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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. Phillies®
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 agueous 1 MDa hydroxypropylcellgHB€) at 25 °C. Probe diameters

d spanned 14-455 nm; HPC concentrations werec&7g/L. Light scattering spectroscopy
consistently found spectra having the fogft)(t) = (1— A;)exp(— 6t°)+A; exp(~ 6; t?). Here 6;
and B; refer to the “fast” mode;f and B8 describe the “slow” mode. We examine the dependence
of 6, B, 6;, Bs, andA; on d, c, scattering vector, and viscosityn. 8=1 for large probes;
elsewise 8 and B are € (0,1). The slow mode, with short-lived memory function, is diffusive; for
large probesg~(d») 1. 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 diametals<R,,, R;, being the chain hydrodynamic radius. Large probes have
d=Ry, Ry being the polymer radius of gyration. @998 American Institute of Physics.
[S0021-96068)50507-1

INTRODUCTION tant implication of the hydrodynamic scaling model is a
solutionlike—meltlike transition with increasing. At this

im ;?;ﬂ?e:og?/engr?)f;;Zron;r;]ggufsr Zz!ztr:?:gs Srgn;?gsmigtransition, the phenomenological concentration and
'mp P u : - OV molecular-weight dependencies bDf and » change from a

els treat polymer transport. A widely-accepted model is thestretched-exponential behavi6n c, M) in more dilute so-

reptatlon/scallng. plcture. qf de Genhesnd Doi and lution to a power-law(in M) behavior in more concentrated
Edwards® Reptation predictions are based on entanglemeni

. olution. The transition concentratiaf is the concentration
(topologica) forces and assume power law dependences o bove which Eq. 2 is replaced by
the polymer self-diffusion coefficiendg and polymer vis-
cosity » upon polymer concentratiamand molecular weight n:%x_ 3)
M.

Numerous literature reviews identify inconsistencies A review? and experimental studies by Phillies al®7 find
between experiment and reptation/scaling prediction®for  this change inn from solutionlike (stretched-exponential
and 7 in the semidilute regiorc>c*. Reptation predicts pehavior to meltlike(power-law behavior in many though
Ds~M~2c2 and »~M?3c* for c>c*, while empiricall’®> ot all system&® In most cases considered in ref. By

D.=D, exg —ac’M?) (1) follows Eq. 1 for all concentrati_ons, including>c*. _

The coupling model of Ngai and collaboratbtsonsid-

and ers the process of relaxation in complex systems as the “co-
@) operative pgrocess of motions coupled together by

interactions.” This model also predicts th& follows Eq.
Here a is a scaling pre-factor, and, »', y, and y’ are 1. In this model, dynamic constraintthe degree of cou-
scaling exponents. Phillies demonstrdtédat equations 1 pling) between polymer chains play an important role in re-
and 2 describe the literature very well for many polymer|axation. In dilute solutions, there is almost no coupling; the
solutions over a wide range of concentrations. Although thelegree of coupling increases with increasing con-
reptation prediction for self-diffusio®~M ~2 appears to centratiorf 2!

7= 1o explac’ M),

be confirmed experimentally for polymer melts, the well-  There is substantial experimental support for the hydro-
established experimental behavigr-M3# differs substan- dynamic scaling modefefs. 3,5-7,12,13, and 14 and refer-
tially from the originally-predicted behavidr. ences therein Experimental support for the Ngai coupling

There are several alternatives to the reptation/scalingnodel as applied to polymers has also been repSrted>16
model of polymer dynamics; see Refs. 3,5. The hydrody-  This paper treats the diffusion of spherical polystyrene
namic scaling model of Philli€s is a successful alternative; |atex particles(PSL), used as optical probes, in solutions of
this model assumes that interchain hydrodynamic interacthe uncharged, semirigid, water-soluble polymer hydrox-
tions dominate entanglements and derives Eq. 1. An imporypropylcellulose (HPC) of high molecular weight. The
probes had a wide range of diametétd nm<d=<455 nn).

3Author to whom correspondence should be addressed; Electronic maifQuasi-elastic  light Scatt?ring spect_roscotQELSS was
phillies@wpi.wpi.edu(Internej. used to observe the motion of the dilute, strongly-scattering
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probes in solutions of the weakly-scattering polymer.even trace amounts of PSL are usually enough for probes to
Previously”*® we inferred the self-diffusion coefficier?,  dominate the scattering intensity. Multiple scattering by the
of probes from the initial slope of the QELSS spectrumprobes was avoided by using probe volume fractions under
S(qg,t). However, ifS(q,t) is substantially non-exponential, 0.001.
the initial slope does not describe the spectrum completely. To interpret spectra, it is essential that the observed re-
In this paper we extend our previous studies by using direckaxations correspond to probe motion, not to concentration
line shape analysis to characterize probe spectra. fluctuations of the polymer or surfactant. As control experi-
Probe diffusion measurements in HPC solutions havenents, we compared under identical operating conditions
also been reported by Brown and Rymdényang and spectra of probes in polymer solutions and spectra of probe-
Jamiesort?, Russoet al,'*~* Bu and Russd? and Phillies  free polymer solutions. Spectra of probe-free polymer solu-
and Lacroix? Bu and RussY studied diffusion of 10 differ-  tions are far weaker than spectra of polymer solutions con-
ent size probes in HPC of high molecular weight; their worktaining probes. For probes witte=50 nm, matrix scattering
used smaller probe®.5 nm<R;,=<55.1 nm, wherdR, isthe  at all t is less than 1% of probe scattering. For smaller
probe hydrodynamic radiushan we did. Studies by Phillies (d<50 nm) probes at high HPC concentration, polymer scat-
et al”*® examined high molecular-weight HPC, but usedtering is more substantial, but probes scatter much more light
only one probe size. Reference 22 used four probes havingian polymer does. For most of the probes and HPC concen-
diameters similar to those studied here, but it studied onlyrations, the initial amplitude of the spectrum of a probe-free
intermediate(300 kD3 molecular-weight HPC, not the 1 polymer solution is<1% of the spectrum of a probe:polymer
MDa HPC studied here. solution. For the smallest spher@st nm at the highest HPC
Viscosity measurements on HPC: water are given inconcentration(7 g/L) the initial spectral amplitude of the
Refs. 7,12,18,21. A detailed viscosity study is reported byholymer solution is less than 4% of the probe:polymer spec-
Phillies and Quinlafi.For 1 MDa HPC solution, Phillies and trg] amplitude. The amplitude ratio depends on the time
Quinlar? found that »(c) has a very sharp solutionlike— scale. The spectrum of a probe:polymer sample decays
meltlike transition at™ =6 g/L and 7~144 cP. They also somewhat faster than the spectrum of a probe-free polymer
explicitly show thatz(c) is continuous and analytic through sample. To confirm that polymer scattering does not influ-
the transition, i.e.,n(c) and d log(z(c))/dlog(c) are both  ence our spectral analysis we measured probe:polymer and
continuous ac”. At c<c”, # followed a stretched expo- prope-free polymer spectra under the same conditiéors
nential 7, exp(ac”) with 7,=0.85,4=0.97 andv=0.93; at  the smallest 14 nm sphejesubtractedat the field correla-
c>c”, 7 followed a power law, Eq. 3, witk=4.33.  {jon leve) the polymer spectrum from the probe:polymer
This paper addressett) Determination of the detailed spectrum, and used our fitting procedure to analyze the dif-
form of the spectral line shape, which is found to have &erence spectra. We found for all HPC concentrations, at the
b|mOQaI relaxation. The angular and concentration depengme scales covered by this study, that the difference spec-
dencies of both modes are carefully examin@i.Measure-  ym is successfully fit by exactly the same function and
ment and analysis of spectral line shape parameters of probggrameters that we obtained by fitting the probe-polymer
diffusing in HPC: water, in the solutionlike regime and near miyyres without subtraction. The difference in fitting pa-
the solutionlike—meltlike transition3) Determination of the 3 meters beforéprobe:polymer spectrurand after subtrac-
effect of probe size on spectral line shape. tion (probe-free polymer spectrum subtracted from probe:

