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ABSTRACT: New dynamic light scattering measurements of the translational diffusion coefficient of relatively
monodisperse samples of polystyrene in toluene indicate that at sufficiently high molecular weight, the
hydrodynamic radius is directly proportional to the radius of gyration at infinite dilution. This observation
constitutes a demonstration of the equality of the static scaling exponent » and the hydrodynamic scaling
exponent vy. In order to show the equality of the two scaling exponents, it is necessary to (1) use molecules
of sufficiently high molecular weight, (2) have an adequately good solvent, (3) assess the effect of polydispersity,
and (4) limit the scattering from intramolecular motion.

Introduction

To date, reported measurements of the hydrodynamic
radius Ry of isolated random-configurationed macromol-
ecules in good solvents do not increase as quickly with
molecular weight M as do the values of the radius of gy-
ration (S2)1/2; that is, the reported values of the hydro-
dynamic coefficient »y where Ry = M are less than the
static scaling exponent » where (S%)!/2 « M*.! Several
authors have argued that this is a consequence of the
hydrodynamic radius being more heavily weighted by
short-chain segments which are distributed more com-
pactly than the farther separated segments that are more
prominent in the averaging of the radius of gyration.??
This argument implies that macromolecules of much
higher molecular weight must be used for hydrodynamic
measurements to reach the asymptotic scaling limit where
vy = v. Here we present dynamic light scattering mea-
surements of the translational diffusion coefficient of
polystyrene in toluene indicating that this asymptotic limit
is obtainable with commercially available samples. It is
the lack of hydrodynamic data on sufficiently high mo-
lecular weight material with carefully controlled polydis-
persity at sufficiently low scattering vector that has ob-
scured the experimental verification of the equivalence of
v and vy.
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Methods and Materials

Five relatively monodisperse polystyrene standards with a
molecular weight in the range (1-20) X 10° produced and partially
characterized by Toyo Soda Manufacturing Co. were obtained
from Varian. The samples were dissolved in toluene with index
of refraction n = 1.491, distilled in glass by Burdick and Jackson
Laboratories. Dynamic light scattering measurements were made
in a Chromatix KMX-6DC low-angle laser scattering photometer
with radiation of a wavelength A = 6.328 X 107% cm at an angle
6 = 4.02° from the transmitted beam. The individual photons
were analyzed in a 48-channel Malvern K7023 autocorrelator in
the single-clipped mode. The experiment was performed at 23
°C

Each sample was measured at five roughly equally spaced
concentrations below ¢*/2, where

e* = 25[n]" ~ M /N, (5232 1

is a concentration at which overlap of adjacent molecules becomes
significant, [5] indicates intrinsic viscosity, and N,, is Avogadro’s
number. Solution concentrations are reported as a solute mass
per solution volume of solution as in previous studies.* Samples
were filtered into the scattering cell through a Millipore filter that
had a pore size at least 6 times larger than the radius of gyration
that Toyo Soda reported for the polymer in benzene at 30 °C.

Typically, 105-10° correlation functions over 2.5 decay periods
were collected in the homodyne mode. The data were fit through
the second cumulant with a variable base line.5 A sample was

© 1984 American Chemical Society



2094 Ramanathan and McDonnell

2

cm?sec’!

-
+

D, x 107

c/c’

Figure 1. Translational diffusion coefficient as a function of
reduced concentration for golystyrene in toluene at 23 °C for
molecular weight 1.26 X 10° (0), 3.84 x 108 (O), 5.48 X 10° (@),
6.77 X 10° (A), and 20.6 x 10° (m). Solid line indicates best
least-squares fit.

considered acceptable if (1) the base line fell within 0.2% of its
calculated position and on successive measurements (2) the first
cumulant was reproducible to within 2%, (3) the second to within
30%, and (4) the correlation coefficient of the fit was greater than
0.8. Since the second and third cumulants are very small for
samples with low polydispersity, it was judged better to set the
third cumulant equal to zero rather than let the fitting routine
irreproducibly distribute deviations from a single exponential
between these terms on successive measurements.

