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ABSTRACT: Previously reported (Brown, W.; Zhou, P. Macromolecules 1989, 22, 4031; Zhou, P.; Brown,
W. Macromolecules 1989, 22, 890) experimental studies of diffusion in polyisobutylene (PIB)-CHCI; are
reconsidered, comparing diffusion coefficients D, and D, of silica spheres and random-coil polymers in
PIB-CHCl; solutions. In solutions of low-molecular-mass matrix polymers, D,/D,y, is virtually independent
of matrix concentration c; a rapidly-relaxing matrix is equally effective at retarding polymer chains and rigid
gpheres. On the other hand, in solutions of high-M polymers, with increasing ¢ Dy, falls far more rapidly than
D,; large-M chains are far more effective at retarding chains than at retarding spheres of the same size. These
results are consistent with the hydrodynamic scaling model but are inconsistent with models that grant to
polymer chains an additional diffusive mode inaccessible to rigid spheres. D, in PIB-CHCI, follows accurately

the universal scaling equation D,/D, = exp{-a(cM")").

I. Introduction

The elucidation of the nature of chain dynamics in non-
dilute polymer solutions remains a major problem of
physical chemistry. It was at one time widely believed
that tube-type pictures—de Gennes’ reptation model! and
the Doi-Edwards? treatment—gave a qualitatively ade-
quate picture of polymer dynamics, as witnessed by
apparent observation of scaling laws Dy, ~ P-2and Dy, ~
¢ 17 for the self-diffusion coefficient D, of chains at
concentration ¢ having molecular mass P.5 This belief
was usually subject to the caveat that a discrepancy existed
between predicted (9, ~ P°) and observed (7, ~ P34
molecular mass dependences of melt viscosity nu.

It has more recently become apparent that support for
tube models from solution measurements and computer
simulations is at best ambiguous. [Melts, aseparate issue,
are not considered here.] One of us (G.P.) argued3* from
an extensive survey of the experimental literature that
“reptation is probably not important for polymer seif-
diffusion in solution”. Similarly, Lodge et al.® concluded
a thorough recent review “it is unlikely that reptation is
significant in the semidilute regime” though “in entangled
melts [reptation] is often the dominant mode”. After
extensive computer studies, Grest and Kremer’ found that
simulations gave strong evidence for reptation, but Skol-
nick et al.? found that chain self-diffusion is dominated
by transverse rather than longitudinal (“reptational”)
motion.

A variety of alternative models for the dynamics of
polymer fluids exist. In addition to reptation/static
entanglement treatments,1%® one also finds dynamic
entanglement,® hydrodynamic/renormalization group,!®
coupled relaxation,!! and hydrodynamic scaling* models.
These models differ as to the relative importance assigned
to different interpolymer forces (excluded volume, hy-
drodynamic) and as to the appropriate approximations
and mathematical methods to be used in dynamics
calculations. The relative validity of these models, not all
of which are mutually exclusive, is presently in dispute.
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One way to test models of chain dynamics is to examine
how polymer architecture affects diffusion. In general, a
diffusion experiment measures the motion of one species
(the “probe”) through a background solution, which may
contain a substantial concentration of dissolved (“back-
ground” or “matrix”) polymers. For example, tube-type
models generally predict that a concentrated solution of
linear polymers can be far more effective at retarding the
diffusion of star or ring polymers than at retarding the
diffusion of linear chains. Stars are predicted to diffuse
far more slowly than linear chains if the data are scaled
to equal arm length, while the opposite is true in comparing
star and linear chains having equal total molecular mass.
Wheeler et al.!2!3 measurements on diffusion of linear
and star polystyrenes through poly(vinyl methyl ether)-
o-fluorotoluene are consistent with this prediction, though
one may argue'4that some other models are also consistent
with Wheeler et al.’s'213 findings.

This paper presents an alternative test of the effect of
probe architecture on diffusion in polymer solutions. Here
we compare diffusion of random-coil chains and of rigid
spherical probe particles through solutions of a linear
polymer, namely, polyisobutylene (PIB). Unlike previous
comparisons of random-coil and globular probes,415 both
probes diffused through the same matrix polymer solution,
so that no uncertainties arise from a variation between
the chain and globular probe studies in the identity of the
matrix. Comparison is made between PIB-CHC]l; data
and the systems studied previously.

