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ABSTRACT: Depolarized Rayleigh, polarized Rayleigh—Brillouin scattering, and dielectric spectroscopy
have been used to resolve the dynamics of the two components in concentrated solutions of polystyrene
(PS) in bis(2-ethylhexyl)phthalate (DOP) close to and above the glass transition temperature. Two distinct
time scales of motion exist in the macroscopically homogeneous PS/DOP solutions which are associated
with the faster solvent (DOP) and slower polymer (PS) dynamics with different temperature shift factors.
The width and the degree of asymmetry of the distribution of relaxation times determined as a function
of temperature for both components increase as temperature decreases, and also as the PS concentration
increases, indicating that the contribution at a lower frequency has a larger temperature shift factor, ar.
The temperature dependencies of the most probable relaxation times, 7; with i = 1, 2, of both processes
conform to the Vogel-Fulcher—Tammann (VFT) equation. These VFT dependencies for the two
components, i = I, 2, in the mixture when replotted respectively against T;;/T, where T, is the temperature
at which 7,(Ty) = 10° s, show a trend that can be expected from the enhancement (mitigation) of constraint
dynamics of DOP (PS) with further addition of PS (DOP) to the mixture. There is an exact analogy
between the current experimental findings in the mixture of polymer and small-molecule diluent and
what we have found in the component dynamics in binary miscible polymer blends. Thus the physics in
these two systems are similar. The Rayleigh—Brillouin experiment revealed the existence of an additional
faster process associated with a localized motion of the phenyl group of the DOP molecule in the

concentrated solutions in agreement with a previously reported study.

Introduction

The dynamics in dense polymer and polymer mixtures
have been the subject of intense research efforts re-
cently, mainly because of their fundamental importance.
Both translational and rotational dynamics of small
molecules and polymers have been studied experimen-
tally and theoretically by a variety of methods!~1° like
polarized and depolarized light scattering (DRS) and
molecular dynamics simulations.1112 Dielectric spec-
troscopy (DS),13:14 oscillatory electric birefringence
(OEB),15 and NMR also revealed in polymer solutions
that solvent molecules undergo restricted reorientation
in the presence of the polymer. The occurrence of
distinct mobilities for each component in polymer blends
and polymer solutions has been experimentally observed
by 13C NMR,” mechanical,181? dielectric,1320-2¢ and
dynamic light scattering,?® and deuteron NMR?® mea-
surements. However, not until very recently did infor-
mation on the compositional dependence of the modified
component dynamics become available.

In the present paper our objective is to provide
experimental measurements of the dynamics of both
components in polymer solutions as a function of
composition. First, we employ depolarized Rayleigh and
polarized Rayleigh—Brillouin scattering to examine the
mobility of DOP in solutions of polystyrene (PS) in
concentrations that range between 0 and 100% in DOP
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content. The system is an interesting case where both
the solvent and the polymer possess similar optical
anisotropies. Thus, the average optical anisotropy per
PS monomer is (y2)/x = 38 A626 (where x is the degree
of polymerization) and the effective optical anisotropy
of DOP is 32 A.527 Second, depolarized photon correla-
tion measurements (PCS) are used to give in the time
domain the broad contribution of the slower (PS)
dynamics, whereas the faster solvent (DOP) contribu-
tion lies mostly outside the dynamic range of PCS.
Third, dielectric spectroscopic measurements are made
to complement the PCS data, since the main contribu-
tion of the DS relaxation spectra arises from DOP, and
hence they help to elucidate the faster DOP dynamics.
In the bulk polymer the correlation function of the
primary a-relaxation exhibits a broad nonexponential
decay. When a low molecular weight solvent like DOP
is added to the polymer, the dynamics become consider-
ably more complicated since concentration fluctuations
are present together with the reorientational and den-
sity fluctuations. These concentration fluctuations give
rise to a distribution of local compositions. Concentra-
tion flucutations have previously been identified as a
mechanism for broadening of the relaxation spectra of
polymer blends in the glass transition region.1%28-31 The
current experimental findings are discussed in the
framework of the coupling model for homopolymers as
it was generalized for polymer blends and polymer/
solvent mixtures.21:22.28,29
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Experimental Section

Samples. Concentrated polystyrene solutions in chromato-
graphic-grade dioctyl phthalate 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 of the thermal
polymerization was >97%.