~ The next section describes our apparatus. Further segi,ymer spectrumwas on the order of the experimental er-
tions discuss line shape analysis, describe results and datg Therefore polymer scattering does not influence our
interpretation, and discuss our findings with respect to th%robe spectra significantly.

literature. A discussion with conclusions closes the paper. For the smallest 14 nm spheres, in addition to comparing

probe-free polymer solutions with solution containing probes
at our standard probe concentratisnwe conducted addi-
The subject of this study was hydroxypropylcellulosetional control experiments using triple probe concentration
(HPC), nominal molecular weight 1 MDa, from Scientific 3x. At all t, the amplitude of the spectra of the probe-
Polymer Products. Stock solutions of polymer concentratiorconcentration  samples was roughly 3 times higher than
7 g/L were initially prepared in water purifietesistivity  the amplitude of the probe-concentratiosamples, confirm-
14-18 M)/cm) by Millipore Milli-RO and Milli-Q water  ing that we are monitoring probe motions. Timeeasurable
systems. Other solutions were prepared by serial dilution t@olymer spectra, while not negligible on all time scales, do
cover polymer concentrations of 0—7 g/L. A trace surfactannot perturb our determinations of the spectral line shape for
concentration(0.2 wt. % TX-100 (Aldrich)) was added to probe systems. Our spectra thus reflect to high accuracy
prevent HPC absorption by probes. The TX-100 concentraprobe motions in the polymer matrix.
tion was chosen based on Philliesal® Probe: polymer: surfactant solution samples were clari-
Nominal diameters of the probes were 14, 21, 38, 87fied by passage through cellulose filtékdicron Separations,
189, and 282 nnfinterfacial Dynamicg 67 nm (Seradym, pore diameters 0.22—-2.m). The pore size was selected
and 455 nm(Dow Chemicals Trace quantitie$5—10uL of using two criteria. First, the pore size must be larger than the
carboxylate-modified polystyrene latex sphe&SL) per probe diameter so the probes pass through the filter. Second,
mL of polymer solution were used in the probe diffusion HPC solutions of high concentratidb—7 g/L) are very vis-
experiments. Since latex spheres are very good scatterexpus. To limit filtration time to 30—45 minutes, we used

EXPERIMENTAL METHODS
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filters with pores 2—3 times larger than the probe size. Lighhm and solutions with concentrations 0-5 @0-6 g/L for
scattering cells were glass fluorimeter cuvettd§$G Preci- 87 nm spheréswe made angular experiments starting with
sion Cells, Ing, four sides polished. Cells were thoroughly external arm angled.=105°, and decrementing, by 5°
rinsed several times with 18 8 conductivity grade water down to 30° (45° was inaccessilple
passed through an 0.22m filter; cells were dried by nitro- In some angular-dependence experiments, we illumi-
gen clarified with an 0.2um filter. nated sample cells with a 50 mW Coherent Radiation DPSS-
Quasi-elastic light scattering spectroscof@QELSS 532 diode-pumped frequency-doubled cw laser operating at
studies the fluctuating light scattering intenditg,t) by de- 532 nm. In these studies, the detector was an RCA 7265
termining the intensity—intensity correlation function photomultiplier tube, mounted on an arm on a Model 496
S(q,7). Hereq is the magnitude of the scattering vector, Power Rotation Stag&Newpor), controlled by Model 855
Programmable Controller Systethewpor). External scat-
q= @sinf, (4  tering angles ranged from 10 to 90° at 5° intervals except for
A 2 40, 45, and 50°. A computer-controlled Neslab RTE-100
bath connected to a massive copper cell-holder gave a

wheren is the index of refraction) is the laser light wave-
sample temperature 29.1 °C.

lengthin vacuqg and# is the scattering angle.
The intensity—intensity correlatio®(q, 7) function for a

light scattering experiment with duratiohis DATA ANALYSIS
T We analyzed spectra by fitting them to specific func-
S(q,r)=f dtl(q.t)I(q,t+7), (5)  tional forms, as opposed to fitting to a generic form such as
0

Koppel's cumulants expansidf.This section explains how

represented as series kfadjoining time intervals having the melasured_ spectrug{q,t) and the field correlation func-
equal durationsdr(sample timg Operationally, a digital tion g(a.t) |s.n<.3ted.1The numerical process for parameter
correlator counts the number of received photapsiuring ~ OPtimization within g(q,1) is considered. Second, a re-
each interval of widthsr, and computes the intensity— View of the literature on probe diffusion in HPC: water con-
intensity correlation function as a summation oter T/&7 firms that our approach is consistent with other work. Third,
time intervals we discuss the forms that we tried. For small spheres a sum
of two stretched exponentials fits spectra well. For large
spheres, analysis of tiedependence aj*)(q,t) confirmed

S(q'T):jZl NjNj 4k (6) that a sum of a faster stretched exponential and a slower

simple exponential was the best available fitting function.

