate our results: For each probe the slow relaxation

pseudorateu has a stretched exponential dependence onc,
but u has very different concentration dependencies for small
and for large spheres.u f only depends weakly onc; u f /u
increases considerably with increasing probe size. The frac-
tion Af of the fast decay rises with increasingc over
0<c<4 g/L. At higher concentrations,Af for small spheres
has a plateau, while for very large spheres,Af decreases
abovec'4 g/L. Finally, we consider theq-dependencies of
the fitting parameters. For all probes, the slow relaxation is a
diffusive, q2-dependent mode. For large spheres, the fast re-
laxation has a more obscureq-dependence, which in some
ranges of angles is linear inq2. The fast mode of small
spheres has a clearq2-dependence atc<2 g/L, near-
q2-scaling at 2<c<4 g/L and largeq, but has no simple
q-dependence at 5 g/L.

Figures 3a and 3b and Table II giveu of the slow decay
for all probes and concentrations studied. Figure 3a reveals
how u depends ond; Figure 3b plotsu as a function ofc. u
depends strongly on both variables. From Figure 3a, depend-
ing on concentration,u falls 20 to 1000 fold with a 30 fold
increase of the probe diameter. The decrease inu with in-
creasingd is larger in more concentrated solutions. In pure
water u decreases less than 20 fold over our range ofd,
while at 7 g/Lu of the same probes decreases approximately
1000 fold with increasingd from 14 to 455 nm.Du/Dd
depends substantially ond, and at eachc is largest for inter-
mediated. For small spheres (d<38 nm!, u decreases 1.5 to
2 fold with the 2.7 fold increase ind from 14 to 38 nm. For
very large spheres (d>189 nm!, u also decreases 1.8 to 2
fold with a 2.4 fold increase ind from 189 to 455 nm. How-
ever, for intermediate size probes~38 nm,d,189 nm!, u
decreases drastically with increasingd. Depending onc, the
5 fold increase of probe diameter from 38 to 189 nm causes
u to decrease 10 to 500 fold.

From Figure 3b, there is a pronounced concentration de-
pendence ofu, but only at larged. For the 14 nm spheres,u
~Eq. 10! is constant up to 3 g/L, and perhaps increases at
c.3 g/L. u of other small (d,67 nm! spheres shows no
c-dependence. 67 nm spheres fall into a transition region
between small and larged. The c-behavior ofu or 67 nm
spheres depends on whether Eq. 10 or Eq. 11 is used to
analyzeS(q,t). For large spheres (d.67 nm!, u falls 5 to
100 fold with increasingc; the extent of the fall increases
with increasing probe size.

TABLE II. Concentration dependence ofu, parameterized asu5u0 exp(2acn) usingu from: ~1! Eq. 10 for
small spheres (d<67 nm!, and~2! Eq. 11 for large spheres (d>67 nm!.

d~nm! u0 a n rms error

14 8.9831023 29.3431022 1.0 1.5131021

21 9.4331023 9.2631023 0.97 9.4331022

38 6.4631023 1.8631022 0.98 1.0531021

67 6.4131023 0.19 1.0 2.3131021

67 4.0931023 0.34 1.0 2.4431021

87 2.7331023 0.55 1.0 1.1631021

189 9.3531024 0.74 0.95 1.5631021

282 7.0631024 0.94 0.82 9.8631022

455 5.7531024 1.13 0.77 1.0931021
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For each probe diameter, we fitu to

u5uo exp~2acn! ~12!

using non-linear least-squares.25 Here a is the scaling pre-
factor,n is the scaling exponent, andu0 is the intercept. Fits
to Eq. 12 are solid lines in Figure 3b; parameters appear in
Table II. For small spheres,u'u0. For large spheres, Eq. 12
works well. With increasing probe diameter, the interceptu0

and the scaling exponentn both decrease. For large spheres
(d>87 nm!, a increases linearly with risingd, while for
small spheres (d<38 nm! a'0. Equation 12 does not work
as well for 67 nm spheres as for other spheres.