Polarized and Depolarized Light Scattering. The
polarized and depolarized Ivu(w) spectra were obtained at a
scattering angle of 90° using a piezoelectrically scanned plane
Fabry—Perot interferometer (Burleigh RC 110). In the present
experiments we have used three different free spectral ranges
(FSR) of 22, 12.8, and 5.9 GHz, with a finesse on the order of
70—80. Depolarized (VH geometry) dynamic light scattering
measurements were made using the technique and apparatus
described earlier equipped with an Ar* laser (Coherent Radia-
tion Model Innova 300) emitting vertically polarized light
(Glan-Thompson polarizer, extinction better than 107%) with
wavelength 488 nm and an ALV-5000 multibit, multi-z full
digital autocorrelator. The scattered light at angle 90° passed
through a Glan-Thompson polarizer with an extinction better
than 10~7, whose orientation was adjusted to give the mini-
mum intensity for a dilute solution of high molecular weight
polystyrene in ethyl acetate. The detector optics employed a
4-ym-diameter monomodal fiber coupled to the photomulti-
plier. The index-matching fluid was silicon oil, cooled using
a cryostat. Condensation on the cell windows at subzero
temperatures was prevented by a N; stream playing onto the
exposed surfaces.

Inverse Laplace transform (ILT) analysis was carried out
using the routine REPES?® to obtain the corresponding relax-
ation time distribution. This program is similar to Provench-
er's CONTIN® except that the former directly minimizes the
sum of the squared differences between experimental and
calculated intensity—intensity ga(t) correlation functions using
nonlinear programming. For a system exhibiting a distribu-
tion of relaxation times, the field autocorrelation function gi-
() (where g1%(¢) — 1 = ga(t)) is described by a continuous
function of the relaxation time 7 using the Laplace transform:

g = [A® exp(~t/D) d@) o%)

Relaxation time distributions are given in the form of 7A(z)
versus log 7 plots, with tA(7) in arbitrary units. This provides
an equal-area representation. Analyses were also made using
the Kohlrausch—Williams—Watts (KWW) equation:

&,(t) = {A exp[~(t/2/’] + BY® (2)

where (0 < § < 1) is a fitting parameter describing the shape
of the distribution and 7 is an average relaxation time. Since
a single KWW function is clearly unsuitable to fit the experi-
mental go(f) as we show later, the correlation functions were
fitted to a double KWW function. This described the broad,
slow relaxation for polystyrene with good precision but the fast
relaxation due to the solvent less satisfactorily. Failure of the
KWW function to fit dielectric and mechanical response of
component dynamics in polymer blends has been noted before.
After analysis of the correlation curves with GENDIST,3 a
portion of the relaxation distribution may be subtracted in
order to simplify the analysis of the remainder. For example,
removal of a large slow mode, together with a baseline (if one
is detected), could aid in the further analysis of a smaller fast
mode. The subtraction procedure is as follows. Since ga(2) —
1 = blg1(H))? and g1(¢) = {[g2(t) — 11/b}2, one first converts all
go(t) — 1 values to g1(2). In order to subtract a single relaxation
of amplitude A, at relaxation time 7, from the gi(¢) distribution,
one subtracts A exp(—#/1) from each of the gi(¢t) values. The
g1(t) values are subsequently squared and multiplied by b in
order to recover the go(¢) — 1 values. When working with a
continuous “distribution”, the amplitude referred to above is
calculated from the area under a “histogram” bar, that is, the
height of the bar times the horizontal distance between points.
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Figure 1. Polarized Rayleigh—Brillouin spectra for neat DOP
and a solution of 80% PS/DOP at 353 K.

In our GENDIST program the distance between points is
measured as the inverse of the grid density on the log(t) scale.
The fast-decaying portion of the bimodal correlation function
was obtained by subtraction of the polystyrene component.
This was accomplished by first making an ILT analysis and
subsequently deleting the slowly decaying contributions in the
data file, following the GENDIST procedure described above.
The residual correlation function was then analyzed using a
single KWW fit to obtain the solvent relaxation time.
Dielectric Relaxation (DS). The real and imaginary
parts of the complex dielectric permittivity ¢* were measured
from 20 to 10° Hz by using a Hewlett-Packard impedance
analyzer HP-4284A. The sample was kept between the gold-
plated stainless steel electrodes, and the temperature was
varied from 203 up to 423 K. The dielectric response originates
mainly from the permanent dipole moments in the DOP
component of the blend. The experimental ¢’(w) can be
represented by a single Havriliak~Negami (HN) function

e* — e, = Ae/[1 + Gatg)®T (3)

plus a conductivity term to extract the characteristic relaxation
parameters.’® Here, ¢.. is the high-frequency limiting value
of e and o and y are parameters (0 < o and ay < 1) describing
respectively the symmetric and asymmetric broadening of the
distribution of relaxation times.

