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ABSTRACT: Polarized and depolarized dynamic light scattering have been used to examine the dynamics
of concentrated (0.7 < C < 1.0g/mL) polystyrene solutions in dioctyl phthalate and toluene. Time—temperature
superposition of the depolarized intensity correlation functions gave master curves covering more than 10
decades on the time scale. The polarized correlation functions are resolved by different procedures into
relaxational and diffusive components having different temperature dependences. When the relaxation rate
of the concentration fluctuations approaches the reorientational relaxation rate, the concentration fluctuations
become g-independent; i.e., they become rate-determined by the polymer backbone mobility. With a small-
molecule solvent such as toluene, however, a part of the concentration fluctuations relaxes faster than the
orientational relaxzation; i.e., the diffusion occurs in the free volume within the “frozen” network.

Introduction

There has been considerable recent activity directed to
an improved understanding of the dynamics of polymer—
diluent systems and in particular to the properties of
polymer-rich compositions close to the glass transition
temperature (T) (see, for example, refs 1-9). Dynamic
light scattering (DLS), dielectric relaxation (DR), depo-
larized Rayleigh scattering (DRS), Brillouin scattering
(BS), ultrasound, and various dynamic mechanical tech-
niques have been employed in concert. Recent reviews of
the application of DLS to concentrated systems are
provided by Chapters 9 and 10 of ref 9.

In bulk systems it is well established that the primary
o-relaxation dominates the correlation function which
displays a very broad nonexponential decay. The latter
is alocalized main-chain motion and is therefore insensitive
to the molecular weight. In the presence of a solvent,
however, the dynamics become more complex and also
reflect contributions from the concentration fluctuations,
in addition to the longitudinal density and the local
anisotropy fluctuations determined by segmental motions.
Thus, on the one hand, concentration, density, and optical
anisotropy fluctuations are present in the polarized (Vv)
correlation function, while, on the other hand, anisotropy
fluctuations due to segmental reorientational relaxation
are observed in the depolarized (V) dynamic light
scattering experiment. The density and orientational
relaxation rates are g-independent since they donot reflect
translational diffusion processes. Concentration fluctua-
tions relax by cooperative diffusion, i.e., by local swelling
and deswelling of the highly entangled transient network.
For the samplesstudied here the terminal relaxation which
is considered to occur by reptation of the chains is much
slower than the time range covered by DLS. If the
relaxation rate of the concentration fluctuations is ap-
preciably slower than that of the orientational and density
fluctuations, it is g2-dependent. The present study shows
that the relaxation rate of the concentration fluctuations
becomes g-independent and controlled by the rate of the
orientational fluctuations when their respective rates
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approach each other. Except at the highest polymer
concentrations, the intensity of the depolarized scattered
light is always much less than that of the polarized
scattered light unless the solvent and polymer are index
matched.

For bulk polymers the a-relaxation, i.e., the chain
backbone relaxation, is typified by a non-Arrhenius
temperature dependence and this is conveniently analyzed
in terms of the Vogel-Fulcher-Hesse-Tamman (VFHT)
equation which is valid above the glass transition tem-
perature (see, e.g., ref 12):

log (7) =log 1y + B/(T-T)) 8))]

where log 79, B, and T, are characteristic parameters
describing the T-dependence of the average relaxation time
(7) in terms of an activation energy (B) and the tem-
perature T which is the “ideal” glass transition tempera-
ture. The temperature dependence of the relaxation rate
associated with the diffusional concentration fluctuations
is considerably weaker at temperatures where it is slower
than the a-relaxation (see below). The characteristically
different temperature dependences were clearly shown
by Fytas et al. in the poly(cyclohexyl methacrylate)/dioctyl
phthalate (DOP) system.!2

Polarized DLS studies have recently been performed
on two polymer solvent systems over a wide range of
concentrations.> The relevant experimental results of
these earlier studies are in qualitative agreement with the
results presented here. However, some of the conclusions
drawn need to be revised in light of the present study.

An investigation into the mobility of the solvent in the
PS/toluenel® and PS/DOP11 gystems using DRS and DR
demonstrated the existence of two primary (a-)relaxations
reflecting the polymer and solvent dynamics, each having
a broad distribution of relaxation times. The concentra-
tion and temperature dependence of the screening length
was determined® using SANS and SAXS in the PS/toluene
system, and these measurements showed that changes are
marked in the vicinity of the concentration for which the
glass temperature is close to the measurement temperature.