Figures 4a–4b show representative data on the
q-dependence ofu. Figure 4a showsu from Eq. 10, for the
small 21 nm spheres at 1, 2 and 4 g/L. At each concentration,
u increases approximately 7 to 10 fold from the smallest to

the largestq. At all HPC concentrations,u shows clearly
diffusive behavior, i.e.,u;aq2 with zero intercept asq→0.
Figure 4b gives theq-dependence ofu from Eq. 11 for 189
nm spheres at HPC concentrations of 2 and 5 g/L. The
q-dependence ofu for 87 nm spheres is identical to Figure
4b. For all large spheres,u has a strong concentration depen-
dence. For both 87 and 189 nm probes,u shows clear diffu-
sive behavior (u;aq2 with no q2→0 intercept! at all HPC
concentrations.

Figure 5 gives the stretching exponentb of the slow
relaxation as a function of HPC concentration. For small
spheres,b from Eq. 10 falls with increasingc, from almost
1.0 at zero concentration to 0.7~for 14 and 38 nm probes! at
7 g/L or 0.8~for 21 nm probes at 5 g/L!. The decrease inb
with increasingc is nearly monotonic for all small probes.
For 67 nm probes,b is more scattered thanb for smaller
spheres;b decreases with risingc at c,4 g/L, but is ap-
proximately constant forc.4 g/L. Figure 6 shows exem-
plary q-dependencies ofb ~Eq. 10! for 21 nm spheres in
solutions of 1, 2 and 4 g/L.b decreases with risingc, but
decreases at most weakly with increasingq. Spectra of large
spheres haveb[1 for all c andq.

Figure 7 shows the fast decay pseudorateu f ~units
(mS)2b f) as functions ofc and d. Regardless of the probe
diameter,u f increases~Figure 7a! by not more than 50%
with increasingc. At all c, larger probes generally have a
smalleru f . Quantitatively, our probe diametersd have a 30
fold range, but the variation inu f with d is less than 12 fold.
Figure 7b shows explicitly the probe size dependence ofu f .
For small spheres (d<38 nm!, u f is practically independent
of d. On increasing the probe diameter further, from 38 to
455 nm,u f monotonically decreases by an order of magni-
tude. Aboved5150 nm,u f is nearly independent ofd.

Figure 8 gives theq-dependence ofu f . Figure 8a de-
scribes 21 nm spheres. Atc<2 g/L, u f increases 12 to 15
fold from smallest to largestq, while u f can be approximated

FIG. 4. Slow relaxation pseudorateu as a function ofq2 for probes in HPC:
water: ~a! 21 nm probes in 1 g/L (s), 2 g/L (,), and 4 g/L (d); ~b! 189
nm probes in 2 g/L (s) and 5 g/L (d). Solid lines are best linear fits. Points
~m! on Figure 4a were omitted from the fit. Units ofu are (mS)2b.

FIG. 5. Concentration dependence ofb ~Eq. 10!, for spheres of nominal
diameter 14~z!, 21 (h), 38 (s), and 67~m! nm. For large spheres, from
Eq. 11b51 ~all other symbols!.
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by two linear dependencies, namelyu f 'a0q2 at largeq, and
u f'a1q21b with small interceptb at small q; one finds
a1,a0. At largerc (2,c<4 g/L!, u f is more scattered, but
increases about 30 fold from smallest to largestq. The
q-dependence ofu f at 2,c<4 g/L is the same as its
q-dependence atc<2 g/L. The concentration dependence of
u f falls into two regimes, depending onq. At small q, u f

decreases with risingc; the slopea is nearly independent of
c. At largeq, u f is much more scattered; itsc-dependence is
unclear. At the highest concentration studied~5 g/L!, u f is
strongly scattered with no clearq-dependence.

Figures 8b and 8c give theq-dependencies ofu f ~Eq.
11! for large ~87 and 189 nm! spheres at several HPC con-
centrations.u f of the 87 and 189 nm spheres does not show
a strong c-dependence, but increases with risingq.
Specifically: First, consider the 87 nm spheres. Atc<4 g/L,
u f is scattered but increases with increasingq2. At c.4 g/L,
u f is much less scattered than atc,4 g/L. At 5 and 6 g/L,
u f shows two regimes ofq-behavior:~1! at q2<2.3310210

m22, u f rises 2 to 3 fold and followsaq21b with a small
intercept b; ~2! at q2.2.3310210 m22, u f has a near-
plateau. Second, consider the 189 nm spheres.u f is largely
independent ofc and~at smallq) of q; at largerq, u f has a
linear dependenceu f;aq21b with non-zero intercept b.