In our experiments, spectra were analyzed by a 264- We first consider spectral analysis. The intensity—
channel Brookhaven Instruments BI2030AT digital multitau intensity correlation functiog(®(q,t) is related to the field-
correlator. The multiple sample tin{enultitau) option of the  correlation functiong®(q,t) via
correlator was effectively used in our measurements to moni- _ Ca Are(D) 2
tor simultaneously fast (1-%@se9 and slow g7(a,)=S(q.t) -B=A(g"(a.1))", @)
(10°~1CPuseq relaxation processes. We confirmed that thewhereA is the scattering amplitude amis the baseline, the
measured spectrum had decayed down to the baseline, time-independent part of the spectrum. We determiBexk
inferred from the correlator delay channels. The multitau opan average ofS(q,t) in 6 correlator channels located near
tion allows one to split the 264 real-time data channels inta¢=1024x 2'5t, where | =1,. We tried different forms of
four groups, each with a different sample time of vallié2  g(*)(qg,t) to see which one best describef?)(q,t). We
(wherel=0 in the first bank of channels arldis integer  minimized [g®(q,t) —S(q,t)1%/[S(q,t)]? using nonlinear
li=1;_,=0fori=2...4). Details of interpreting the nomi- least squares and the simplex algoritfhDuring the fitting
nal 7, as calculated by a multitau correlator, were discussegrocess, we tried multiple initial values for parameters to
by Ref. 23. For each sample we made at least three measurgetermine if the output of the simplex algorithm depended
ments under identical experimental conditions to ensure redpon the initial values. If the final fit parameters changed
liability of the results. Overall, we measured more than 1000nsignificantly (less than 1-2%) when the initial parameter
light scattering spectra. values were changed, we considered the fit to be stable; we

Most measurements used a Spectra-Physics 2020-Q83sewise characterize the fit as “unstable.”

Ar" laser with maximum power output of 1.5 W at 514.5 Spectral line shapes for probe diffusion in HPC: water
nm, coupled to a BI-200SM photometer-goniomé®@rok-  have been determined previously. Philliesal.” studied
haven Instrumenjs Cells were placed into a decalin-filled spherical probes in solutions of HPC with nominal molar
index-matching vat. A Neslab RTE-110 temperature regulamasses of 60, 100, 300 and 1000 kDa. Philk¢sl.” suc-
tor maintained samples at 2®.1 °C. Most of the experi- cessfully fittedS(q,t) using a stretched exponential field-
ments were conducted at scattering angl=90° correlation function

— —1 H
(Sq—2.30>< 105' cm™ ). We also studied thq-depgndence of g (q.t) = expl — 6tF). ®)

(g, 7). Rotation of the detector arm covered internal scat-
tering angles 28%6<107°, i.e. 7.8X10°<q=<2.61x10° Here 6 is the decay pseudorate afds the stretching expo-
cm . For latex sphere probes of diameter 21, 87, and 18%ent. Reference 7 found that fits gf*)(q,t) to Eq. 8 were

K
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very good for 60 and 100 kDa HPC solutions. Spectra wert R I I
nearly pure-exponential (0.858<1). Probes in 300 kDa
HPC showed good agreement with Eq. 8 with GG5<1.
Finally, for 1 MDa HPC, Phillies,et al.” show g¥(q,t)
could be described by Eq. 8, but note a possible second slo
decay mode.

Brown and Rymden! and Mustafa and RusStfound a
bimodal relaxation in spectra of probes in HPC. Brown anc
Rymdert’ used multiexponential analysis of the spectral
lineshape for probes in 800 kDa HPC. Mustafa and Riisso
used multiexponential analysis and two different Laplace in-
version methods for probes in 300 kDa HPC. Reference 1
and all three methods in Ref. 19 revealed the same resul
two relaxation modes were present in each spectrum.

Studying probe diffusion in 300 kDa HPC, Phillies and
Lacroix? tried a form due to Nystroret al !

Ll

Ll

a®(q,)/9%(4,0)

ool

Ll

10 ¢ Lol Lol Lol Lol Lol

197! 1 10 102 19° 19 °
(a) t(usec)
gP(a,t)=A; exp(— 6¢t) +(1-Apexp(— otF). (9

T T T T T T T T T T T T T T T T T

Here A; is the amplitude fraction of the fast mode a@dis

the decay rate of the fast mode. Phillies and Lacfodis-
covered that Eq. 9 is significantly better than Eq. 8 for probe:
in 300 kDa HPC atc>10g/L; the fast decay was weak 19
(0.01=A;=<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®(q,t). Using the correlator multitau option, we covered
4—6 decadeg@ll that were neededn time and a 100 to 5000 .
fold decay ofg®(q,t)/g®(q,0). We used a very small 1o-
sample time for the first data channel banku4ec for low
HPC concentrationscs3 g/L) and small spheresd& 67
nm), and 2—8usec in order to cover large delay times ad-
equately for higher concentrations and larger spheres. L e R T N - L I TR

We find different diffusive behaviors for probes of dif- () t(usec)

ferent sizes. Small Sphere{d'ameterd<67 nm gave an FIG. 1. Typical spectrum of 14 nm diameter polystyrene latex spheres in 3

obviously bimodal spectrum at all Spectra of large spheres g/ Hpc: water. Solid line represents a fit to the spectrum ugiiga, t) in

(d>67 nm do not have an obvious bimodal line shape, butthe form of:(a) a sum of a stretched exponential and a fast pure exponential
are found to be bimodal in numerical analysis of each specd: 9. (b) a sum of two stretched exponentié. 10. Fit parameters are
trum. Spheres of 67 nm exhibit some properties of each rel 122 !

gime. Modestly different forms af(*)(q,t) were adequate to
describe the spectra of large and of small probes. Our rat|oé(q,t) of 14 nm probes in 3 g/L HPC. Eq. 1@olid line

nale for identifying these regimes follows. ; o
For small probe diametefd4, 21, and 38 nim one sees accurately de_:scrlbe§(q_,t). Fitting parameters from the
above analysis appear in Table I.

I i | rel [ [ i
a clear bimodal relaxation at every polymer concentration For small spheresd( of 14, 21, and 38 ninat all con-

¢>0 g/L studied. Figure .1 ShOW_ a typical ;pectrum Fits 0fcentratlons, Eq. 10 fits each spectrum well over its entire
such spectra to Eq. 8 fail badly; rms fractional errors were

1x1072-4x10"2. We also fit spectra for small spheres to decay. Rms fractional errors were in the range
Eg. 9. The non-exponentiality of the fast decay keeps Eq. 9

from jlttmg theie SpeCtra; rms fractional errors _WereTABLE I. Parameters from fits to a representive spectrum for snaa1(4
2x107%-5.5<10 3. Figure la shows an exemplary fit to nm) PSL spheres in 3 g/L HPC: water solution, using §8P(q.,t): (1) a
Eq. 9. Att=1C%usec, Eq. 9 does not fit this spectrum well. single stretched exponentidiq. 8, (2) a sum of a slow stretched exponen-
However, this spectrum is described well by a sum of twatial and a fast pure exponentidEq. 9, and (3) a sum of two stretched
stretched exponentials, namely exponential{Eq. 10.