The measurements of chain and sphere diffusion in P1B-
CHCIl; were reported previously;'6-18 these references
supply experimental details. In summary, the globular
probes were sterically-stabilized silica spheres with radii
of 1595 and 318 A, while the random-coil probes were linear
polyisobutylenes; the matrix chains were also linear poly-
isobutylenes. Diffusion coefficients were measured by
quasi-elastic light scattering (QELS). Scattering by the
highly dilute silica spheres dominated the spectra of
sphere-PIB mixtures; a small PIB spectral component
was eliminated by using a maximum-entropy constrained
Laplace inversion method.*20 For PIB probes in a PIB-
CHCIl; matrix solution, both the dilute probes and the
potentially more concentrated matrix polymers contrib-
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Table I
Nonlinear Least-Squares Fits of D.y/ Dy of Silica Spheres in PIB-CHCI, to Equation 3 for Data Exhibited in Figure 1+
De/Do a v v % rmse Dy/Dy a ¥ v % rmse
(1.0) 0.33 (0.55) 0.753 17.2 (1.0) 0.332 (0.55) 0.76 18
(1.0) 0.161 (0.55) (1.0) 40 1.0) 0.164 (0.55) (1.0) 40
(1.0) 0.360 0.5684 0.726 16.2 (1.0) 0.387 0.607 0.706 16
0.90 0.310 0.582 0.763 16 0.95 0.360 0.606 0.724 16

@ Parentheses indicate parameters constrained to the indicated values. Left-hand columns: fits to all points. Right-hand columns: fits
excluding D¢y, from the 4.9 MDa PIB solutions, which uniquely used 318-A spheres as the probe. rmse = fractional root mean square error,

in percent.

uted significantly to QELS spectra. So long as the probe
and matrix molecular masses differed from each other by
afactor of 2 or more, it was feasible to use Laplace inversion
to resolve probe and matrix components in the spectrum,
thereby determining probe and matrix diffusion coeffi-
cients Dy, and D,,. The probe species was always dilute,
while the concentration ¢ of the matrix species was varied
up to the semidilute regime, so Dy, was effectively a single-
particle (self-) diffusion coefficient, while Dy, was a mutual
(collective) diffusion coefficient.

Section II of this paper compares D,, of spherical probes
with scaling predictions, while section Il compares scaling
behavior with D, of polymer probes. Section IV of this
paper compares chain and coil diffusion coefficients D in
matrix solutions. Discussion and conclusions appear in
section V.

II. Spheres in PIB-CHCl;: Scaling Behavior

A previous paper!” reported D, of 1595- and 318-Asilica
spheres in PIB-CHCl;. Measurements included matrix
molecular masses ranging from 57.1 kDa to 4.9 MDa with
matrix polymer concentrations as large as 80 g/L. With
all sphere:matrix combinations, D, fell monotonically with
increasing ¢. In concentrated solutions of the higher mo-
lecular mass polymers, D, fell to as little as 0.2% of its
valuein pure CHCl;. The 318-A spheres (D, in pure CHCl;
= 12.68 X 10712 m?/s) were used as probes with the 4.9
MDa PIB. For matrix polymers of lower molecular mass
(57.1 kDa to 1.9 MDa), the probe species was the 1595-A
spheres (D, in pure CHCl; = 2.51 X 10712 m?%/s).

Reference 17 noted that D, of silica spheres in PIB-
CHCI; appeared to scale as ¢/c*. Once the data were
translated along the ¢ axis by distances proportional to
the c* values, a plot of log (Dp/Do) (where D is D, as ¢ —
0) against log (c) gave a universal curve. However, in ref
17 a precise form of the universal function was not
established, an omission repaired here.