To summarize, for all probe sizes and almost every con-
centration studiedu f often showed linear dependence onq2

at some~usually low! q, sometimes with a very small slope.
The q2→0 intercept ofu f is sometimes non-zero.

Figure 9 presents the concentration dependence ofb f .
For small probes,b f is substantially scattered but falls with
increasingc, from 0.5–0.6 at 1 g/L to 0.2–0.3 at 7 g/L.b f is
more scattered atc,1 g/L than atc.1 g/L. For small
spheres: Within experimental error, larger probes have a
largerb f . For large spheres atc,1 g/L, b f ~Eq. 11! varies
substantially for probes of differentd; b f is less scattered for
c>1 g/L. b f falls from 0.75–0.87 at 1 g/L to 0.5–0.6 and

apparent saturation near the solutionlike–meltlike transition
at c1'6 g/L. At eachc, b f is consistently larger for large
spheres than small spheres. Ford.67 nm the dependence of
b f on d is weak.

Figures 10a–10b give representativeq-dependencies of
b f . For 21 nm spheres~Figure 10a!, at 1 g/L, b f'0.6 is
q-independent; at higher polymer concentrations, at smallq,
b f monotonically decreases with increasingq, while at large
q, b f is q-independent. For large 189 nm spheres~Figure
10b!, b f decreases with increasingc and increases slightly
with increasing q. For 87 nm spheres, at allc,
q-dependencies ofb f are very similar toq-dependencies of
189 nm spheres. In general, we found that theq-dependence
of b f is weaker for larger concentrations and larger probes.

Figures 11 presents thec-dependence ofAf , for small
(d,67 nm! and intermediate~67 and 87 nm! spheres~Figure
11a!, and large (d.87 nm! spheres~Figure 11b!. For small

FIG. 6. Stretching exponentb ~from Eq. 10! as a function ofq2 for 21 nm
probes in 1 g/L (s), 2 g/L (,), and 4 g/L (d) HPC solution.

FIG. 7. Fast relaxation pseudorateu f ~Eq. 10 for small spheres and Eq. 11
for large spheres! as functions of~a! HPC concentration, for small 14~z!,
21 (h), 38 (s)nm, and large 67 (n), 87 (L), 189 (1), 282 (,), and 455
(.) nm probes; and~b! probe diameter. Units ofu are (mS)2b f.
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spheres,Af ~Eq. 10! monotonically rises with increasingc,
from 0.03–0.08 at zero concentration to 0.2–0.3 at 4 g/L and
then tends to plateau at higherc. In general, smaller probes
tend to have smallerAf values. For intermediate 67 nm

spheres,Af from Eq. 10 is small (Af ,0.05) and almost
c-independent up to 4 g/L. At higherc, Af rises to 0.3–0.4.
For 67 nm probes,Af from Eq. 11 rises very quickly from
0.12 at zero concentration to 0.6 at 2 g/L. At largerc, Af is
constant with an average value of 0.65. For 87 nm probes,Af

~Eq. 11! increases almost monotonically from 0.05 at zero
concentration to 0.62 at 7 g/L. Figure 11b showsAf for large
probes.Af ~Eq. 11! increases from 0.2 to 0.5–0.6 asc rises
from 0 to 4 g/L. Above 4 g/L HPC,Af decreases to 0.2–0.33
at 7 g/L.

Figures 12 give examples of theq-dependence ofAf .
Figure 12a showsAf for 21 nm spheres;Af ~Eq. 10! de-
creases quasi-exponentially with increasingq2. At very large
q2, Af is approximately 0.2–0.25 for all concentrations stud-
ied. Figure 12b givesAf ~Eq. 11! for the 189 nm spheres. For
189 nm spheres,Af is much more scattered at small than
large c. The q-dependencies ofAf for the 87 ~not shown!
and 189 nm spheres are different at smallc, but are very
similar at largec. For 189 nm probes~Figure 12b!, in 2 g/L
HPC,Af increases about 2 fold with risingq at low q, but is
q-independent atq2.3310210 m22. At 5 g/L, Af increases
monotonically from 0.4 to 0.6 asq increases. For 87 nm
spheres~not shown!, at low c, Af is almostq-independent,
while at highc, Af increases about 1.5 fold from the smallest
to the largestq. In all systems at fixedq, Af generally in-
creases with increasingc. This behavior is shown on Figure
11 for 90° scattering. The behavior is in fact the same at all
angles, as may be seen from the Figure 12.