Lol

Ll

9?(a,t)/9'%(q,0)

Lol

Ll
Lol

()

Form 0 B A¢ O¢ B rms error
g (q,t)=As exp(— 6;tP1) + (1— Ap)exp(— 6tF). (10)

1 1551002 0.77 O n/a na 217102
_ _ 2 061x10% 1 041 4.4%102 050 3.1x10°
Here B; and 6; are a stretching exponent and a relaxation 3 19x102 089 019 1.3%102 057 91510°*

pseudorate of the fast decay. Figure 1b shows Eq. 10 fit te
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' dependencel?. We conclude that Eq. 10 is also unsatisfac-
0.005 1 tory for large probes.
We observed, however, thatincreased with increasing
d, andB~1 at larged. Recalling that overparameterization
Y causes nonlinear fits to be unstable, and that the large sphere
. spectra have fewer visible features than do small sphere
0.002 1 s ] spectra, we therefore tried another fitting function with fewer
parameters, namely a fast stretched exponential and a slow
® pure exponential
{ ° gV(q,t)=As exp(— 6; tA) +(1—Apexp — 6t). (11
0.001 . ] Equation 11 gave fits with rms fractional errors
X 1x10 3-3.5x10 3, i.e., fixing B of Eq. 10 at3=1 did not
* increase the fitting errors. However, fits to Eq. 11 were very
. @ stable at allc, unlike fits with Eqg. 10, in which the final fit
] A
0.000 ‘ ‘ i
0 200 400 600 800 . SR
ER S
9 (um=2) 102F & g E
FIG. 2. The slow decay pseudorates a functiorg?, for 87 nm probes in ! g
4 g/L HPC. Filled circles ar@ from Eqg. 9; triangles aré from Eq. 10; open 3+ *
circles aref from Eq. 11, confirming our use of Eq. 11. Units éfare 2r t 3
(w97~ 10-3 ¢ I s, E
5 "y ° cu) 1
5.5X 10 “-1.3x10 3. The slower relaxation dominatgs® ® e c (/L) " L7
wheng®(q,t)/g®(qg,0)<0.04. At earlier times, the fast re- e T 2. vy
laxation is dominant. Depending @nandd, 6;/6 was in the e . s o]
range 1.3 to 11; the modes remain separable at sthal 2k . % o . v
because the stretching parameters were very differen 10-5 F + 375 . * ‘;
(0.7<B<1, 0.2< 3;=<0.6). The fractiom of the fast decay -l "
at 9¢ scattering was in the range 0.20—0.35. Experimenta 3 e« 6 "
challenges in observing 2 to 3 decades of decay of ’ =
g®(q,t) caused the slower decay to be overlooked previ- G 7 s s 557 102 2 3 405
ously. (a) d(nm)
Spectra of large spheresl (of 87, 189, 282, 455 nin
lack the prominent bimodal relaxation characteristic of small 1071

sphere spectra. However, fits of these spectra to egs. 8 or
were unsatisfactory. rms fractional error for E4.0) was
1.5x10 3-4x 10 3. The stability of the fits was unsatisfac-
tory, especially at elevated concentration and ladyeThe
best fits foré and other parameters, plotted agaiostvere
excessively scattered. Multiangle experiments were per
formed for 87 nm spheres in six solutions having ©<6
g/l, and for 189 nm spheres in five solutions having®<5
g/l. Figure 2 shows thg-dependence of for 87 nm probes
in 4 g/L HPC solution;p corresponds to fits to egs. 9, 10, and
11 (below). # from Eq. 9 shows substantial deviations from a
linear dependence og? and has a substantial intercept as
q2—0. ¢ from fits to Eq. 10 has an irregular dependence on
q?. This lack of g2-behavior is unreasonable for large
spheres in dilute polymer solutions, because in such systerr
one expects the slowest mode to be diffusive, i.e., linear ir 10-6 Lovorovrn 4
g2 with 6—0 asg?—0. s 7B Cfg/L)
Becausel from Eq. 9 lacks a clear linear dependence on
qz, and because rms fractional errors of fits to Eq. 9 are nofIG. 3. Slow relaxation pseudorafe(Eq. 10 for small spheres and Eq. 11
small, we conclude that Eq. 9 is unsatisfactory for |argefor large sphere)sas functions of(a) Pro'be diameter for different polymer
. . concentrations; an¢b) HPC concentration for small 1é4X), 21 (1), 38
prob'e.s. Elts to Eq. 10 for conceqtrgted HPC solutlon's.lgc 0). and 67(A) nm and large 674), 87 (O ), 189 (+), 282 (), and 455
stability, i.e., the outcome of the fit is sensitive to the initial (w) nm probes. Solid lines are stretched exponentiats with parameters
guesses of the parametesdoes not have a simple linear in Table II. Units of§ are (uS) .

!

. MR
3 4 5 6 7 8
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TABLE II. Concentration dependence 6f parameterized a8= 6, exp(—ac”) using 6 from: (1) Eq. 10 for
small spheresd<67 nm), and(2) Eq. 11 for large spheresi&67 nm).

d(nm) [ a v rms error
14 8.98x1073 —9.34x1072 1.0 1.51x107*
21 9.43<1072 9.26x1072 0.97 9.4%107?
38 6.46<10°3 1.86x10°2 0.98 1.05¢10°*
67 6.41x 103 0.19 1.0 2.3K10°?
67 4,09 1072 0.34 1.0 2.4%10°*
87 2.73x10°3 0.55 1.0 1.16&10°1
189 9.35x10™* 0.74 0.95 1.5610°*
282 7.06<10™4 0.94 0.82 9.8610°2
455 5.75¢10°4 1.13 0.77 1.0%10°*

parameters were sensitive to the initial guesses. Furthermorpseudorated has a stretched exponential dependence,on
as seen in representative data in Figure 2, urfifeom Eq.  but 0 has very different concentration dependencies for small
10, 6 from Eq. 11 shows diffusive® behavior, as expected and for large spheresi; only depends weakly ow; 6;/6
for large probes at long times. For large spheres, Eq. 10 ifhcreases considerably with increasing probe size. The frac-
thus seen to overparameterige’(q,t), therefore, Eq. 11is tion A; of the fast decay rises with increasing over
the preferred form fog®)(t). 0=c=4 g/L. At higher concentrationg; for small spheres
Since Eq. 11 is simply Eq. 10 witjp=1 forced, one has a plateau, while for very large spherés, decreases
might ask why a fit to Eq. 11 does not give precisely theahovec~4 g/L. Finally, we consider thg-dependencies of
same result as a fit to Eq. 10, the fit to Eq. 10 givBg 1.  the fitting parameters. For all probes, the slow relaxation is a
The answer is that fits of large sphere spectra to Eq. 10 dgjffusive, g?-dependent mode. For large spheres, the fast re-
find that 8 is close to 1.0. However, increasing the number|gyation has a more obscutedependence, which in some
of free parameters in the fit by floatimg) rather than forcing ranges of angles is linear ig?. The fast mode of small
B=1, increases the compliance of the fitting l‘unction,spheres has a cleag’dependence at<2 g/L, near-
thereby increasing the errors in determining every parametef2_ scaling at 2<c<4 g/L and largeq, but has no simple
without improving significantly the rms errors. Excessive g-dependence at 5 glL.
compliance of the fitting function manifests itself as random Figures 3a and 3b and Table Il giveof the slow decay

scatter in all parametere.g., Figure 2/ from Eq. 10, not ¢4 a1 probes and concentrations studied. Figure 3a reveals
just in the one “extra” parameter. This random scatter d's'how 6 depends oml: Figure 3b plotsd as a function of.