Studies on a wide variety of sphere-polymer—solvent
systems have found?223 that D, for spheres in polymer—
solvent matrix solutions generally follows a universal
scaling law

D, = D, exp(-ac’) 1)

Functionally, eq 1 is a stretched-exponential form, whose
lack of flexibility limits it to describing functions that
depend monotonically on ¢. Equation 1 can be made
consistent with the universal plot observed in ref 17 by
rewriting it as

D

putl —af &)

D, exp( a(c*) ) 2)
with @ now independent of M. Recalling that ¢* ~ M—c?
with ¥ = 0.5 in a © solvent and v ~ 0.8 in a good solvent,
a further transformation gives

, D, = D, exp(-a(cM™)") 3
Here « and v are the scaling prefactor and scaling exponent;
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Figure 1. D, of silica spheres in PIB-CHC]; solutions plotted
against matrix concentration for matrix molecular masses M of
57.1 (@), 95 (0), 182 (A), 247 (A), 610 (m), 1900 (O0), and 4900 (+)
kDa. Solid lines are Dy, = D, exp(—0.360(c M0584)0726) D), referring
to spheres in pure CHCl;, for M in MDa.

the prefactors a of eqs 1-3 are not the same. «is in part
determined by the units of c and M: here the concentration
is given in grams/liter; in eq 3 the molecular mass is in
MDa.

To determine if eq 3 is an appropriate scaling function
for the probe diffusion measurements, nonlinear least-
squares fits of eq 3 were made to Dy/D,. Results of all fits
appear in Table I. Numbers in parentheses represent
variables that were constrained rather than being used as
fitting parameters. To check for possible artifacts due to
use of two probe sizes, we made fits both to the complete
data set and to the subset having M < 2 MDa; the subset
includes only diffusion measurements made with the larger
probe. Exclusion of data on solutions of the 4.9 MDa PIB
had virtually no effect on the fits.

Figure 1 shows (solid lines) how well eq 3 with a single
trio of fitting parameters (a, v, ») can simultaneously
describe Dy, for solutions with a range of matrix M. Best
values for the fitting parameters were « = 0.360, v = 0.584,
and v = 0.726. As seen in Figure 1, the universal scaling
equation (3) with a single set of parameters gives a good
account of measurements made at every M.

Because the observed viscosity satisfied [n] ~ 1/c* ~
M35, the best-fit parameters and the curves in Figure 1
do not give exact compliance of the data with ¢/c* scaling.
Scaling with ¢/c* requires v = 0.55. To test for ¢/c*scaling,
we fit the data to eq 3 with v = 0.55 forced, finding v =
0.763 and « = 0.33. The root-mean-square errors (rmse)
in fits with v as a free parameter and with v fixed at 0.55
were 16 and 17.2%, respectively, so the data are entirely
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Table I1
Fits to Data of Figure 1, One Matrix Molecular Mass M at a Time, Demonstrating How D, = D, exp(-ac’) Matches with
Single-Molecular-Mass Curves?

M (kDa) Dy o v % rmse Dy a v % rmse
57.1 (2.509) 0.077 0.85 11 7.2 0.66 0.40 4
95.1 (2.509) 0.115 0.80 8 106 3.1 0.16 1

182 (2.509) 0.209 0.68 4 2.36 0.188 0.697 3.6

247 (2.509) 0.241 0.66 8 3.00 0.325 0.596 8

610 (2.509) 0.317 0.69 11 2.22 0.267 0.73 11
1900 (2.509) 0.41 0.78 27 1.78 0.279 0.877 27
4900 (12.68) 0.64 0.64 13 8.65 0.406 0.89 9.9

@ Parentheses denote parameters constrained to the indicated values. Left- and right-hand groups of columns refer to Dy constrained to
its pure-solvent value or treated as a free parameter, respectively. ¢ in g/L; Dy in 1077 cm? 571,

consistent with the simple form

D c\3/4
- ]
b, = (=) )

In studies of chain probes (polystyrenes) in PVME-o-
fluorotoluene, Wheeler et al.!21% noted that using Dy as a
free parameter substantially improved agreement between
eq 1 and their probe data. Wheeler et al. found that their
best-fit values of Dy were substantially larger than the
true low-concentration value of D. With our measure-
ments, taking D, as a free parameter gives values for D(c)
that are 5-10% smaller, not larger, than the correct value.
However, removing the constraint on Dy has almost no
effect on the rmse in the fit, so our measurements are
entirely consistent with an identification of Dy as the true
zero-concentration limit of D,. The behavior of the un-
constrained Dy observed by Wheeler et al. can reasonably
be interpreted as arising from contraction of their random-
coil probes at elevated ¢.1213 Our silica probes do not
contract at elevated matrix concentrations, so we expect
silica probes to lack the Dy behavior treated by Wheeler
et al.; Table I is in complete agreement with our expec-
tation.