Figure 13 shows thec-dependence ofuh. h is from
Phillies and Quinlan.6 For small spheres (d,40 nm!, u does
not trackh21, souh increases 150 to 400 fold asc increases
from 0 to 7 g/L. For intermediate size spheres~67, 87 nm!,
uh increases 6 to 20 fold with risingc. For large spheres

FIG. 8. Fast decay pseudorateu f as a function ofq2 for small ~Eq. 10! and
large~Eq. 11! probes.~a! 21 nm spheres in 1 g/L (s), 2 g/L (,), and 4 g/L
(d) HPC: water~solid and dashed lines represent linear fits for high and
low q respectively!; ~b! 87 nm spheres in 2 g/L (s), 5 g/L (d), and 6 g/L
(,) HPC: water;~c! 189 nm spheres in 2 g/L (s) and 5 g/L (d) HPC:
water ~solid lines represent linear fits for high q!. Units of u are (mS)2b f.

FIG. 9. Stretching exponentb f , as a function of concentration, for small
spheres of nominal diameter 14~z!, 21 (h), 38 (s), and 67~m! nm, using
Eq. 10, and large probes of nominal diameter 67 (n), 87 (L), 189 (1),
282 (,), and 455 (.) nm, using Eq. 11. Dashed lines are drawn to guide
the eye.
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(d.100 nm!, uh is almost constant, but fluctuates within 2
fold of its average value.

From Figure 3,u follows Eq. 12, a stretched exponential
in c. Figure 14 gives the scaling pre-factora of Eq. 12 as a
function of probe diameter. Ford<67 nm, a increases 50
fold with increasingd. Ford.67 nm,a increases only 10 to
15 fold asd increases from 87 to 455 nm. For large probes,
one findsa;Ad ~solid line, Figure 14!. The dashed line is
the viscosity pre-factoran'0.97 fromh5h0 exp(anc

n) for
h of 1 MDa HPC.6 Overall, a increases with increasingd,
saturating at larged to a'an .

DISCUSSION

Our spectra uniformly fit to

g~1!~ t !5~12Af !exp~2utb!1Af exp~2u f tb f !. ~13!

b has a strong probe size dependence, being'1 for large
probes and,1 for smaller probes. One underlying function,
Eq. 13, thus fits all spectra; for large spheres, the constraint
b51 improved the stability of the fitting process without
reducing the accuracy of the fit.

Our analysis decomposes spectra of polystyrene sphere
probes into two modes, a fast stretched-exponential mode
and a slower exponential or stretched-exponential mode. It
should be emphasized that our interpretation of the modes as
stretched exponentials is phenomenological. A group of ex-
ponential modes whose sum approximates a stretched-
exponential decay cannot, within the limits of our experi-
mental method, be distinguished from a single stretched-
exponential mode. Our remarks on the properties of single
modes may therefore actually be statements about the aggre-

FIG. 10. Stretching exponentb f of the fast relaxation from Eq. 10~small
spheres! and from Eq. 11~large spheres! for: ~a! 21 nm probes in 1 g/L (s),
2 g/L (,), and 4 g/L (d) HPC: water;~b! 189 nm probes in 2 g/L (s) and
5 g/L (d) HPC: water.

FIG. 11. Amplitude fraction parameterAf of the fast mode~Eq. 10 for small
spheres (d<67 nm! and Eq. 11 for large spheres (d>67 nm!! as a function
of HPC concentration for:~a! small 14~z!, 21 (h), 38 (s), and 67~m!
nm, and intermediate 67 (n), 87 (L)nm; ~b! very large 189 (1), 282 (,),
and 455 (.) nm probes.
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gate behavior of a group of modes. However, sums of two
pure exponentials do not fit our spectra. A single stretched-
exponential mode may be a stretched exponential or an ag-
gregate of pure exponentials, but is observably not a single
pure exponential.