Results

Polarized Rayleigh—Brillouin Scattering. Polar-
ized Brillouin spectra Iyvv(w) were recorded in the
temperature range between 300 and 450 K at a scat-
tering angle of 90°. After repetitive collection, two
spectral orders were recorded that consist of two central
components and two shifted Brillouin peaks. Figure 1
shows the Ivy(w) spectra for neat DOP and an 80% PS/
DOP solution at 353 K. The two Brillouin peaks are
shifted from the incident frequency by ws = qu(g), where
g is the wave vector and u(q) is the sound velocity. The
linewidth of the Brillouin peaks I's = ou(q)/2 is related
to the attenuation of the sound waves, where o is the
attenuation coefficient. It is customary to express the
hypersonic loss as tand = 2I's/fs. The Rayleigh—
Brillouin spectra display some very interesting features.
The shift fp is intermediate between the corresponding
shifts of pure DOP and PS (see Figure 2); however, the
linewidth 2I's is larger than the ones of the pure
components. As it is shown in Figure 3a for bulk DOP
the Brillouin shift decreases continuously with increas-
ing temperature, whereas the Brillouin linewidth goes
through a maximum. Such behavior has been shown
to be due to structural relaxation. A characteristic time
for the latter is obtained from the frequency at the
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Figure 2. Brillouin shift as a function of temperature at
several concentrations.
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Figure 8. Brillouin shift /g and hypersonic loss tan 6 vs
temperature for (a) bulk DOP, (b) a 30% PS/DOP solution, and
(¢) a 50% PS/DOP solution.

maximum attenuation, i.e., Tmax = 1/27fmax. Parts b and
a of Figure 3 show the evolution of fg and tan ¢ with
increasing PS concentration. The relaxation times Tmay,
obtained from the linewidth maximum of the Rayleigh—
Brillouin experiments, are very different from the
orientational times of the DRS experiments. As was
reported previously,?” this relaxation time reflects a
faster motion in the picosecond time scale and is a kind
of fB-relaxation of the DOP molecule, that could be
related to a libration motion of the phenyl ring. Actu-
ally, the different values of Tyax for bulk DOP (x), 20%
PS/DOP (<), 30% PS/DOP (a), and 50% PS/DOP (&),
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Figure 4. Depolarized Rayleigh spectra of DOP and 10 and
30% PS/DOP solutions at 363 K.

obtained as described above, fall nicely on the same line
(see Figure 7), thus implying that this faster relaxation
is concentration independent exhibiting a very weak
temperature dependence (E = 1.5 kcal/mol).

Depolarized Rayleigh Scattering (DRS). The
experimental spectra were described by two Lorentzians
plus a baseline:

L) = %Il[ ] +A @

1 1 2
T, +o? ”2F2+w2

where I; and I; are the integrated intensities of the
broad and narrow peaks, I'; and I'; are the correspond-
ing half-widths at half-heights, and A is the baseline.
The narrow peak has approximately instrumental width,
whereas the width of the broad Lorentzian component
is rather insensitive to the FSR’s used. The very
different reorientational dynamics of the solute and the
solvent preserve the selectivity of the technique. Typi-
cal depolarized spectra for bulk DOP and for 10 and 30%
solutions are shown in Figure 4, whereas in Figure 5
are shown depolarized spectra at three temperatures
for a 10% solution in which the broad interferometric
component is due to the fast reorienting solvent mol-
ecules of DOP, whereas the narrow component is due
to the slower polymer dynamics. The difference in the
integrated intensities of the narrow and broad peaks is
due to the difference in concentration and optical
anisotropy of the solute and solvent. The integrated
intensity Ivy is proportional to the effective optical
anisotropy yes*:

IVH =Aﬂn) Q*yeﬁ‘z (5)

where A is a constant, fin) is the product of the local
field correction and the geometrical factor 1/n2, with n
being the refractive index, and ¢* is the number density
of the polymer.