Careful inspection of Figure 1 suggests that D, may not
be precisely a function of ¢/c*. For the larger-M matrices,
thescatter of points around the solid lines appears random.
For the lowest-molecular-mass matrices (M = 57.1 and
95.1 kDa), deviations between the data and the fit lines
appear systematic, the predicted D, consistently being
too small at low ¢ and too large at high c.

To examine the extent of the dependence of D,/Dj on
M, data for each matrix molecular mass were separately
fit to eq 1, gaining results summarized in Table II. Most
of the individual fits are much better (rmse of 4-13%)
than was the collective fit of data for all seven M values
to eq 3. Table II shows results obtained on constraining
Dy to the value of Dj in pure solvent and results obtained
by treating Dy as a free parameter. With D, constrained,
o increases smoothly with increasing M, while v tends to
decrease. With D free, all three fitting parameters show
an irregular, scattered correlation with M; the eight to ten
measurements of D, taken at a single M are simply
inadequate to determine three nonlinearly coupled pa-
rameters simultaneously. We conclude that the fits in
Table II made with D, constrained are to be preferred to
fits made with Dy free.

As seen in Figure 2, with Dy constrained o exhibits a
progressive increase with increasing M. For these fits, »
is in the range 0.72 £ 0.1. For the observed molecular
mass range, there is an 8-fold increase in « consequent to
an 80-fold increase in M, which corresponds roughly to «
~ M'/2, the proportionality implied by Table I. Except
for solutions of the 1.9 X 10¢ Da polymer, results for which
are fit poorly by eq 1, v does fall slightly with increasing
M, contrary to the assumptionin eq 1 that vis independent
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Figure 2. o from fits of D, = D, exp(-ac*) to Dy(c) for silica
spheres in PIB solutions of concentration ¢ with P?IB of molec-
ula/r mass M, D, being the pure-solvent value. Solid line is a ~
M2,

107

of M. From Table II, we conclude that eq 3 is a good first
approximation but that careful examination reveals weak
systematic deviations of Dy(c,M) from a universal func-
tional behavior.

II1. Random Coils in PIB-CHCl;: Scaling
Behavior

Previous papers!®17 report on diffusion by dilute poly-
isobutylenes through PIBsolutions. The experiments were
done using quasi-elastic light scattering. Mixtures con-
taining two species of PIB of different molecular mass
were examined; D, of a dilute species is that species’ single-
chain diffusion coefficient in the mixture. The experi-
mental method precludes measurement of true self-
diffusion coefficients for a single species.

Figures 3 and 4 present D, for small probe chains
diffusing through large (4.9 X 10¢ and 1.1 X 10¢ Da,
respectively) matrices. Denoting probe and matrix mo-
lecular masses by P and M, respectively, in the former
figure, P < M always obtains; the latter figure includes
results for P > M and also P < M. Figure 5 shows D, for
large probe chains (P = 4.9 X 108 Da) diffusing through
low-M matrix chains. Tables III and IV summarize fits
of D¢, to eq 1 for a range of P and M. Table III presents
results on small probes (P in the range 182-100 kDa)
diffusing through large-M matrices (4.9 and 1.1 MDa),
while Table IV describes D, for large probes (P = 1.9
MDa) diffusing through low-M (80-1100 kDa) matrices.

Fits were made both with Dy constrained to its dilute-
solution limit and with D, as a free parameter. From the
tables, using D, as a free parameter generally does not
improve the quality of the fit. In addition to the fitsshown
in the tables, in which » was retained as a free parameter,
we tested the possibilities » = 1.0 (exponential concen-
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Figure 3. D, of low-molecular-mass probes (P = 182 (@), 247
(0), 610 (a), 856 (A), and 1100 (m) kDa) in CHCl3-4900 kDa PIB.
Solid lines are fits to eq 1 with « and v as free parameters.
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Figure 4. D, of small (P = 80 (@) and 247 (O) kDa) and large
(P=1900(a), 3800 (A),and 4900 (@) kDa) probe chains in CHCls-
1100 kDa PIB. Solid lines are from fits to eq 1 with « and » as
free parameters.

tration dependence) and » = !/, by making fits with »
constrained to one of these two values. In a few systems
in which the best fit v is 0.55, forcing » = 0.5 does not
degrade the fit especially. In all other cases, constraining
v to 1.0 or 0.5 greatly increases the % rmse, typically by
a factor of 2 or 3. The following remarks are therefore
limited to systems in which Dy was constrained while »
was adjusted to improve the fit.