The present paper is devoted to a comparison between
polarized (Vy) and depolarized (Vy) dynamic light scat-

© 1994 American Chemical Society



Macromolecules, Vol. 27, No. 9, 1994

tering measurements on polystyrene (PS) in dioctyl
phthalate (DOP) and also in toluene over the accessible
temperature range at polystyrene-rich concentrations, The
former system is particularly convenient for studying
polymer/solvent dynamics since, in addition to the tech-
niques mentioned above, it is suited to rheological
investigations, and these will be reported in a subsequent
paper. Inaddition, the higher viscosity of DOP results in
slower cooperative diffusion which simplifies DLS mea-
surements in the high concentration regime.

Experimental Section

Concentrated polystyrene solutions in chromatographic-grade
(Merck) dioctyl phthalate and in toluene were prepared from
carefully dried and vacuum-distilled styrene as previously
described® by thermal polymerization of the monomer/solvent
mixtures at 120 °C for 36 h directly in the measuring cells which
were then sealed under vacuum. The conversion in the thermal
polymerization was >97%. The weight-average molar mass is
about 2.5 X 10° g/mol.

Dynamic light scattering measurements were made using the
apparatus and technique described earlier’ equipped with an
Ar ion laser (Coherent Radiation Model Innova 300) emitting
vertically polarized light with wavelength 488 nm and an ALV-
5000 multibit, multi-r full-digital autocorrelator.

Fordepolarized DLS the scattered light passed through a Glan-
Thompson polarizer with an extinction coefficient of 10~7, whose
orientation was adjusted to give a minimum scattering intensity
for a dilute solution of high-MW polystyrene in ethyl acetate.

Results

Time-Temperature Superposition. The measured
depolarized intensity—intensity correlation functions relax
over a broad time range independent of the scattering
vector, g. With the ALV correlator a time range of about
8 decades (between 10-¢ and 100 s) can be covered with
good statistics, the upper limit being determined by the
total duration of the measurement (usually <20 h). Since
the characteristic relaxation time increases strongly with
decreasing temperature, the main part of the correlogram
is only visible in the time window of the correlator over
anarrow temperaturerange. Direct analysis of correlation
functions which cover only part of the relaxational process
may consequently lead to systematic errors.

To circumvent this problem, we time-shift the depo-
larized correlograms: each correlogram at a particular
temperature is shifted on the time axis so that it coincides
with a central well-defined arbitrarily chosen correlogram.
In this way a master correlogram is obtained covering an
even wider time range. The master curve is then analyzed,
for example by inverse Laplace transformation (ILT),
yielding a characteristic relaxation time; the relaxation
times at other temperatures are subsequently calculated
from the shift factors. This procedure is inspired by the
temperature-frequency shifts used in rheology and as-
sumes that the shape of the correlograms is essentially the
same in the temperature range investigated. In fact the
validity of this assumption is verified by the good
agreement between the correlograms in the time ranges
in which they overlap.

The above approach is illustrated by data for the 0.9
g/mL PS/toluene system. The observed depolarized
correlograms at a number of temperatures are shown in
Figure la. The master curve has been obtained in this
case by shifting each correlogram relative to that at 60 °C.
A fit procedure has been used to obtain the best agreement
in the overlap region. Three fit parameters are required
to obtain good agreement: the time shift parameter, K,
the base line, B, and the relative amplitude, A. B is
necessary to correct for varying amounts of residual
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Figure 1. (a) Depolarized intensity autocorrelation functions
for polystyrene in toluene; C = 0.9 g/mL, 8 = 90°. Temperatures
from left to right: 70, 60, 50, 40, 30 °C. (b) Same data time-
shifted relative to the correlation function at 60 °C.

Table 1. Fit Parameters Used in the Time-Temperature
Shifts of Correlation Functions Measured on 0.9 g/mL
Polystyrene in Toluene with Respect to the Measurement
at 60 °C (See Text)

T(°C) log(K) A B
30 -4.82 0.99 0
40 -2.03 0.96 0
50 -1.32 11 0
60 0 1 19 x 10
70 117 0.99 2.8%x10°%

relaxation outside the time window of the correlator which
is small if the sample is kept for a longer equilibration
time at each temperature. The floating amplitude allows
for comparison between measurements made at different
apparatus settings but varies little between experiments
at the same settings.