The temperature dependence of the reorientation
times of DOP in the mixed systems conform to the
Vogel—Fulcher—Tammann (VFT) equation:

B
T_TO

log 7, = log 7* + (6)

where 70*, B, and T are adjustable parameters.

The influence of the polymer matrix on the solvent
dynamics is very limited at high temperatures. Photon
correlation spectroscopy (PCS) in the depolarized mode
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Figure 5. Depolarized Rayleigh spectra of a 10% PS/DOP
solution at 363, 403, and 433 K.

has extended the dynamic range to lower frequencies.
The depolarized scattered intensity arises from fluctua-
tions in the anisotropic part of the polarizability tensor.
The correlation functions g)(¢)vyu were dominated by
two relaxation processes. As the solvent fraction in-
creases or the temperature is lowered, the correlation
functions are becoming increasingly complex since the
relaxation of the solvent enters the time range of PCS.
A typical depolarized intensity correlation function is
shown in Figure 6 together with its inverse Laplace
transform (ILT) using REPES. In order to more clearly
present that part of the correlation function due to the
solvent relaxation, we show in Figure 6c the residual
correlation function obtained after subtraction of the
slow part due to the relaxation of polystyrene.

The temperature dependence of the primary relax-
ation times for the bulk polymer (PS), the neat solvent
(DOP), and two of their mixtures is shown in Figure 7.
A pertinent feature of Figure 7 is the existence of two
non-Arrhenius relaxations. The fast and slow compo-
nents are due to the solvent and polymer relaxation,
respectively. Since the solvent relaxation is only partly
present at the limit of the time correlator window, the
scatter associated with the fast relaxation times is much
greater than that for the slow (PS) component. The VFT
parameters for the different concentrations studied are
included in Table 1, by combining data from PCS, DRS,
and DS. The glass transition temperature Ty for
component i in Table 1 is operationally defined as the
temperature at which 7,(T) equals an arbitrarily chosen
long time of 10° s. In Figure 7 it is nicely demonstrated
that the dynamics of the present mixed system repre-
sent contributions from the a-relaxation of the solvent
and polymer components in the mixture, and these can
both be followed by DRS at high temperatures and by
PCS at lower temperatures. The existence of two
distinct time scales of relaxations and different tem-
perature dependencies of the relaxation times of the two
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Figure 6. (a) Depolarized intensity correlation function for a
70% PS/DOP mixture at 290 K. (b) Inverse Laplace transform
(ILT) of the function in Figure 6a. (c) Residual correlation

function after subtraction of the slow part of Figure 6a derived
from the relaxation of polystyrene.

Table 1. Vogel—Fulcher Parameters for the Most
Probable Relaxation Times of the PS and DOP
Components in the Mixtures

PS component DOP component
logrg B/K ToK T¢K logzy B/K TYyK TgK
DOP -12.05 496 11 184
40% PS/DOP -—12.5 842 178 -12.05 523 159 199

50% PS/DOP -12.5 886 191 261 -12.05 590 162 212
70% PS/DOP -12.25 848 219 287 -12.05 598 186 235
PS -125 869 305

components appears to be a general feature of the
dynamics of concentrated polymer solutions.

Dielectric Relaxation. The fast component (due to
the neat DOP) in the PCS data which relaxes outside
the correlator window can be analyzed using DS. There
is a pronounced difference in the relaxation strength
between PS and DOP, with the latter having a signifi-
cantly large dipole moment. Thus in a homogeneous
mixture the dielectric response originates mainly from
the relaxation of DOP. The dielectric loss curves ¢”(w)
have been described by a single HN function for the
different compositions measured, and we are mainly
interested in the temperature and concentration depen-
dence of the four parameters that are extracted from
the fit, i.e., Tun, A€, a, and y.
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Figure 7. Temperature dependence of the fast (DOP) and
slow (PS) relaxation processes in two PS/DOP solutions with
concentrations of 50 and 70% PS/DOP. The different values
of Tmax from the Rayleigh—Brillouin data for bulk DOP (x),
20% PS/DOP (<), 30% PS/DOP (a), and 50% PS/DOP (&) are
also included. The relaxation times are also shown by (@,0)
PCS, (©) DRS, and (@) DS for the 50% PS/DOP mixture, by
(M,00) PCS, (v) DRS, and (a) DS for the 70% PS/DOP mixture,
and by (+) DRS for pure DOP.
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Figure 8. Normalized dielectric loss spectra versus reduced
frequency f/fmax for the 20 and 40% PS/DOP mixtures at 220
and 235 K, respectively.