appears whe=1 is forced. In contrast, for small spheres, epends strongly on both variables. From Figure 3a, depend-

B was needed as a free parameter. Fits of Eq_. 1110 Smy g on concentrationd falls 20 to 1000 fold with a 30 fold
sphere spectra gave much worse results than fits of Eq. 10

. . . increase of the probe diameter. The decreasé with in-
Intermediatg67 nm spheres show intermediate spectral P

: . . creasingd is larger in more concentrated solutions. In pure
behavior. Spheres haviry=67 nm do not show the evident 9 9 b

bimodal relaxation that small spheres have; nor do fits 0¥vater 6 decreases less than 20 fold over our rangalof
such spectra to Eq. 11 give better results than fits to Eq. 1 hile at 7 /L. ¢ of the same probes decreases approximately

. 000 fold with increasingd from 14 to 455 nm.A6/Ad
Spectra of the 67 nm spheres were analyzed using both eag. d b iall d Cis | for i
10 and 11. épends substantially ah and at eacle is largest for inter-

In summary, this section described functional forms thatrz‘n ?gﬁmhig; S;?p;g?ﬁéfi(;?’z ?Qﬁeliet%r%agsﬁrsnl';:sotf

might describe our spectra. For small probes<@67 nm),
spectra are described well by Eq. 10, a sum of two stretche}ﬁery large spherest=189 nm), ¢ also decreases 1.8 to 2

exponentials. For large spheresX67 nm), spectra are de- old W:cth a f‘4 folg-lr;cregse i ftr)om 189 t(()j4<5158gm. HO;V'
scribed well by Eq. 11, a sum of a fast stretched exponentiaefver’ or intermediate size pro &8 nm= : nm,

and a slow pure-exponential. Spectra of the 67 nm spheré%ecre"’_Ises drastically W|th_|ncrea5|ngepend|ng ore, the
show transitional behavior. We are not claiming that egs. 10 fold increase of probe diameter from 38 to 189 nm causes
or 11 necessarily follow directly from a correct physical 9 to decrease 10 to 500 fold.

model; we are at this stage only claiming that egs. 10 and 11 rom Figure 3b, there is a pronounced concentration de-
quantitatively parameterizg®™(q,t). pendence of), but only at larged. For the 14 nm spheres,

(Eg. 10 is constant up to 3 g/L, and perhaps increases at
c>3 g/L. 0 of other small <67 nm) spheres shows no
c-dependence. 67 nm spheres fall into a transition region
In this section we present our detailed findings. A morebetween small and large. The c-behavior of @ or 67 nm
generalized analysis appears in the Discussion. We detespheres depends on whether Eq. 10 or Eqg. 11 is used to
mined 9, 8, 6; , B; andA; as described above; now we exam- analyzeS(q,t). For large spheresd&67 nm), 6 falls 5 to
ine the concentration dependencies of these parameters. T60 fold with increasing; the extent of the fall increases
anticipate our results: For each probe the slow relaxationvith increasing probe size.

RESULTS
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For each probe diameter, we #itto
0= 60, exp— ac”) (12

using non-linear least-squar&sHere « is the scaling pre-
factor, v is the scaling exponent, arfj is the intercept. Fits
to Eqg. 12 are solid lines in Figure 3b; parameters appear i
Table Il. For small sphereg~ 6,. For large spheres, Eq. 12
works well. With increasing probe diameter, the intercépt
and the scaling exponemtboth decrease. For large spheres
(d=87 nm), « increases linearly with risingl, while for
small spheresd<38 nm a~0. Equation 12 does not work
as well for 67 nm spheres as for other spheres.

Figures 4a-4b show
g-dependence of. Figure 4a show® from Eq. 10, for the

small 21 nm spheres at 1, 2 and 4 g/L. At each concentration,
0 increases approximately 7 to 10 fold from the smallest to

0.015

0.010

®
0.005
0.000 :
200 400 600 800
@) 9?(pm=2)
0.0003 : :
0.0002 1
®
0.0001 1
0.0000
200 400 600 800
(b) 92(um=2)

FIG. 4. Slow relaxation pseudorafieas a function ofj? for probes in HPC:
water: (a) 21 nm probes in 1 g/L®), 2 g/L (V), and 4 g/L @); (b) 189
nm probesin 2 g/LQ) and 5 g/L @). Solid lines are best linear fits. Points
(A) on Figure 4a were omitted from the fit. Units 6fare (uS) 4.

representative data on the
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FIG. 5. Concentration dependence @f(Eq. 10, for spheres of nominal
diameter 140%), 21 (), 38 (O), and 67(A) nm. For large spheres, from
Eq. 118=1 (all other symbols

the largestq. At all HPC concentrations¢ shows clearly
diffusive behavior, i.e.f~ag? with zero intercept ag—0.
Figure 4b gives the-dependence of from Eq. 11 for 189
nm spheres at HPC concentrations of 2 and 5 g/L. The
g-dependence of for 87 nm spheres is identical to Figure
4b. For all large sphereg,has a strong concentration depen-
dence. For both 87 and 189 nm prob@shows clear diffu-
sive behavior §~ag? with no q>—0 intercep} at all HPC
concentrations.

Figure 5 gives the stretching exponegtof the slow
relaxation as a function of HPC concentration. For small
spheresB from Eq. 10 falls with increasing, from almost
1.0 at zero concentration to O(for 14 and 38 nm probest
7 g/L or 0.8(for 21 nm probes at 5 gjL. The decrease i
with increasingc is nearly monotonic for all small probes.
For 67 nm probesp is more scattered thag for smaller
spheres;B decreases with rising at c<4 g/L, but is ap-
proximately constant foc>4 g/L. Figure 6 shows exem-
plary g-dependencies oB (Eq. 10 for 21 nm spheres in
solutions of 1, 2 and 4 g/LB3 decreases with rising, but
decreases at most weakly with increasingspectra of large
spheres hav@g=1 for all c andq.