The resulting master curve, covering more than 10
decades on the time scale, is shown in Figure 1b. The
parameters obtained in the fitting are summarized in Table
1. Kisonlyweakly-dependent on B and A and is essentially
unchanged if B is set to zero and A to unity. The intercept
of the master curve is smaller by less than 20% compared
to the value given by the apparatus settings. This
reduction is partly due to inhomogeneities frozen on the
time scale of the measurement and partly due torelaxations
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Figure 2. Relaxation time distributions corresponding to the
master correlation function shown in Figure 1b obtained from
an ILT (solid), KWW with 8 = 0.45 (long dashes), and KWW
with 8 = 0.385 (short dashes).

faster than 1 us. The time-averaged intensity is inde-
pendent of the position of the scattering volume if the
intensity is averaged over times much longer than the
slowest relaxational process. The necessary averaging time
becomes very large close to Ty, and below T’ the samples
are necessarily nonergodic due to frozen-in density and
concentration fluctuations. However, above T} all the
samples are ergodic and there is no heterodyning contri-
bution.

Master curves were analyzed by taking the inverse
Laplace transform (ILT) and employing the routine
REPES,? to obtain the corresponding relaxation time
distributions. This program is similar to Provencher’s
CONTINE except that the former directly minimizes the
sum of the squared differences between experimental and
calculated intensity—intensity g»(t) correlation functions
using nonlinear programming. For a system exhibiting a
distribution of relaxation times, the field autocorrelation
function g1(t) @(t) = g:2%(t) + 1) is described by a
continuous function of the relaxation time r using the
Laplace transform:

gt = [ A exp-t/m) dr @

Relaxation time distributions are given, in the form of
tA(7r) versus log 7 plots, with TA(7) in arbitrary units.
This provides an equal area representation. The fitting
procedure yields excellent fits but represents broad
distributions by multiple peaks when no smoothing is
applied. Even if a large amount of smoothing is applied,
a residual “waviness” may still be visible. This is caused
by a small amount of nonrandom noise produced by the
correlator if the correlation function is characterized by
a very broad relaxation time distribution.l” The effect of
the nonrandom noise is difficult to calculate and cannot
as yet be taken into account in the fitting procedure.
To facilitate comparison with DLS results reported in
the literature, we have also.analyzed the data by fits to a
so-called Kohlrausch-Williams-Watts (KWW) function:

8,(t) = (A exp[-(t/7)°] + B)® 3

This function gives, however, only an approximate de-
scription of the measured correlograms. Deviations are
apparent on both the fast and the slow sides. This is
illustrated in Figure 2, where the relaxation time spectra
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corresponding to simulated KWW functions are compared
with the ILT result for the 0.9 g/mL PS/toluene system.
The stretched exponential with 8 = 0.45 best describes
the central part of the distribution, while 8 = 0.385 results
from a fit to all of the data. Deviations from a single
stretched exponential are more important in the PS/DOP
system and increase with increasing solvent concentration
(see below).

For very broad relaxation time distributions the choice
of a characteristic relaxation time is somewhat arbitrary.
We have chosen here to take the maximum of the relaxation
time distribution. In contrast to the average relaxation
time, this value is insensitive to the exclusion of points at
the fast or slow ends of the correlogram. This value was
found to be very close to the result from a forced fit to eq
3 in all cases.

Polystyrene in DOP. Depolarized Light Scatter-
ing. Depolarized scattered light intensity autocorrelation
functions have been measured for bulk polystyrene and
for three concentrations of PS in DOP: 0.9, 0.8, and 0.7
g/mL.

Master correlograms obtained from a time-temperature
superposition are shown in Figure 3a-d. With increasing
solvent concentration, the correlogram deviates increas-
ingly from a single KWW function. Forced fitting to a
single KWW function then yields decreasing values for
the stretched exponential, 8, with increasing solvent
concentration. However, excluding data from the fast end
of the correlograms improves the fit and increases the
value of 8. Therefore, 8 is not the most appropriate
parameter to characterize the relaxation time distributions.
The corresponding relaxation spectra obtained from an
ILT (see Figure 3e,f) show clearly that, while the slow end
of the relaxzation spectra remain essentially unchanged,
additional fast modes appear with increasing amplitude
when the solvent content is increased.