For small probes and the largest matrix (Table III), «
increases substantially with increasing P, a 6-fold increase
in P being accompanied by a 6-fold increase in a. In the
same small probe-large matrix systems, a depends mod-
estly on M: with P = 247 kDa, increasing M from 1.1 to
4.9 MDa barely doubles o (from 0.28 to 0.65). On the
other hand (Table IV), for large probes and low-molecular-
mass matrix polymers, a depends only weakly on M; with
P = 4,9 MDa, increasing M from 80 to 1100 kDa barely
doubles « (from 0.16 to 0.31). In large molecular mass
probe-small matrix systems, o depends at most weakly
on P; with M = 1100 kDa, reducing P from 4.9 to 1.9 MDa
only reduces o from 0.31 to 0.24. Except for very large
probes in solutions of the largest matrix, where v is roughly
1/,, we find consistently » to be about 3/, with no indication
of an appreciable dependence of » on P or M.
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Figure 5. D, of large (P = 4.9 MDa) probe chains in matrix

solutions with M of 80 (@), 182 (O), 247 (A), 610 (4), and 1100

(m) kDa. Solid lines are from fits to eq 1 with o« and v as free

parameters.

Equation 1 is a prediction of the hydrodynamic scaling
model for polymer self-diffusion; observation of a stretched-
exponential concentration dependence for D, provides a
mild confirmation of thismodel. However, the theoretical
development that leads to eq 1 is?! presently limited to P
~ M. The above values for a and » in systems having M
# P, and the dependences of « and » on M and P, are
presently a guide for further developments but are not yet
useful tests of the model.

IV. Chains and Sphere Diffusion

Figures 6 and 7 compare diffusion of spherical and
random-coil probe particles in PIB-CHCl;.16 These figures
comprise a definitive test of the relative merits of
hydrodynamic scaling and entanglement models for poly-
mer solution dynamics. Figure 6 gives D for 1595-A silica
spheres and 4.9 X 108 Da PIB chains in matrix solutions
containing 6.1 X 10° Da PIB chains, while Figure 7 gives
D of 318-A silica spheres and 1.1 X 108 Da PIB chains in
solutions of 4.9 X 108 Da PIB chains. In both figures, the
¢ — 0 limits of D, and D, are relatively close to each
other. Ineach figure,a comparisonis made between probes
of different architectures whose translational motions
occur on nearly the same time scale. Ineach figure D (i.e.,
Dy, or D) falls substantially with increasing matrix c,
D/D; of less than 0.1 (in the low-M matrix) or 0.01 (in the
large-M matrix) being observed.

Figure 6 compares random-coil and spherical probes
having similar hydrodynamic radii (Do = 5.5 X 10712 and
2.51 X 1012 m?/s, respectively) diffusing through solutions
of asmall, rapidly-diffusing (Do = 19.7 X 10-12m?2/s) matrix
polymer. The matrix polymer has c* = 1/[7] of 9.3 g/L,
so Figure 6 covers both dilute and semidilute (0 < ¢/c* <
3.0) concentrations. Over the entire range (0-30 g/L) of
matrix concentrations, Dp/D., of the two probe species
remains virtually constant, the chains consistently dif-
fusing slightly more than twice as fast as the spheres.