Data

The first cumulant T is divided by the solvent volume
fraction to convert to the solvent fixed frame of reference,
and an apparent diffusion coefficient D, is obtained by
dividing by the square of the scattering vector

4mn) .
g = (T) sin (8/2)

This coefficient is labeled apparent because it gives in-
formation on both the translational diffusion coefficient
D, and intramolecular motion. Low-angle measurements
are desirable in this investigation because the contribution
to Dy, from internal motion becomes negligible at a suf-
ficiently small scattering vector. The effect of the intra-
molecular motion was evaluated for monodisperse linear
random coils with a preaveraged hydrodynamic interaction
to be

Dapp/Dt = 1 + 2q2(S2>/15 + 0(()4(52)2)

by Burchard et al.® Using this equation with the relation
between the radius of gyration and the molecular weight
of polystyrene in toluene at 25 °C

(8§%)1/2 = (1.101 X 107°)M06% cm 2

that was found by Appelt and Meyerhoff,” one can calcu-
late the translational diffusion coefficient. This correction
varies from a 0.04% to 1.2% reduction in the apparent
diffusion coefficient, which is smaller than the accuracy
of the measurements.

In Figure 1 the average values of the translational dif-
fusion coefficient are plotted as a function of ¢/c*, where
c* is given by eq 1 with the intrinsic viscosity calculated
by the Mark-Houwink equation determined by Oth and
Desreux? for high molecular weight polystyrene in toluene.
The values of the translational diffusion coefficient at
infinite dilution, D.,°, the concentration dependence,
dD,/dc, and the average weighted second cumulant, u,/T?,
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Table I
Values of D.°, dD/dc, and u,/T? for Polystyrene in Toluene
at 23 °C
D.° X 108, dD/dc x 105,

M, X 10 cm?/s em®/(g-s) pg/ T2
1.26 9.7 2.2 0.027
3.84 5.0 2.8 0.027
5.48 4.1 29 0.044
6.77 3.6 3.0 0.048

20.6 1.85 4.1 0.034
Table 11

Comparision of the Polydispersity Measured by GPC and
Light Scattering

M, /M,

M, x 107 GPC LS
1.26 1.05 1.08
3.84 1.04 1.08
5.48 115 114
6.77 1.14 L.15

20.6 1.10

are collected in Table I. The linear regression coefficients
of lines in Figure 1 are greater than 0.99. No systematic
variation of weighted second virial coefficients with con-
centration was noted.

Analysis

We seek a relation between the diffusion coefficient and
the molecular weight of the form

D,° = KM (3)

where K and vy are to be experimentally determined. In
order to correlate the diffusion coefficient and the mo-
lecular weight, it is necessary to compare appropriate av-
erages of each quantity. The first cumulant gives the
Z-average diffusion coefficient. If the molecular weight
distribution is assumed to follow a Schulz distribution in
terms of parameters ¥ and h

f(M) = y*1Mhe ™ /T (h + 1)

the corresponding diffusion-average molecular weight My,

ig®
M, M
D™+

Tth+2 e
( )] "

I'th+2-wy)

where I'(Z) is the gamma function of argument Z.

To use eq 4 to assess My, the polydispersity P=1+ h!
must be known. This is available from the weighted sec-
ond cumulant, which corresponds to!°

e/T2 = [(D?/(Dy)?] - 1

Again assuming a Schulz distribution and a power law
relation between D and M we find

T(h + 2 - 20)T(h + 2)
= -1 5
e/ [T(h + 2 - w))? ®

Thus the evaluation of the constants »y and K of eq 3
demands that the diffusion coefficients of Table I be re-
lated to the molecular weight average of eq 4 where h of
each sample can be obtained from eq 5. This is easy to
do since the calculated values of h from eq 5 are not very
sensitive to vy. Taking the self-consistent value of vy =
0.587, the measured values of the weighted second cumu-
lant become a measure of polydispersity. These polydis-
persity calculations are collected in Table IT along with the
GPC measurements made by Toyo Soda for lower mo-
lecular weight samples. The important features to note
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Figure 2. Translational diffusion coefficient at infinite dilution
as a function of the molecular weight.

are that (1) there is good agreement between the GPC and
dynamic light scattering measurements of polydispersity
and (2) the polydispersity of the high molecular weight
sample is comparable to that of the lower ones. The range
in polydispersity between samples corresponds to a vari-
ation of h from 6.5 to 12. Applying this range of h to eq
3 indicates that the value of My, varies from 2.8% to 1.6%
larger than the M, measured by light scattering by Toyo
Soda. We apply this systematic correction although we
note that it is less than the accuracy of the molecular
weight determinations.