Floudas et al.10 recently reported results of depolarized
light scattering measurements on a sample containing 0.5
g/mL of PS in DOP. As anticipated, an even larger
contribution of fast relaxation times is observed for this
system. Using dielectric relaxation, they show that the
orientational relaxation spectrum of DOP is slowed down
and broadened by the presence of PS. Thus part of the
reorientational relaxation spectrum of DOP becomes
visible in the time window of the correlator. Small
systematic deviations at the fast end of the correlograms
when applying time~temperature superposition indicate
that the temperature dependences of the two modes are
not identical.

Characteristic reorientational relaxation times, 7,
obtained from the maxima in the depolarized relaxation
time spectra, are plotted as a function of temperature in
Figure 4a. As mentioned above, the peak positions are
insensitive to the deletion of data points at the fast end
of the correlograms. Since the maximum position is
uninfluenced by the presence of additional fast modes, it
remains characteristic of the main-chain orientational
relaxations of polystyrene. Lindsey et al.1? report average
relaxation times for bulk polystyrene as a function of
temperature. These data, after correction for the differ-
ence between the average relaxation time and the peak
position in the distribution, are included in Figure 4a for
comparison.

The characteristic relaxation times decrease strongly
with increasing solvent content, but the temperature
dependence remains the same within experimental error.
This is shown in Figure 4b where a temperature shift has
been performed to bring the data at different concentra-
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Figure 3. (a—d) Depolarized master correlation functions for polystyrene in DOP. Each master curve at a given concentration is made
up of five time-shifted correlograms at different temperatures at & = 90°. Parts a—d represent bulk PS, 0.9, 0.8, and 0.7 g/mL,
respectively. (e~h) Relaxation time distributions corresponding to the master correlation functions shown in parts a~d obtained from
ILT. Parts e-h represent bulk PS, 0.9, 0.8, and 0.7 g/mL, respectively.

tions into coincidence with the bulk polystyrene data. The
shift factors necessary for the superposition are 34, 65,

and 85 °C for 0.9, 0.8, and 0.7 g/mL of polystyrene in
DOP, respectively. An interpretation of these data
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Figure 4. (a) Characteristic relaxation times from depolarized
(Vy) measurements plotted as a function of temperature for bulk
polystyrene and the three concentrations in DOP shown. Filled
points from ref 19. (The solid lines are guides to the eye.) (b)
Same data temperature-shifted with respect to bulk polystyrene
to give a master curve.

together with the results of the PS/toluene system is given
below.

Polystyrene in DOP. Polarized Light Scattering.
Vertically, I, or nonpolarized, /-, scattered light contains
an isotropic component, iz, in addition to the anisotropic
component, I,,, observed in depolarized light scattering.
For bulk polystyrene we find I,,/I,, to be about 0.5, which
implies that the contribution of the isotropic scattering to
I, or I~ is rather small. Lindsey et al.1® also reported a
ratio of about 0.5, while Koch at al.’ found much lower
values. The latter result is probably due to different
sample preparation which could give large-scale inhomo-
geneities in the samples.

Isotropic scattering in bulk polystyrene, as long as it is
not caused by inhomogeneities or impurities, is due to
density fluctuations. The relaxation spectrum associated
with these fluctuations is very similar to that associated
with orientational fluctuations due to the strong coupling
between the two dynamical processes.

When solvent isadded, concentration fluctuations cause
Iigo to increase while I, varies only weakly depending on
the relative values of I, for the polymer and the solvent.
The scattering due to concentration fluctuations is related
tothe inverse osmotic compressibility (67/6¢):18 1 = Kc¢(67/
d¢)-1, where K is a contrast factor which depends on the
experimental conditions and the refractive index difference
between the solvent and the polymer. The increase of I,
is very strong in the case of PS in DOP as is shown in
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Figure 5. Total scattered light intensities using vertically
polarized incident light and no analyzer plotted as a function of
the PS concentration in DOP (squares) and toluene (circles).
The data are normalized by the value for bulk PS.

Figure 5 where I,- is plotted relative to the value for bulk
PS. For the good solvent system PS/toluene the increase
is not as strong due to the better solvent quality. The
polarized and depolarized scattering intensities of bulk
polystyrene, DOP, and toluene are all very similar so that
itis not necessary to take into account the variation in the
scattering of the pure components at different composi-
tions. Both polarized and depolarized scattered light
intensities are independent of the temperature within
experimental error over the temperature range covered in
this study.