Figure 7 again compares diffusion of sphere and random-
coil probe molecules, this time in solutions containing a
matrix polymer that is somewhat larger than either of the
probe species. The infinite-dilution limiting diffusion
coefficients of the probe (P), sphere (S), and matrix (M)
species are 13.7 X 10712, 12.7 X 10712, and 5.5 X 10712 m?/s,
respectively, so the hydrodynamic radii of the two probe
species are within 10% of each other and are ~40% of the
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Table II1
Diffusion* of Small Probes (Molecular Mass P) through Large Matrices (Molecular Mass M) As Described by
D = Dy exp(~ac’)

Macromolecules, Vol. 25, No. 19, 1992

M (kDa) P (kDa) Dy o v % rmse Dy a 7 % rmse
4900 182 (40.2) 0.369 0.83 3 41 0.383 0.82 3
4900 247 (31.88) 0.645 0.707 31 31.0 0.620 0.722 2.9
4900 610 19.7) 1.19 0.54 11.7 21.5 1.26 0.52 11.3
4900 856 (16.2) 1.60 0.54 27 19.8 1.77 0.51 26
4900 1100 (13.69) 2.34 0.55 16 14.84 2.92 0.54 15.7
1900 247 (31.88) 0.368 0.767 7.3 32.96 0.388 0.752 7.2
1100 80 (69.4) 0.340 0.705 12 70.4 0.348 0.699 12
1100 247 (31.9) 0.283 0.78 5 31.57 0.277 0.786 5

¢ Left-hand columns refer to fits with Dy constrained to its pure-solvent value; right-hand columns refer to Dy used as a free parameter.
Parentheses denote parameters constrained to the indicated values. ¢ in g/L; Do in 107 cm? 571,

Table IV
Diffusion* of Large Probes (Molecular Mass P) through Small Matrices (Molecular Mass M) As Described by
Dy, = Dy exp(-ac’)

M (kDa) P (kDa) Dq a v % rmse Dy a v % rmse
80 4900 (5.5) 0.16 0.66 12.6 23.8 1.00 0.33 6.4
182 4900 (5.5) 0.157 0.77 8.1 124 0.64 0.43 39
247 4900 (5.5) 0.190 0.73 9.4 6.9 0.29 0.64 8.8
610 4900 (5.5) 0.29 0.71 9.8 12.8 0.85 0.45 3.2
1100 4900 (5.5) 0.31 0.78 7.4 10.1 0.70 0.55 2.8
1100 1900 (12.42) 0.237 0.853 12 13.0 0.260 0.829 12
1100 3800 (6.96) 0.277 0.79 13 7.22 0.296 0.77 12.9
1100 4900 (5.5) 0.307 0.777 6.9 5.8 0.337 0.75 6.5

¢ Left-hand columns refer to fits with Dy constrained to its pure-solvent value; right-hand columns refer to Dy used as a free parameter.
Parentheses denote parameters constrained to the indicated values. ¢ in g/L; Do in 10-7 em? 871,
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Figure 6. Diffusion coefficients of 1595-A silica spheres (filled
circles) and 4.9 X 108 Da polyisobutylene (open circles) through
6.1 X 105 Da polyisobutylene—~CHCI; plotted against matrix c.
For large probes (D = 2.51 X 10712, 5.5 X 10-12 m?/s, respectively)
insolutions of a small (Dp = 19.7 X 10-12m?/s) matrix, the fractional
degree of retardation of the probes is manifestly independent of
probe architecture.

radius of a matrix polymer. For 4.9 MDa polyisobutyl-
ene, c* = 1/[n) =~ 3 g/L, so D, was obtained for ¢ up to
2¢* while D, was obtained for ¢ up to 6¢*. From Figure
7, increasing ¢ from 0 to 5 g/L reduces the spheres’ D, by
roughly 10-fold but reduces D, of the probe chains by
more than a 100-fold. A very-high-molecular mass matrix
polymer is therefore far more effective at retarding
diffusion by a random coil than at retarding diffusion by
a solid sphere of equal size.

Figure 7 represents conditions optimal for observing
the diffusion of reptational behavior:

First, the matrix M is extremely large (4.9 X 108 Da),
larger than almost all other data in the literature. The
probe chains, while large (P = 1.1 X 108), are much smaller
than the matrix. Relative molecular masses of the probe
and matrix polymers satisfy P/M < 0.23. It has previously

D (107" nd/s)

ol N

8 16
¢ (9/V)

Figure 7. Diffusion coefficients of 318-A silica spheres (open
circles) and 1.1 X 10¢ Da PIB (filled circles) through 4.9 X 10¢
Da polyisobutylene—-CHCl; plotted against matrix ¢. Incontrast
to Figure 6, for small probes (D = 13.7 X 10712, 12,7 X 10712 m¥/s,
respectively) in solutions of a large (D, = 5.5 X 10-12m?/s) matrix,
the retardation of the probes depends strongly on probe
architecture, random coils being retarded more strongly than
rigid spheres, contrary to expectations from tube-type models
but consistent with hydrodynamic scaling.