In order to compare the data measured with DS in
the frequency domain with the results of PCS in the
time domain, we have followed a standard procedure®3¢
and transformed the dielectric data in the time domain.
The subsequent fit of the dipole moment correlation
function to the KWW function gave a temperature- and
concentration dependent distribution parameter 5. Evi-
dently, the temperature dependence of 8 is strong,
especially for the mixtures. This is in good agreement
with the temperature dependence of the HN shape
parameters. For the 20% plasticized polymer 8 changes
from 0.6 to 0.8, for the 50% sample 8 changes from 0.3
to 0.5, whereas for the 70% sample 8 changes from 0.26
to 0.35 for the low and high temperatures measured.
For the 70% sample the distribution parameter 3 turns
out to be the same as that of the unplasticized PS
polymer, whereas for the 20% sample the 3 parameter
agrees well with pure DOP. Figure 8 demonstrates the
effect of plasticization for the 20 and 40% PS/DOP
mixtures. Asthe PS content increases, the width of the
dielectric loss spectra apparently increases. Such very
broad dielectric loss spectra with broad distributions of
relaxation times that are temperature dependent are
expected due to concentration fluctuations. In Figure
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7 the data points from DS are in excellent agreement
with the data points from the depolarized PCS mea-
surements for the 50 and 70% PS/DOP compositions
shown.

Discussion

The results of Fabry—Perot interferometry, depolar-
ized dynamic light scattering, and dielectric measure-
ments on the PS/DOP solutions indicate that from such
a combined study the dynamics of each component can
be probed. By taking advantage of the small dipolar
strength of the PS component, the dielectric measure-
ments selectively observe the dynamics of DOP. The
dynamics of the slower component PS in the solutions
can be resolved by depolarized dynamic light scattering
(PCS). Only the long time tail of the correlation
function from the fast DOP component in the mixture
appears in the PCS data. In the high-temperature
range covered by Fabry—Perot interferometry once
again both contributions can be resolved. These mea-
surements, however, monitor the dynamics of the DOP
component, since the slow PS contribution is indistin-
guishable from the instrument resolution. These data
covering almost 12 decades provide an opportunity to
compare them with the results of the coupling model
for miscible polymer solutions and miscible polymer
blends.

The discussion to follow on the experimental data of
the PS and DOP component dynamics in PS/DOP
solutions and the theoretical interpretation by the
coupling model will emphasize the close analogy with
the component dynamics in miscible binary polymer
blends.2°-3! DOP plays the role of PVME in PVME/PS
blend20:21.28 or PIP in PIP/PVE.?4252% The isothermal
dielectric loss data for three compositions, 20%, 40%,
and 50% PS/DOP shown in Figure 9a—c, serve to
illustrate this analogy. It is obvious that concentration
fluctuations increase with PS concentration in these
three compositions. In addition, the probability that a
DOP molecule will see PS monomer units in its neigh-
borhood also increases with PS concentration. Both
factors, increasing concentration fluctuation and enrich-
ing the various environments of DOP with the presence
of PS, broaden the dynamic response of DOP measured
here by €”(w). In the coupling model the cooperative
dynamics caused by mutual dynamic constraints is
governed by the coupling constant, n. An increase in
concentration fluctuations gives rise to a broader dis-
tribution in local environments in which reorientation
of the DOP molecule experiences different dynamic
constraints, which in turn engenders a corresponding
broader distribution in the coupling parameters, nq.
Each local environment a being richer in PS with an
increase in the PS concentration will have the dynamic
constraint enhanced and its n, increased. As has
already been explained in the published papers on
polymer blends,2122242829 g hroader distribution in ng
together with an increase for each n, leads to strong
asymmetric broadening of the ¢” peak that is more
emphatic on the low-frequency side. Thus we expect
that as the PS concentration in PS/DOP, cps, is in-
creased from 0% to 50%, the loss peak asymmetrically
broadens in the manner just described. This expecta-
tion is borne out by the dielectric loss data shown in
Figure 9. We see that the loss peak becomes progres-
sively broader and more skew asymmetric as cps in-
creases. It isinteresting to point out that the dielectric
peak of neat DOP (not shown) is not only narrower
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Figure 9. Dielectric loss spectra of (a) 20% PS/DOP, (b) 40%
PS/DOP, and (¢) 50% PS/DOP.