Since the Raman and Brillouin scattering contributions
are of much higher frequency, the correlation function of
polarized scattered light may be written as the sum of
three components due to (1) orientational fluctuations,
(2) density fluctuations, and (3) concentration fluctuations.
The correlation functions measured on bulk polystyrene
inthe Vyand Vg modes at the same temperature are closely
similar except for the more important contribution of very
slow structural relaxations in the Vy mode. In an earlier
DLS study on bulk polystyrene, Lindsey et al.! reported
a slightly broader relaxation time distribution in the Vy
compared to the Vy mode. That this difference is very
small is clear from the comparison of Vy and Vy master
correlograms shown in Figure 6 (each curve is a composite
of data at a series of five temperatures shifted relative to
the data at 127 °C). Due to the different definition of the
characteristic relaxation time, the values of 7 reported by
these authors are systematically somewhat higher than
the values given here but the temperature dependence is
thesame. The contribution of concentration fluctuations
increases with increasing solvent concentration and the
relative amplitude happens to be about 0.5 for 0.9 g/mL
of PS in DOP. This system is therefore suitable for
demonstrating the various contributions to the correlation
function.

Correlograms obtained for this system at scattering angle
90° are shown in Figure 7a for various temperatures. Two
relaxational processes can be clearly distinguished at the
higher temperatures. The faster, relatively broad com-
ponent (7,;) is due to a combination of both the orien-
tational and the density fluctuations, the relative contri-
bution of the latter being rather small. This is shown in
Figure 7b where correlograms obtained with polarized and
depolarized scattered light are compared at the same
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Figure 6. Depolarized master correlogram and polarized master
correlogram for bulk polystyrene measured at § = 90°. Each
correlogram is a composite of data at the five temperatures 104,
107, 112, 127, and 137 °C which have been time-shifted relative
to the correlation function at 127 °C. There are insignificant
differences between the data in the Vy (Q) and Vy (O) geometries.

temperature. The slower modeinthe Vyismuchnarrower
and is due to concentration fluctuations (7). The two
modes have different temperature dependences so that
time-temperature shifts can only be applied to part of the
correlograms. Shift factors needed to obtain superposition
of the fast end of the correlograms are very close to the
corresponding values for depolarized light scattering.

Three analysis methods have been applied:

(a) ILT using REPES. Therelaxation time distributions
show a narrow peak together with a broad ratherill-defined
distribution. When the temperature is increased, the two
distributions merge. A characteristic relaxation time is
again defined as the maximum in the relaxation time
spectrum.

(b) A fit to a double KWW function, in order to facilitate
comparison with DLS results on similar systems reported
in the literature.

(c) A fit to a combination of a generalized exponential
(GEX) plus a Gaussian distribution in log time (Gauss-
GEX). The Gauss represents the narrow distribution,
while the generalized exponential has an additional degree
of freedom compared to the KWW equation to represent
the broad distribution. However, a physical meaning is
not attached to the parameters of this fit. Details of the
application of this function can be found in ref 3. We
have used this method to obtain smoothed graphical
representations of the relaxation time distributions.

Methods b and ¢ assume that the correlation function
can be described by a bimodal relaxation time distribution
and neglect the influence of additional fast modes detected
in the depolarized light scattering: see above. Neverthe-
less, both methods give good descriptions of the experi-
mental data (see, e.g., Figures 14a and 15a), although with
lower statistical accuracy than method a. Relaxation time
distributions resulting from method c are given in parts
a—d of Figure 8 which clearly show the different tem-
perature dependences of the two modes.

Table 2 summarizes the characteristic relaxation times
for the broad (7,;) and narrow (rcon) components from the
polarized correlograms shown in Figure 7a using each
method, together with the results from depolarized light
scattering measurements on the same system. It is clear
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Figure 7. (a) Polarized intensity autocorrelation functions for
polystyrene in DOP; C = 0.9 g/mL, § = 90°. Temperatures from
left to right: 100, 90, 80, 70 °C. (b) Comparison of depolarized
(left) and polarized (right) correlation functions on the same
system: 0.9 g/mL PS/DOP at 90 °C and § = 90°.

that the characteristic time for the narrow relaxation mode
is almost independent of the analysis method used, while
the variations observed for the broad relaxation are
probably due to the poorer definition of this mode in the
polarized measurements compared to the depolarized
measurements.