been found?* that D, of chains in chain melts becomes
independent of M (i.e., Dy shows scaling-law P2MP°
behavior) only if P/M is sufficiently small; the system
represented in Figure 7 is in this small P/M limit. This
system therefore is in the molecular mass regime where
reptation would be expected to be important. (One can
always claim that an M, however large, is too small to
exhibit entangled behavior. However, if 4.9 MDa is too
small for entanglements to be important, then entangle-
ments are not significant for the systems treated in virtually
the entirety of the published literature on polymer
solutions, because almost all of this literature treats
polymers smaller than 1 MDa.)

Second, the concentration regimes included here are
appropriate for a study of reptation. ¢ and c* are
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sufficiently small that “monomer friction” issues should
not be significant. From viscoelastic determinations?
polyisobutylene has an entanglement molecular weight
Mg =~ 7600, so in this system ¢g ~ pMg/M < 2 g/L. While
it is often true that cg > c*, polyisobutylene is rather
unusual in having cg = ¢*, perhaps because it is unusually
lacking in stiffness. We therefore determined both D,
and D, in the overlapping, entangled regime ¢ > c*, cg.

Tube-type models make clear predictions as to the
relative self-diffusion coefficients of large chains and
equally large spheres in entangled polymer solutions. A
rigid spherical body is limited to Stokes—Einstein type
diffusion; a rigid sphere cannot reptate. It is often
assumed, e.g., ref 1, that Stokes-Einstein diffusion is
necessarily determined by the macroscopic zero-shear,
zero-frequency viscosity 7o of the solution, though it is not
clear from the usually-invoked arguments that Brownian
motion (which is neither straight line nor constant in
velocity) could not be sensitive to a frequency depend-
ence of n or other rheological properties.

In contrast torigid spheres, which only perform Stokes—
Einstein diffusion, random-coil chains can perform both
Stokes-Einstein diffusion and reptation. Since Stokes—
Einstein and reptational modes are independent, their
contributions to D are nearly additive. In entangled
solutions (¢ > ¢*, M and Plarge enough that matrix chains
entangle both themselves and probe chains), Stokes-Ein-
stein diffusion by chains should be very slow, so reptation
will dominate Stokes—Einstein diffusion when both are
present. For spherical and random-coil probes of equal
size, diffusing in semidilute solutions of a large polymer,
tube-type models thus predict D, »> Dy, the ratio Do/ Dp
increasing with increasing c. Invoking this argument, Nu-
masawa et al.? used a variable X = 6xnR;D/(ksT) to
separate diffusive behaviors of polystyrene chains in poly-
(methyl methacrylate)-benzene into a nominal Stokes—
Einstein regime (X =~ 1) and a nominal reptational regime
X>» 1.

Figure 7 conclusively rejects conventional tube-type
(“reptational™ models for polymer dynamics. Despite
circumstances optimal for the observation of reptational
behavior, we find D, << Dy, not the Do, »> Dy demanded
by entanglement pictures of polymers in solution. In our
measurements, at all ¢ the functional fit to D(c) lies far
below the corresponding fit to Dp(c). While we only
measured D, out to 2cg, our data strongly imply that D,
& Dy far into the entangled regime. That is, D, at 5g/L
is roughly equal to D;, at 18 g/L. To obtain the reptation
prediction D, » D at 18 g/L (18 g/L ~ 6cg, well into the
entangled regime), between 6 and 18 g/L it would be
necessary for D, to increase substantially with increasing
matrix ¢. Anincrease in D¢, with increasing ¢ is contrary
toall experience, which uniformly shows that D, decreases
monotonically with increasing ¢. (It should be recalled
that the hydrodynamic scaling model places nominally
dilute and nominally semidilute solutions on the same
footing, so the locations of c* and cg are not significant in
tests of hydrodynamic scaling.)