(though slightly) than that of 20% PS/DOP but also has
the opposite skew asymmetry corresponding to the
Fourier transform to ¢” of the Kohlrausch—Williams—
Watts (KWW) stretched exponential function, exp{—(#
7)%], which gives a reasonably good fit to the loss peak
of neat glass-forming liquids including DOP. The
evolution of the peak shape from the KWW skew
asymmetry at cps = 0% to the almost symmetric form
at cps = 20% and subsequently to the very broad form
with opposite skew asymmetry at cps = 40—50% is
evident by inspection of Figure 9a—c.

For a fixed composition, say cps = 50%, different local
environments having different ny’s will have correspond-
ingly different temperature shift factors ar, according
to the coupling model.21:222829 This property is a
consequence of the relation between the shift factor and
ng given by:

dds,

10000

o o [E(TOIINL = ng)

where {,(T) is the temperature-dependent friction coef-
ficient before constraint dynamics are incorporated into
consideration and should be the same for all environ-
ments. From the above consideration it is clear that a
larger n, corresponds to a larger ar,. This result leads
to the prediction that the dynamic response of each
component of the PS/DOP mixture is not thermorheo-
logically simple. The dielectric loss peak will change
shape because the lower frequency part (that has a
larger n, as discussed above) of the response has a
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larger ar,. The degree of this departure from ther-
morheological simplicity is larger at higher cpg because
all the values of 7, in the distribution are larger. This
effect is indeed observed in the 40% PS/DOP (Figure
9b) and more clearly in the 50% PS/DOP composition
(Figure 9c). The strong broadening toward the low-
frequency side is evident by inspection of Figure 9c
when temperature is lowered from 238 to 228 K.
Similar effects had been observed in the dynamics of
the PVME component in the PVME/PS blend by dielec-
tric spectroscopy?0-212831 and of the PIP component in
the PIP/PVE blend.2+25:2829 These similarities support
the interpretation that the lower frequency part of the
dielectric loss spectrum is contributed by DOP with an
environment that is richer in PS. The degree of ther-
morheological complexity decreases with decreasing PS
content in the mixture as indicated by the data of 20%
PS/DOP in Figure 9a. Again this trend is explained by
the decrease in the width as well as the average value
of the distribution in n, for the mixture that has a lower
PS content. This trend had also been seen in the PIP
component dynamics of the PIP/PVE blend from both
mechanical and dielectric measurements.?* At a low
concentration of PVE from 15 to 20%, the dynamic
response of the PIP component bears a strong resem-
blance to that of the DOP component in having ap-
proximately symmetric, narrower, and close to ther-
morheologically simple dielectric loss peaks (see Figures
3 and 7 of ref 24). On the other hand, at higher PVE
concentration like 50% in PIP/PVE (see Figure 5 of ref
24) or PVME in 50% PVME/PS,2 very broad and
thermorheologically complex loss peaks were obtained
respectively for the PIP and the PVME components,
analogous to what we observed on the DOP component
dynamics in the 50% PS/DOP mixture. In principle, we
can carry out a quantitative analysis of the component
dynamics of the PS/DOP mixtures at various composi-
tions by using the coupling model as demonstrated
before for polymer blends.?! From the experience gained
from ref 37, there is no doubt that the analysis, if carried
out, will provide quantitative results of the coupling
parameter distributions for the PS and DOP compo-
nents of the mixture. These results for different com-
positions will bring out in a quantitative manner the
variations of the coupling parameter distribution for
each component with PS concentration as we have
described qualitatively above. At this time we believe
that it is more important to present the experimental
data, and a quantitative analysis if necessary can be
performed in the future.