Figure 7 shows the fast decay pseudorate (units
(uS)~#1) as functions ofc andd. Regardless of the probe
diameter, 6; increases(Figure 7a by not more than 50%
with increasingc. At all ¢, larger probes generally have a
smaller§; . Quantitatively, our probe diametetishave a 30
fold range, but the variation ifl; with d is less than 12 fold.
Figure 7b shows explicitly the probe size dependence; of
For small spheresd<38 nm), #; is practically independent
of d. On increasing the probe diameter further, from 38 to
455 nm, #; monotonically decreases by an order of magni-
tude. Aboved=150 nm, ¢; is nearly independent af.

Figure 8 gives they-dependence ob;. Figure 8a de-
scribes 21 nm spheres. At<2 d/L, 6; increases 12 to 15
fold from smallest to largest, while 6; can be approximated



2982 J. Chem. Phys., Vol. 108, No. 7, 15 February 1998 K. A. Streletzky and G. D. J. Phillies

1.0 T ‘ . , 1071 ¢ . .
. R og o o . o b 1
v ®o 0 o o o o © 3
'ZZzZvvzzvVVvvv i_ & Z ° @ ]
e LN R : 4 ° o a o .
0.8 * 7 o * o i
b # a
10-2F & § o & ° @ & .
L a v
0.6 b s ¢ + + " + o
\o}} C;)_ : $ v v ¥ M v $
3 v . v v v
2
0.4 .
10-3 F 7
5 :
0.2 1 . T
Ml
.
0.0 L 1 L 10-4 . L L L
0 200 400 600 800 0 2 40N 6 8
q2(pm-2) @) c(g/L)
WO_" F L T
FIG. 6. Stretching exponen (from Eq. 10 as a function ofy? for 21 nm [
probes in 1 g/L ©), 2 g/L (V), and 4 g/L @) HPC solution. f; [ I : .
o v F
b L]
2 | B + °
by two linear dependencies, namely~a,q? at largeq, and o2l ot 5 2 |
0;~a,q°+b with small interceptb at smallq; one finds F s . 1
a;<ag. At largerc (2<c=<4 g/L), 6; is more scattered, but s| . r
increases about 30 fold from smallest to larggstThe ® 4 s % .
g-dependence off; at 2<c<4 g/L is the same as its 21 # #
g-dependence at<2 g/L. The concentration dependence of L G
0; falls into two regimes, depending an At small q, 6; 1073 o 05 % +
decreases with rising; the slopea is nearly independent of N
c. At largeq, ¢; is much more scattered; itsdependence is MR
unclear. At the highest concentration studi&dg/L), 6; is 2 28
strongly scattered with no clegrdependence. . 7
Figures 8b and 8c give the-dependencies of; (Eq. 10t e ]
11) for large (87 and 189 nmspheres at several HPC con- o d(an)O

centrations g of the 87 and 189 nm spheres does not show
e i ol b ncims oo % oo o
Spemﬁcally: First, (?on5|der the. 87. nm spherescﬁm oL, 201 (g)g,e3§p(0)nm, and large 674), 87 (¢), 189 (+), 282 V), and 455
0y is scattered but increases with increasifgAt c>4 glL, (¥) nm probes; andb) probe diameter. Units of are (.S)~ A",
0: is much less scattered thanat 4 g/L. At 5 and 6 g/L,
6; shows two regimes aj-behavior:(1) at q?<2.3x10 %0
m~2, ¢ rises 2 to 3 fold and followsg®+b with a small  apparent saturation near the solutionlike—meltlike transition
interceptb; (2) at q>>2.3x10 1° m 2, ¢; has a near- atc™~6 g/L. At eachc, B; is consistently larger for large
plateau. Second, consider the 189 nm sphetess largely  spheres than small spheres. Hor67 nm the dependence of
independent ot and(at smallq) of q; at largerq, 6; hasa B; ond is weak.
linear dependencé;~aq?+b with non-zero intercept b. Figures 10a—10b give representatiyalependencies of
To summarize, for all probe sizes and almost every congB;. For 21 nm spheregFigure 103, at 1 g/L, B;~0.6 is
centration studied); often showed linear dependence@h  g-independent; at higher polymer concentrations, at sgalll
at some(usually low) g, sometimes with a very small slope. B; monotonically decreases with increasipgwhile at large
The g0 intercept ofé; is sometimes non-zero. g, B¢ is g-independent. For large 189 nm sphe(Egure
Figure 9 presents the concentration dependencg;of 10b), B; decreases with increasirgand increases slightly
For small probesp; is substantially scattered but falls with with increasing q. For 87 nm spheres, at alk,
increasingc, from 0.5-0.6 at 1 g/Lto 0.2-0.3 at 7 g/B;is  g-dependencies gB; are very similar tog-dependencies of
more scattered at<1l g/L than atc>1 g/L. For small 189 nm spheres. In general, we found thatdhgependence
spheres: Within experimental error, larger probes have af B; is weaker for larger concentrations and larger probes.
larger B; . For large spheres at<1 g/L, B¢ (Eq. 1)) varies Figures 11 presents thedependence of\;, for small
substantially for probes of differedt B; is less scattered for (d<<67 nm) and intermediaté67 and 87 nmspheregFigure
c=1 g/L. B; falls from 0.75-0.87 at 1 g/L to 0.5-0.6 and 113, and large >87 nm spheregFigure 11bh. For small
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Eq. 10, and large probes of nominal diameter 8v) (87 (<), 189 (+),
282 (V), and 455 ¥) nm, using Eq. 11. Dashed lines are drawn to guide
the eye.

spheres A; from Eq. 10 is small A; <0.05) and almost
c-independent up to 4 g/L. At higher, A; rises to 0.3-0.4.
For 67 nm probesA; from Eq. 11 rises very quickly from
0.12 at zero concentration to 0.6 at 2 g/L. At largef; is
constant with an average value of 0.65. For 87 nm probes,
(Eg. 1)) increases almost monotonically from 0.05 at zero
concentration to 0.62 at 7 g/L. Figure 11b shodor large
probes.A; (Eq. 11 increases from 0.2 to 0.5-0.6 agises
from 0 to 4 g/L. Above 4 g/L HPCA; decreases to 0.2—-0.33
at 7 g/L.