Even under the very favorable experimental conditions
used to generate Figure 7, polymer chains clearly do not
have additional modes of motion in excess of the modes
of motion accessible to rigid spheres. Our results do not
preclude the existence of a novel chain mode that is so
highly anticorrelated with Stokes-Einstein diffusion that
chain and Stokes-Einstein displacements tend to cancel,
but to our knowledge no model predicts such a mode.

The above argument noted Numasawa et al.’s?6 clas-
sification of chain diffusion. It is fair to recall that Nu-
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masawa et al. only report data on random-coil probes.
Numasawa et al.’s experimental data are consistent with
ours. Theiridentification of a “reptational” regime follows
from the understandable assumption that large increases
in Dp over its ¢ = 0 value could only follow from the
introduction of new, non-viscosity-limited modes of chain
motion, an assumption not consistent with results on D,
in concentrated polymer solutions.?

V. Discussion and Conclusions

In conclusion, we have reexamined measurements of
sphere and coil diffusion through PIB-CHC]; solutions.
We find that D, of spherical probe particles has astretched-
exponential dependence on the scaling variable c/c*;
equivalently, we find o ~ M1/2. The concentrationscaling
exponent » for this form is very nearly %/,, a value central
to the range (1.0, 0.5) previously observed?22 for ». For
the diffusion of random-coil chains through PIB solutions,
we find that Dy, of the probe chains has a stretched-
exponential dependence on the matrix concentration, with
a scaling exponent » =~ 3/4. For P « M, « depends
substantially on P and less on M. For P > M, o depends
relatively weakly on either P or M. The concentration
dependence of D, is consistent with the hydrodynamic
scaling model,2! at least within the limits on current
deviations of that model.

D of spherical and probe particles moving through the
same matrix has been examined. Under circumstances
highly favorable for observing reptational modes, we find
that such modes are clearly not significant; random coils
move less quickly than rigid spheres through solutions of
large chains, contrary to entanglement pictures. The
observed relationships between Dy, and D, presented here
are, however, consistent with the hydrodynamic scaling
model of polymer dynamics.

A further semiquantitative test of the hydrodynamic
scaling model is obtained by comparing values of the
interaction parameter o for probe spheres and probe
chains. « of eq 1 has the dependences

RR,’
7 6)

Here R, and R, are the radii of the probe and matrix
chains and « is a distance of closest approach between
hydrodynamic units of the probe and matrix. The model
neglects intrachain motions, which is clearly inappropriate
if the probe and matrix differ greatly in size, because the
(excluded) intrachain motions of a large body can involve
the same time scale as the (included) translational motions
of the small body.

If the probe is a large sphere, a ~ R, because the distance
of closest approach of a large hard sphere and a polymer
bead is R, + ag ~ Ry, ag being a bead radius. Since ¢* ~
M/R.3 ~ M7, one has

a~RSR. M ~ 1/c* 6)

For large spheres diffusing through chains of roughly the
same radius, the hydrodynamic scaling model thus predicts
a ~ R%c*. Experimentally, we found eq 3, which is in
complete agreement with hydrodynamic scaling: (i) in
fits to eq 3, a common value of « was adequate for data
on both sphere sizes, confirming R,? behavior of «, and (ii)
in these same fits, ¢ appeared as a function of ¢/c* or cM?,
confirming the R,3/M behavior of a.

For random-coil chains diffusing through matrix chains,
a =~ 2ap. Denote a for a polymer chain and a probe sphere
by ach and ay, respectively. For a polymer chain and a
sphere having the same R, in the same matrix, eqs 5 and

a ~
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6 indicate

2 % 0

ap [+

In the regime in which the hydrodynamic scaling model
is valid, « for coils should be substantially larger than o
for spheres. Figure 7 confirms qualitatively this expec-
tation of the hydrodynamic scaling model; for the data in
the Figure, ap/ac, ~ 4. Equation 7 will break down if the
probe and matrix molecules become sufficiently different
in size, as is apparently the case in Figure 6.

It has long been known?? that the Stokes-Einstein
equation fails for large globular probes in polymer solu-
tions, the product Dy rising above its value in pure solvent.
For probes and chains in lower-M solutions a weak failure
of Stokes~Einstein behavior is observed,!” Dy increasing
at large ¢ both for chains and for spheres. At large M,
Figure 7 implies that Stokes—Einstein failures for chain
and globular probes are not the same; however, we lack
viscosity information for this system.
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