The Z-average translational diffusion coefficient is
plotted as a function of the diffusion-average molecular
weight on a double-logarithmic plot in Figure 2. The
points also would correspond to the diffusion coefficient
of truly monodisperse samples of mass M = Mp. The
points are best described by the equation

D = (3.7 & 0.1) X 1074M-058720000) m2/5  (6)

where the uncertainties are the standard deviation of the
fit parameter for the data to the given model. It is im-
portant to realize that even though the measurements of
D and M may only be accurate to within 2% and 4%,
respectively, vy can be measured to within 0.3%. This
follows from eq 3 where for each set of data

Avy = [(AD°/D.°)? + (AM/M)?)*/2/In M

The In M =~ 16 in the denominator permits the relative
accuracy of vy to greatly exceed those of D,° and M.

The correlation coefficient of the fit to eq 6 is 0.998.
Omitting the point on either extreme of molecular weight
does not alter the exponent more than 0.001, which in-
dicates that »y is not varying strongly with molecular
weight over this range. Finally we wish to point out that
although we have carefully tried to assess the effect of
polydispersity and internal modes, the experiment has
been designed to minimize the contribution of each effect.
Were either or both corrections ignored the change in the
value of vy would be 0.001 or less.

Discussion

The importance of the exponent in eq 6 is that this value
of vy = 0.587 £ 0.002 is essentially equal to the most ac-
curate theoretical calculation of v = 0.588.1! It compares
favorably with the experimentally determined values of
v = 0.595 + 0.005!2 and 0.58!2 for the dependence of the
radius of gyration on the molecular weight dependence of
relatively monodisperse samples of polystyrene in benzene
and v = 0.58* from the concentration dependence of
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scattered light intensity from semidilute solutions of
polystyrene in toluene. The agreement with the value of
v = 0.6057 for polystyrene in toluene in eq 2 is not as close,
but we judge this determination of v to be less accurate
since relatively large polydispersity corrrections were made
in the course of the evaluation.

Reviewing reported values of the Flory parameter x of
different solutions reveals that polystyrene in toluene is
the system described by the asymptotic value of »y at the
lowest molecular weight.! Meyerhoff'4!5 reported vy =
0.574 for this system from diffusion coefficients measured
in the ultracentrifuge. The samples had varying poly-
dispersities up to 1.5 and only one of the samples had a
molecular weight in excess of one million. We observe that
since the range of molecular weight studied was less than
that of the current data the values are not inconsistent.

More recently, Appelt and Meyerhoff” reported vy =
0.577 for polystyrene samples in the molecular weight
range of 10-40 million. They concluded that »y gave
negligible variation from the low molecular weight value
previously studied.’*'®* For the high molecular weight
studies the polydispersity varied from 1.2 to 2.0 and the
diffusion coefficients were measured at higher scattering
angles than those of the present study and extrapolated
to 8 = 0°.7 Because of the two relatively large extrapola-
tions it is difficult to assess the accuracy of their deter-
mination of vy. The current measurements avoid these.
We note that several other dynamic light scattering mea-
surements of the diffusion coefficient of polystyrene in
toluene have been reported,' but they use either too low
a molecular weight or insufficiently describe measuring
conditions to examine asymptotic behavior.

Conclusion

The hydrodynamic radius and the radius of gyration are
proportional to one another in systems that are experi-
mentally accessible. In order to see this relation the mo-
lecular weight must be sufficiently high and the solvent
adequately good. The effect of polydispersity must be
assessed and if the hydrodynamic radius is measured by
dynamic light scattering (which permits the highest ac-
curacy), measurements must be made at a very low scat-
tering vector.
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