The relative amplitude of the slower mode increases
with increasing solvent concentration: 0.45 £ 0.5, 0.85 £
0.5, and 0.9 + 0.5 for 0.9, 0.8, and 0.7 g/mL of PS in DOP,
respectively, independent of the temperature and scat-
tering angle. The increase is compatible with the relative
increase of the total scattered light intensity. The
exponent 8 obtained from fits to a double KWW function
is about 0.3 for the fast mode, while for the slow mode 8
decreases from a value close to unity, when the modes are
well-separated, to about 0.6, when they overlap.

If the two modes are well-separated, the narrow mode
is g2-dependent, indicating a translational process, while
the broad mode is g-independent, as shown in Figure 9
where the three correlation functions have been normalized
to the same intercept. A detailed study of the g-
dependence was made for the sample with C = 0.7 g/mL
for which the contribution of concentration fluctuations
is dominant; see Figure 10.

At 45 °C 7op is g2-dependent and longer than 7,; over
the whole accessible g-range. At 35 °C 7., is g-indepen-
dent and close to 7, at higher g-values while g2-dependent
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Figure 8. Relaxation time distributions corresponding to the correlation functions (polystyrene/DOP) shown in Figure 7a obtained
from a Gauss-GEX analysis (see text). Parts a—d show the results at 100, 90, 80, and 70 °C, respectively.

Table 2, Comparison of Characteristic Relaxation Times of
the Narrow and Broad Modes in the Polarized Correlation
Functions (PS/DOP; C = 0.9 g/mL; 6 = 90°) Obtained by
Different Analysis Methods

T (°C) log(r)a® log(r)x® log(r)s° log(r)® log(r)s? log(m)n® log(r)p?

70 7.3 7.1 7.3 6.0 6.2 5.8 6.4
80 6.6 6.5 6.4 4.9 4.7 4.2 5.0
90 5.5 5.3 5.5 33 3.3 3.0 3.7
100 4.7 4.7 4.7 2.5 2.5 2.1 2.8

¢ From a time-temperature shift. ® From a Gauss-GEX fit (see
text). ¢ From a double stretched exponential fit. ¢ From depolarized
light scattering.

and longer than 7, at lower g-values. At lower tempera-
tures the g-independent range extends to lower g-values.
It may thus be concluded that the relaxation of concen-
tration fluctuations occurs by translational diffusion when
therelaxation time of this process is longer than .. When
Teon closely approaches 7., the relaxation rate of the
concentration fluctuations is controlled by the relaxation
rate of the orientational and density fluctuations.

As mentioned above, the relaxation time distribution
characterizing the concentration fluctuations, A(rcon), is
relatively narrow when g2-dependent and somewhat
broader when g-independent. A broadening may be
expected if the relaxation rate of concentration fluctuations
is determined by density and orientational fluctuations.
However, A(7,n) remains much narrower than A(r,) as
shown in Figure 11 in which relaxation time distributions
from polarized and depolarized DLS are compared for the
0.7g/mL PS/DOP system. Apparently the g-independent
rate of the concentration fluctuations is determined by

0.1
ga(t) ~1

0.04

Figure 9. Polarized intensity autocorrelation functions for
polystyrene in DOP; C = 0.9 g/mL at 100 °C. Scattering angles
from left to right: 100, 60, and 40°.

the slower part of the orientational and density fluctua-
tions, i.e., relaxation of the chain backbone.
Characteristic relaxation times (7o) derived from data
measured at scattering angle 90° in the Vy geometry are
plotted in Figure 12a as a function of temperature for
three concentrations of PS in DOP together with the
depolarized light scattering results (r,;). As we have seen,
thelatter are close to the characteristic times for the broad
mode in polarized DLS but are obtained with better
precision, especially when the relative amplitude of this
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Figure 10. Plots of relaxation rate I' = 1/7 versus sin(¢/2) for
PS/DOP at C = 0.7 g/mL in the polarized mode at (a) 45 °C and
(b) 35 °C. The slope of the solid lines represents the diffusion
coefficient.

mode becomes small. It is clear from Figure 12a that 1
and 7. have different temperature dependences and
merge at low temperatures whereupon 7, follows 7. By
applying the same temperature shift to both 7,; and 7.n,
an approximate master curve is obtained representing all
three concentrations; see Figure 12b.