Our results may be divided naturally into three regimes,
namely those for small (d,40 nm!, intermediate~67 and 87
nm!, and large (d.100 nm! probes. In each regime we ob-
serve a fast and a slow decay mode. By ‘‘slow’’ and ‘‘fast’’
we refer to relative values ofu andu f , which usually differ
by 5 to 100 fold in our units. In some cases~small spheres!
in which u f /u is only 1.1–3.0,b andb f are very different,
namelyb50.7– 1.0 andb f50.2– 0.6, so the modes are still
readily separated.

In our results here,b andb f are both in the range~0, 1!.
For large spheres,b'1.0; for small spheres,b falls with

increasing concentration, but is nearly independent ofq2.
The exponentb f is consistently less thanb. For all sphere
sizes, b f falls with increasing concentration. For large
spheres,b f is independent ofq2. For small spheres,b f falls
within increasingq2, especially at smallq2.

For a monodisperse suspension of spherical probes in a
simple solvent, the field correlation function is exp(2Dq2t),
which is analogous to Eq. 13 ifb51 and if one identifies
u5Dq2. In our systems, decay modes were often stretched
rather than simple exponentials, soDq2 andu fundamentally

FIG. 12. Amplitude fraction parameterAf of the fast mode from Eq. 10
~small spheres! and from Eq. 11~large spheres! as a function ofq2 for: ~a!
21 nm probes in 1 g/L (s), 2 g/L (,), and 4 g/L (d) HPC: water;~b! 189
nm spheres in 2 g/L (s) and 5g/L (d) HPC: water.

FIG. 13. Concentration dependence of the product of slow relaxation pseu-
dorateu and solution viscosityh for small 14~z!, 21 (h), 38 (s), 67 ~m!
nm, and large 67 (n), 87 (L), 189 (1), 282 (,), and 455 (.) nm probes.
u is from Eq. 10 for small spheres and Eq. 11 for large spheres.h is from
Ref. 6.

FIG. 14. Scaling pre-factora from the fits to Eq. 12 as a function of probe
diameterd. A solid line of slope 1/2 is displayed for reference. Dashed line
representsan50.97 forh of 1 MDa HPC~Ref. 6!.
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differ: Dq2 is a true decay rate, with unitst21, while u is a
pseudorate whose units are nott21. Nonethelessu andu f are
still analogous toDq2.

Turning first to the slow mode,u shows behavior con-
sistent with diffusive probe motion, especially for large
probes. In particular, for all probesu5aq2 and u→0 as
q2→0, these behaviors being signatures for a diffusive pro-
cess. Furthermore,b51 for the large probes, so for large
~but not small! probesu is a true decay rate. For simple
Stokes-Einstein diffusion,D, the solution viscosityh, and
the probe diameterd are correlated viaD;(dh)21. As seen
in Figure 13, for large probes,uh is constant to within a
factor of two or three, so thatD;(dh)21, as expected for
Stokes-Einsteinian diffusion. However, for small probes,uh
increases by up to 400 fold with increasingc. u depends on
concentration via a stretched exponential exp(2acn). For
small probes,n'1; for large probesn declines substantially
with increasingd.

The scaling pre-factora from the concentration depen-
dence ofu ~Eq. 12! depends ond, as seen in Figure 14. If the
slow mode was diffusive,a would be independent ofd and
would coincide with the viscosity pre-factoran . For very
large spheres, values ofa are close to 1, but there is still
some deviation ofu from Stokes-Einsteinian behavior. Be-
cause the precision of thea determination is not extremely
high, a would not be expected in real data to be exactly
equal toan .

u f lacks the properties expected of diffusive rate con-
stants.u f depends on scattering vector asaq21b. In some
cases, the interceptbÞ0; in other cases, the dependence of
u f on q2 is only piecewise, so thatu f has one linear depen-
dence onq2 at smallq2, and a different linear dependence at
large q2. u f does depend on probed, but not in a simple
way: u f is nearly independent ofd for small (,40 nm! and
for large (.100 nm! probes, but changes by roughly 10 fold
between these size regimes. Finally, in contrast tou, u f in
general increases weakly withc; u f therefore does not track
h21.