Figures 12 give examples of trgpdependence oA;.
Figure 12a show#\; for 21 nm spheresA; (Eq. 10 de-
creases quasi-exponentially with increasiffg At very large
g2, A; is approximately 0.2—0.25 for all concentrations stud-
ied. Figure 12b gived; (Eq. 11 for the 189 nm spheres. For
189 nm spheresd; is much more scattered at small than
large c. The g-dependencies of; for the 87 (not shown
and 189 nm spheres are different at sn@llbut are very
similar at largec. For 189 nm probe&-igure 120, in 2 g/L
HPC, A; increases about 2 fold with risirggat low q, but is
g-independent af?>3x10"1°m~2. At 5 g/L, A; increases
monotonically from 0.4 to 0.6 ag increases. For 87 nm
spheregnot shown, at low c, A; is almostg-independent,
while at highc, A; increases about 1.5 fold from the smallest

(®) HPC: water(solid and dashed lines represent linear fits for high and{q the largesy. In all systems at fixed), A; generally in-

low g respectively, (b) 87 nm spheres in 2 g/L{d), 5 g/L (@), and 6 g/L
(V) HPC: water;(c) 189 nm spheres in 2 g/Lg) and 5 g/L @) HPC:
water (solid lines represent linear fits for high.dJnits of 6 are (uS) ~#r.

spheresA; (Eg. 10 monotonically rises with increasing,

creases with increasing 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 the-dependence ofiyn. 7 is from
Phillies and Quinlaf.For small spheresd<40 nm), 6 does

from 0.03—0.08 at zero concentration to 0.2—0.3 at 4 g/L andhot trackz 1, so 87 increases 150 to 400 fold asncreases
then tends to plateau at higherIn general, smaller probes from 0 to 7 g/L. For intermediate size sphek€é3, 87 nm,
tend to have smalleA; values. For intermediate 67 nm 6% increases 6 to 20 fold with rising. For large spheres
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FIG. 10. Stretching exponem; of the fast relaxation from Eq. 1@&mall FIG. 11. Amplitude fraction parametdy; of the fast mod€Eq. 10 for small

spheresand from Eq. 1Xlarge spheredor: (a) 21 nm probes in 1 g/L®), spheres <67 nm and Eg. 11 for large sphered# 67 nm) as a function

2g/L (V),and 4 g/L @) HPC: watery(b) 189 nm probes in 2 g/L®) and of HPC concentration for(a) small 14 (%), 21 (d), 38 (O), and 67(A)

5 g/L (@) HPC: water. nm, and intermediate 67Y), 87 (¢ )nm; (b) very large 189 ¢), 282 (V),
and 455 ¥) nm probes.

(d>100 nm, A7 is almost constant, but fluctuates within 2

fold of its average value. B has a strong probe size dependence, be#igfor large
From Figure 3¢ follows Eq. 12, a stretched exponential propes and< 1 for smaller probes. One underlying function,

in c. Figure 14 gives the scaling pre-facterof Eq. 12 asa gq, 13, thus fits all spectra; for large spheres, the constraint

function of probe diameter. Fat<67 nm, a increases 50 =1 improved the stability of the fitting process without

fold with increasingd. Ford>67 nm,« increases only 10 to reducing the accuracy of the fit.

15 fold asd increases from 87 to 455 nm. For large probes, our analysis decomposes spectra of polystyrene sphere

one findsa~/d (solid line, Figure 1% The dashed line is probes into two modes, a fast stretched-exponential mode

the viscosity pre-factorr,~0.97 from = 77, exp(e,c’) for  and a slower exponential or stretched-exponential mode. It

n of 1 MDa HPC? Overall, « increases with increasing,  should be emphasized that our interpretation of the modes as

saturating at largel to a~a,,. stretched exponentials is phenomenological. A group of ex-
ponential modes whose sum approximates a stretched-
DISCUSSION 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
gP(t)=(1—Apexp — 0tP)+ As exp( — 6;tP1). (13 modes may therefore actually be statements about the aggre-

Our spectra uniformly fit to
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0.6 o increasing concentration, but is nearly independentjof
. * .. . v, T'he exponeniB; is co.n5|sten.tly less thag. F'or all sphere
<C * .. sizes, By falls with increasing concentration. For large
e 2
il . . . o o sphgre_s,/.%f is |_nder2)endent _oq . For sma2II sphereg3; falls
° o ° . within increasingq”, especially at smal“.
oo For a monodisperse suspension of spherical probes in a
o o simple solvent, the field correlation function is exfoqt),
R which is analogous to Eq. 13 =1 and if one identifies
#=Dg?. In our systems, decay modes were often stretched
rather than simple exponentials, Bg? and ¢ fundamentally
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FIG. 12. Amplitude fraction parametek; of the fast mode from Eq. 10
(small spheresand from Eq. 11(large sphergsas a function ofy? for: (a)
21 nm probes in 1 g/L®), 2 g/L (V), and 4 g/L @) HPC: water;(b) 189
nm spheres in 2 g/LQ) and 5g/L @) HPC: water.
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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-

101

gregate of pure exponentials, but is observably not a single

pure exponential.

Our results may be divided naturally into three regimes,

namely those for smalld<<40 nm), intermediatg67 and 87
nm), and large >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 af and 6;, which usually differ
by 5 to 100 fold in our units. In some casgsnall spheres
in which 6:/6 is only 1.1-3.0,8 and B; are very different,
namely3=0.7-1.0 and3;=0.2—-0.6, so the modes are still
readily separated.

In our results here@ and B; are both in the rangé, 1).
For large spheres3~1.0; for small spheres3 falls with
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FIG. 14. Scaling pre-factat 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
representsy,=0.97 for  of 1 MDa HPC(REef. 6).
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differ: Dg? is a true decay rate, with units*, while 6 is a exp(— 6tY) with 6~ (d#) . For smaller probes) no longer
pseudorate whose units are not. Nonetheles® and ¢; are depends simply ony or d. However, the slow mode of
still analogous tdg?. smaller probes appears to represent the continuous extension

Turning first to the slow mode shows behavior con- to smallerd of the slow mode of larger probes; note in par-
sistent with diffusive probe motion, espeC|aIIy for large ticular that0~aq and at largemq, A; —0 asc—0 for all
probes In particular, for all probe8=ag® and §—0 as probe sizes.
g°—0, these behaviors being signatures for a diffusive pro-  Russoet al*? have studied probe diffusion using probes
cess. Furthermorgg=1 for the large probes, so for large of different size, most of their probes being smaller than
(but not small probesé is a true decay rate. For simple ours. Russet al.found thatD 7 increased with increasing
Stokes-Einstein diffusionD, the solution viscosityp, and  but thatD 5 was nearly constarit.e., was closest to Stokes-
the probe diametet are correlated vi®~ (d») 1. As seen  Einsteinian behaviorfor the largest probes that they exam-
in Figure 13, for large probes)n is constant to within a ined. We observe a fast as well as a slow relaxatipecthaps
factor of two or three, so thdd~(d#) !, as expected for because our experimental method is more sensitive to short
Stokes-Einsteinian diffusion. However, for small prob&g, times, but our results ord extend their findings to larger
increases by up to 400 fold with increasingd depends on probes. Asd increases from Russet al.'s largest probes to
concentration via a stretched exponential ex@€”). For  our larger probed) » reaches &-independent constant, pre-
small probesp~1; for large probes declines substantially cisely as Russet al? proposed on the basis of assumed
with increasingd. diffusive behavior.