Polystyrene in Toluene. Many of the features ob-
served for the PS/DOP system are also observed for the
PS/toluene system. Depolarized DLS on two concentra-
tions (0.9 and 0.8 g/mL) shows similar broad relaxation
time distributions. The temperature dependence of 7. is
close to that observed in DOP. The concentration
dependence, however, is much stronger as is expected since
the glass transition temperature (T;) decreases much more
with the addition of toluene than with DOP.

The temperature shifts relative to bulk polystyrene are
65 and 94 °C for 0.9 and 0.8 g/mL, respectively, which
correspond to the shifts in Ty measured by DSC.?

An Arrhenius plot of the relaxation rates for both the
toluene and DOP systems is given in Figure 13. All data
are shifted to the bulk polystyrene values using the shift
factors given above. A fit to the VHFT equation shown
by the full line yields log (7) =-13.1 + 972/(T - 307), with
7 given in seconds. The relation given in ref 12 also
describes the data well within experimental error.

At higher temperatures, polarized DLS again shows a
broad relaxational mode followed by a narrow g2-depend-
ent mode; see Figure l4a,b. However, at the lower
temperatures a narrow g2-dependent mode precedes the
broad mode; see Figure 15a,b. The relaxation time of the
broad mode is, within experimental error, identical to the
corresponding value of 7, observed in depolarized DLS.
In the case of the 0.9 g/mL PS/toluene system, the relative
amplitude of the narrow mode (7¢.n) is about 0.3 when it
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Figure 11. Comparison of (a) correlation functions and (b)
relaxation time distributions obtained by ILT of polarized and
depolarized correlation functions of 0.7 g/mL PS/DOP at 20 °C
when both are g-independent over the accessible g-range.

follows the broad mode and about 0.05 when it precedes
it, independent of temperature and scattering angle. It
appears that a small part of the concentration fluctuations
can relax faster than r,;. Relaxation times of the narrow
mode (7en) are compared to 7, in Figure 16a. The
measurements were performed at different scattering
angles in order to obtain a better separation of the two
modes and are reduced to 90° using the g2 dependence of
the narrow mode and the ¢ independence of the broad
mode. Inthe case of 0.8 g/mL PS/toluene, asimilar pattern
isobserved; see Figure 16b. The temperature dependence
of the diffusional mode is difficult to measure accurately,
because the relaxation times are very short at the
temperatures at which the two modes are well separated.

Discussion and Conclusion

The correlation functions for bulk polystyrene in the
depolarized mode are closely described by a single
stretched exponential in agreement with earlier literature
(e.g., ref 12). Small deviations only become apparent if
the correlation function is determined over a very large
time range, and Patterson has given a discussion of this
aspect. Inthesolutions, deviations from asinglestretched
exponential increase, however, with increasing solvent
concentration and are apparent at both the slow and fast
ends of the correlation functions. The deviation at the
slow end is probably due to restructuring of the transient
gel which occurs on a time scale slower than the density
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Figure 12. (a) Characteristic relazation times from polarized
(Ten) (filled points) and depolarized (r,;) (open points) data
plotted as a function of temperature for the three concentrations
in DOP shown 8 = 90°. (The solid lines are guides to the eye.)
(b) The data in Figure 12a temperature-shifted with respect to
data for bulk polystyrene using the same shift factors for both
modes to give master curves.
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Figure 13. Arrhenius plot of the depolarized data for bulk PS
(squares), the PS/Toluene (open circles), and PS/DOP (filled
circles) systems at different concentrations. All data have been
shifted on the temperature axis relative to data for bulk PS. The
solid line represents a fit to VHFT (see eq 1), with 7o = -13.1 s,
B =972K, and T = 307 K.