The fractional amplitudeAf of the fast mode depends
strongly on both polymer concentration and sphere size. In
the limit of low c and 90° scattering,Af is very close to zero.
Af increases with increasingc, to '0.3 for small spheres,
and to'0.6 for intermediate size spheres. For large spheres,
Af reaches a peak value of 0.6 forc'4 g/L; at largerc, Af

decreases again. Theq2 dependence ofAf is not strongly
dependent onc, but depends on probed. For small spheres,
Af decreases sharply with increasingq2 (Af→1 asq→0),
while for intermediate and large spheresAf is nearly inde-
pendent ofq2 or increases modestly with increasingq2.

We propose that the slow and fast modes may be inter-
preted as probe diffusion through a non-simple medium, and
as probe motion coupled to internal chain modes, respec-
tively. We further propose that the probe-polymer coupling
in each modes is qualitatively different for small and large
spheres. The fundamental length separating ‘‘small’’ and
‘‘large’’ probes is the size of a polymer chain.

We first summarize evidence that the slow mode reflects
diffusion. Note in particular the diffusiveq2 dependence of
u, and for large probes the simple-exponential relaxation

exp(2ut1) with u;(dh)21. For smaller probes,u no longer
depends simply onh or d. However, the slow mode of
smaller probes appears to represent the continuous extension
to smallerd of the slow mode of larger probes; note in par-
ticular thatu;aq2 and at largerq, Af→0 asc→0 for all
probe sizes.

Russoet al.12 have studied probe diffusion using probes
of different size, most of their probes being smaller than
ours. Russoet al. found thatDh increased with increasingc,
but thatDh was nearly constant~i.e., was closest to Stokes-
Einsteinian behavior! for the largest probes that they exam-
ined. We observe a fast as well as a slow relaxation,~perhaps
because our experimental method is more sensitive to short
times!, but our results onu extend their findings to larger
probes. Asd increases from Russoet al.’s largest probes to
our larger probes,Dh reaches ac-independent constant, pre-
cisely as Russoet al.12 proposed on the basis of assumed
diffusive behavior.

Our argument that the fast mode reflects coupling to
chain modes is indirect. The fast mode has properties ex-
pected, according to the Ngai coupling model,8,9 for chain
internal motions. In terms of Ngai’s model, here the indi-
vidual diffusing units are polymer chains or segments, and
the interactions between individual units are chain–chain or
segment–segment interactions. These interactions increase in
strength with increasingc. The Ngai model correctly indi-
cates that the relaxation function of the fast mode is a
stretched exponential in time, and correctly predicts that the
coupling parameterb f declines with increasingc. Further-
more, the decay constantu f increases weakly withc, but
only depends substantially ond within a small-to-large probe
transition regime. A mode whose dynamics were primarily
determined by the motion of chains, and in which the probes
were so-to-speak passive bystanders awaiting motion by the
chains, could readily have these properties.u f would be en-
hanced by repulsive excluded-volume contacts between
chain segments, so it could increase with increasingc. How-
ever, au f that was determined by chain-chain motions could
be substantially independent ofd, the small-to-large probe
transition ofu f appearing because all small probes sample
the same local chain modes, while large probes also see
whole-chain modes. Thec-dependence ofAf is also consis-
tent with the polymer-coupling interpretation ofu, because
internal chain motions ought to be more effectively coupled
when there are more chains.

A significant difficulty with interpreting the fast mode as
arising from internal chain motions is the lack of a mecha-
nism to couple chain motion—as opposed to the presence of
nearby chains—to probe motion or the scattering spectrum.
At the simple coupled-diffusion level, one may write for two
interacting species A and B

dcA

dt
5DAA¹2cA1DAB¹2cB ~14!

dcB

dt
5DBA¹2cA1DBB¹2cB . ~15!