The scaling pre-factoer from the concentration depen- Our argument that the fast mode reflects coupling to
dence off (Eqg. 12 depends oml, as seen in Figure 14. If the chain modes is indirect. The fast mode has properties ex-
slow mode was diffusiveq would be independent af and  pected, according to the Ngai coupling moti&lfor chain
would coincide with the viscosity pre-factar,. For very internal motions. In terms of Ngai's model, here the indi-
large spheres, values of are close to 1, but there is still vidual diffusing units are polymer chains or segments, and
some deviation oy from Stokes-Einsteinian behavior. Be- the interactions between individual units are chain—chain or
cause the precision of the determination is not extremely segment—segment interactions. These interactions increase in
high, @ would not be expected in real data to be exactlystrength with increasing. The Ngai model correctly indi-
equal toa, . cates that the relaxation function of the fast mode is a

0; lacks the properties expected of diffusive rate con-stretched exponential in time, and correctly predicts that the
stants.d; depends on scattering vector ag*+b. In some  coupling parameteB; declines with increasing. Further-
cases, the intercefit0; in other cases, the dependence ofmore, the decay constam increases weakly witte, but
6; on g is only piecewise, so thal; has one linear depen- only depends substantially @hwithin a small-to-large probe
dence org? at smallg?, and a different linear dependence at transition regime. A mode whose dynamics were primarily
large g2. 6; does depend on prob# but not in a simple determined by the motion of chains, and in which the probes
way: 6; is nearly independent af for small (<40 nm and  were so-to-speak passive bystanders awaiting motion by the
for large (>100 nm probes, but changes by roughly 10 fold chains, could readily have these propertigswould be en-
between these size regimes. Finally, in contrasbt@; in  hanced by repulsive excluded-volume contacts between
general increases weakly with 6; therefore does not track chain segments, so it could increase with increasingow-

7 L ever, af; that was determined by chain-chain motions could
The fractional amplituded; of the fast mode depends be substantially independent df the small-to-large probe
strongly on both polymer concentration and sphere size. Iffansition of ; appearing because all small probes sample
the limit of low ¢ and 90° scattering; is very close to zero. the same local chain modes, while large probes also see

A; increases with increasing, to ~0.3 for small spheres, Whole-chain modes. The-dependence oA is also consis-
and to~0.6 for intermediate size spheres. For large spheredent with the polymer-coupling interpretation éf because

A reaches a peak value of 0.6 for4 g/L; at largerc, A,  internal chain motions ought to be more effectively coupled
decreases again. Th dependence of\; is not strongly ~When there are more chains.

dependent om, but depends on prob& For small spheres, A significant difficulty with interpreting the fast mode as
A, decreases sharply with increasigd (A; —1 asq—0), arising from internal chain motions is the lack of a mecha-
while for intermediate and large spheras is nearly inde- ~ NiSm to couple chain motion—as opposed to the presence of
pendent ofg? or increases modestly with increasigg nearby chains—to probe motion or the scattering spectrum.

We propose that the slow and fast modes may be interAt the simple coupled-diffusion level, one may write for two
preted as probe diffusion through a non-simple medium, andtéracting species A and B
as probe motion coupled to internal chain modes, respec- dea
tively. We further propose that the probe-polymer coupling
) i oo . dt
in each modes is qualitatively different for small and large
spheres. The fundamental length separating “small” and dcg
“large” probes is the size of a polymer chain. rTan DgaVZca+DggV2cs. (15

We first summarize evidence that the slow mode reflects
diffusion. Note in particular the diffusivg® dependence of Herec, andcg are the position- and time-dependent concen-
0, and for large probes the simple-exponential relaxatiortrations of the two species, whilB,, and Dgg are their

=DpaV2ca+DagVicy (14
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diffusion coefficientsD g and D, are cross-diffusion co- @# for large probes is substantially independentpfvhile
efficients. As first shown by one of @&the light scattering for small probesd increases sharply with.
spectrum of such a system in general has two modes, the There are also differences between the fast modes of
relaxation rate of each mode being determined by all fousmall and large probes. For small sphefgss an order of
Djj . Similar results for special cases have since been remagnitude larger tham; of large spheres. Furthermore;
ported, e.g., by Jonés. has a far strongeq dependence for small than for large
Even if only one species scatters any light, both modespheres, and perhaps 80 for small spheres at lovg?.
are visible in the scattering spectridfiHowever, if the scat-  While A; of larger spheres increases only weakly withA;
tering species is also dilute, then as first shown in Refsof small spheres has a very strogglependence. For small
27,28 one spectral mode disappears. The spectrum containspheres, the fast mode is clearly dominant for motion over
single mode reflecting single-particle diffusion of the scatterdarge distancegsmall q), and is less important over small
ers through an unseen background. Our scatterers are hightljstances(large q); indeed, our data is consistent wik
dilute, but two modes still appear, a result that does not-1 asq—0. For small spheres, the dominance of the fast
follow from eqgs. 14 and 15. An explanation for our observa-mode at large distancegsmall q) increases with rising:,
tions is that polymer motions couple to probe diffusion via awhile at small distanceflarge q) the influence of the fast
frequency dependent effective viscosity as discussed bgecay is practically the same at all
Wang?® Wang, however, emphasizes that the mechanism he Finally, the average size of our HPC chains follows from
envisaged is not effective if the volume of mixing of the Yang and Jamiesoff,who used static and quasi-elastic light
macro-components is small, as appears likely in our systenscattering to determin®, and(Rlel for HPC samples
Slow and fast modes may also be described qualitativeljraving 116=M,, <850 kDa. Extrapolating their results to
within the framework of the Mori-Zwanziy memory- our M,,, we infer that our 1 MDa polymer hadrRg~210
function formalism, in which the relaxation of a variabe  nm and ZR;, ') "*~110 nm. The transition from small- to

may be written large-sphere behavior in our data clearly does not begin for
dA < probe diameterd below 40 nm, and has substantially com-
_:iQA_f dsK(t—s)A(s)+f(s). (16)  pleted at probe diameters ca. 100 nm. Our small-to-large
dt 0 transition in probe phenomenology beginsdaspproaches

We are in an equilibrium system with time-reversal symme-Rh of the chaing, (_:onsiste_nt Wi_th the fund_am(_ental importan(_:e
try, so the frequency functiof always vanishes. Hei¢ is qf hydrodyna_mlc mteragtlons in probe diffusion. The transi-
the memory function foA, andf is the random forceK is tian process Is substantially complete mTPRg' The funda-

also the time correlation function df In a simple diffusive mental length scale for these systems is thus seen to be es-

processK is a delta function in time angA(t)A(0)) decays tablished by the size of an entire polymer chain.
exponentially int.
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