fluctuations. However, above T the samples are ergodic
and the measurements are not influenced by heterodyning.
The deviations at short times, which increase with
increasing solvent concentration, have a different origin.
Therelaxation time distribution of polystyrene is modified
by the presence of the solvent which yields a larger
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Figure 14. (a) Polarized intensity autocorrelation function for
polystyrene in toluene; C = 0.9 g/mL at 100 °C and 8 = 90°. The
broad g-independent mode is followed by a slow diffusive mode.
(b) Corresponding relaxation time distribution obtained from a
Gauss-GEX analysis (see text).
amplitude of relatively fast relaxations. For example, in
the case of DOP, the relaxation of the solvent, which is
itself modified by the presence of polystyrene, becomes
visible in the time window of the correlator at low
temperatures. Floudas et al.! have measured a 0.5 g/mL
solution of polystyrene in DOP and shown that over a
limited temperature range both relaxations are at least
partly probed in the time window of the correlator. Since
the two relaxation processes have different temperature
depéndences, a time-temperature superposition cannot
be valid for the whole correlogram. The deviations are
nevertheless small and, where they occur, the slower part
of the correlogram which is dominated by the relaxation
of polystyrene can be used in the superposition procedure.
In the polarized mode an additional relaxation time
distribution due to concentration fluctuations is observed
when thesolvent is present. The characteristic relaxation
time is then either much slower than that of the orien-
tational and density fluctuations, in which case it is g2-
dependent, or close to the latter, in which case it is
g-independent. In the case of toluene a small part of the
concentration fluctuations relax faster than the orienta-
tional relaxations, i.e., in the frozen network. For DOP
such a fast relaxation has not been observed. Diffusional
processes both faster and slower than the orientational
relaxations have been observed for other systems, but only
for polystyrene in toluene are both observed for the same
system.322
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Figure 15. (a) Polarized intensity autocorrelation function for
polystyrene in toluene; C = 0.9 g/mL at 30 °C and 6 = 90°. A
narrow ¢*-dependent mode precedes the broad g-independent
mode. (b) Corresponding relaxation time distribution obtained
from a Gauss-GEX analysis (see text).

These observations may be explained if we assume a
two-step diffusion of the solvent through the transient
network. In a first step, the solvent diffuses through the
free volume in the frozen network. Only a small part of
the concentration fluctuations can relax in this way due
to the limited availability of free volume. The amplitude
of this decay is expected to depend on the size of the solvent
molecule, which could explain the lack of such a relaxation
in the case of the much larger DOP molecule. In asecond
step, the solvent locally swells and deswells the transient
network. Therate of this second step is determined either
by the relaxation of the polymer backbone or by the
diffusion rate of the solvent, whichever is slowest. A
theoretical account of such a two-step relaxation sequence
is given by Jackle et al.2%2! in terms of a frequency-
dependent chemical potential. A semiquantitative com-
parison of the results on the polystyrene/toluene system
with this theory is given elsewhere.?? In fact, a third step
may be involved in the relaxation of the concentration
fluctuations, i.e., the structural relaxation of the transient
network. This process dominates the correlation functions
measured on semidilute solutions of high molar mass
polymers in thermodynamically poor solvents.1¢ However,
in the case of concentrated solutions its effect will be small.

If the g®-dependent relaxation is due to cooperative
diffusion, the relaxation time is related to the inverse
osmotic compressibility and the friction coefficient, f, per
gram polymer in the following way:2824
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Figure 16. Characteristic relaxation times from polarized (Vvy)
and depolarized (Vy) measurements plotted as a function of
temperature for PS in toluene C = 0.9 g/mL (a) and C = 0.8 g/mL
(b). The open circles and squares represent the g-independent
mode (r,) obtained from depolarized and polarized measure-
ments, respectively, while the filled circles represent the g2-
dependent data (r.n) obtained from polarized measurements.
(The solid lines are guides to the eye.)

g% ~ [(1 - ¢)*(6x/bc)/f17 @)

where ¢ is the volume fraction of the polymers. The
osmotic compressibility can be estimated from the scat-
tered light intensity due to the concentration fluctuations.
In the concentration and temperature range studied here,
(67/dc) is observed to be independent of the temperature
so that the temperature dependence of r enters through
the temperature dependence of /. With toluene as solvent
the temperature dependence of f is rather weak, when 7,
is both slower and faster than the density fluctuations. In
the case of DOP it is much stronger. For the three PS/
DOP concentrations studied the value of [(1- ¢)2(6x/6¢)]
is similar in magnitude, implying that the variation in 7
with concentration is mainly due to the variation in f.

A detailed investigation of the cooperative diffusion
coefficient of polystyrene in DOP over a wide concentration
and temperature range will be reported elsewhere. This
study shows that the similar concentration shifts for the
relaxation rates of concentration and density fluctuations
in the higher concentration range can be explained in the
framework of free volume theory.
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