HerecA andcB are the position- and time-dependent concen-
trations of the two species, whileDAA and DBB are their
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diffusion coefficients;DAB and DBA are cross-diffusion co-
efficients. As first shown by one of us,26 the light scattering
spectrum of such a system in general has two modes, the
relaxation rate of each mode being determined by all four
Di j . Similar results for special cases have since been re-
ported, e.g., by Jones.27

Even if only one species scatters any light, both modes
are visible in the scattering spectrum.26 However, if the scat-
tering species is also dilute, then as first shown in Refs.
27,28 one spectral mode disappears. The spectrum contains a
single mode reflecting single-particle diffusion of the scatter-
ers through an unseen background. Our scatterers are highly
dilute, but two modes still appear, a result that does not
follow from eqs. 14 and 15. An explanation for our observa-
tions is that polymer motions couple to probe diffusion via a
frequency dependent effective viscosity as discussed by
Wang.29 Wang, however, emphasizes that the mechanism he
envisaged is not effective if the volume of mixing of the
macro-components is small, as appears likely in our system.

Slow and fast modes may also be described qualitatively
within the framework of the Mori-Zwanzig30 memory-
function formalism, in which the relaxation of a variableA
may be written

dA

dt
5 iVA2E

0

s

dsK~ t2s!A~s!1 f ~s!. ~16!

We are in an equilibrium system with time-reversal symme-
try, so the frequency functionV always vanishes. HereK is
the memory function forA, and f is the random force.K is
also the time correlation function off . In a simple diffusive
process,K is a delta function in time and̂A(t)A(0)& decays
exponentially int.

For all probes,g(1)(t) is the sum of a slow and a fast
mode. For large probes, the slow mode is decaying exponen-
tially for times as small as a fewmsec. An exponential decay
corresponds to a delta-function memory; we are obliged to
infer for large probes that the slow mode memory function
decays near-instantaneously (,a few msec! to zero. In con-
trast, for large probes the fast mode has a non-exponential
decay, so the fast-mode memory function must persist over
the time scales on which we make observations. Observe the
sharp contrast between the modes and their memory func-
tions; for large probes and largec the slow mode persists to
10 fold longer times than the fast mode, but the slow-mode
memory function is conclusively shown by our data to have
a much shorter correlation time than the fast-mode memory
function has.

For small probes, both modes have stretched-exponential
decays, withb.b f in each system. The slow decay is closer
to a pure-exponential than is the fast decay. We therefore
infer that, for small as well as large probes,K(t2s) for the
slow decay is shorter-lived thanK(t2s) for the fast decay.

While the slow mode of small spheres appears to be the
continuous extension to smallerd of the slow mode of large
probes, there are several prominent differences between the
small and large probe behaviors. For large spheres,u has a
strong stretched-exponential dependence onc, while b51;
in contrast, for small spheres,u has almost noc-dependence,
while b falls from 1.0 to 0.7 with increasingc. Furthermore,

uh for large probes is substantially independent ofc, while
for small probesuh increases sharply withc.

There are also differences between the fast modes of
small and large probes. For small spheresu f is an order of
magnitude larger thanu f of large spheres. Furthermore,u f

has a far strongerq dependence for small than for large
spheres, and perhaps is'0 for small spheres at lowq2.
While Af of larger spheres increases only weakly withq, Af

of small spheres has a very strongq dependence. For small
spheres, the fast mode is clearly dominant for motion over
large distances~small q), and is less important over small
distances~large q); indeed, our data is consistent withAf

→1 asq→0. For small spheres, the dominance of the fast
mode at large distances~small q) increases with risingc,
while at small distances~large q) the influence of the fast
decay is practically the same at allc.

Finally, the average size of our HPC chains follows from
Yang and Jamieson,18 who used static and quasi-elastic light
scattering to determineRg and ^Rh

21&21 for HPC samples
having 110<Mw<850 kDa. Extrapolating their results to
our Mw , we infer that our 1 MDa polymer had 2Rg'210
nm and 2̂Rh

21&21'110 nm. The transition from small- to
large-sphere behavior in our data clearly does not begin for
probe diametersd below 40 nm, and has substantially com-
pleted at probe diameters ca. 100 nm. Our small-to-large
transition in probe phenomenology begins asd approaches
Rh of the chains, consistent with the fundamental importance
of hydrodynamic interactions in probe diffusion. The transi-
tion process is substantially complete ford.Rg . The funda-
mental length scale for these systems is thus seen to be es-
tablished by the size of an entire polymer chain.
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