To carry out the analogy between the DOP/PS mix-
tures with the PIP/PVE blends one step further, we
shall construct the “cooperativity plots”24 separately for
the DOP and PS components in the same manner as
previously done for the PIP and PVE components in the
blend.2* The cooperativity plot is a plot of the most
probable relaxation time 7; of a component i (i = DOP,
PS for our present system and { = PIP, PVE for the
polymer blend) in a mixture against the normalized
reciprocal temperature T';/T, where the glass transition
temperature Tg; for component i is operationally defined
as the temperature at which 7,(T;) equals an arbitrarily
chosen long time, say 1 s. The coupling model indicates
that the steepness of 7,(T) in the cooperativity plot is
proportional to n; for component i in the local environ-
ment that has relaxation time equal to 7;. Thus in a
cooperativity plot for component i in mixtures with
different compositions, the variation of steepness with
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Figure 10. Cooperativity plot for the DOP component in PS/
DOP mixtures.
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Figure 11. Cooperativity plot for the PS component in PS/
DOP mixtures.

composition should follow that of n; in a predictable
manner according to the coupling model as discussed
earlier for polymer blends and in the paragraphs above.
The experimental data of the PIP/PVE (see Figures 13
and 14 of ref 24) and PVME/PS (see Figure 3 of ref 21)
blends are in perfect agreement with the predictable
trend of variation of the steepness with composition
change. Let us construct also the cooperativity plot for
both the DOP and the PS components in our mixtures.
We have chosen 7(T) = 1 s to minimize the error of
extrapolation of data taken at shorter times by the
Vogel—Fulcher fits with parameters shown in Table 1.
Cooperativity plots for DOP and separately for PS
constructed from the data and the Vogel—Fulcher fits
are shown in Figures 10 and 11, respectively. Figure
10 for the DOP component indicates a monotonic
increase of steepness with concentration of PS, consis-
tent with the expected corresponding increase of npop.
The size of the increase in steepness is comparable to
that seen for the PIP component in the PIP/PVE blends.
On the other hand, Figure 11 shows the steepness of
the PS component continues to decrease with decreasing
PS concentration, consistent with the expected corre-
sponding decrease of nps. Again the effect is similar to
that experienced by the PVE component in the PIP/PVE
blends.

The ostensively good correspondence between the
DOP and the PS component dynamics in our PS/DOP
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mixtures with the polymer component dynamics in
binary polymer blends leads naturally to the conclusion
that the physics of the dynamics of DOP/PS mixtures
and of binary miscible polymer blends must be quite
similar. Moreover, the component dynamics of both
systems can be well described by the coupling theory.
The existence of two relaxation processes with different
VFT equations on a homogeneous mixture is perhaps
no surprise when the components are glass formers with
widely different T;;’s. Moreover, the facts that (1) time—
temperature superposition can fail both in miscible
polymer blends and solutions and (2) the underlying
phenomenon is the same in both systems may have been
anticipated by other works in the past. Nevertheless,
to the best of our knowledge, the data presented in this
work are the first in being able to resolve the dynamics
(both dispersion at isothermal condition and tempera-
ture evolution) of the two components in a mixture of
polymer with a small-molecule glass former. Details of
the component dynamics, including the asymmetric
broadening of the isothermal relaxation spectrum of the
lower T component (DOP), particularly on the low-
frequency side, are obtained from this work that can
be used to compare with the corresponding features seen
in polymer blends. In this sense there is new informa-
tion gained through the experimental part of this work.

The successful comparison of the coupling theory with
experimental data has been carried out using predic-
tions of the theory, most of which are not counterintui-
tive. Although, the trends predicted for the cooperat-
ivity plots (see Figures 10 and 11) which are in
agreement with experimental data are not expected
intuitively. Thus, the data on PS/DOP mixtures pre-
sented here alone cannot convincingly verify the unique
applicability of the coupling theory. However, in an-
other polymer/solvent system where the polymer is poly-
(methylphenylsiloxane) (PMPS) with Mw = 120 000 and
the solvent is 1,1-bis(p-methoxyphenylicyclohexane
(BMC), there is something counterintuitive happen-
ing.1373 Since the PMPS has a higher glass transition
temperature than BMC, its addition might be expected
to slow down BMC reorientation, like PS does to DOP
in this work. On the contrary, however, at all temper-
atures the BMC relaxation time is observed to decrease
upon addition of 10% PMPS.3738 Nevertheless, this
counterintuitive observation can be explained by the
coupling model 3738 At present, besides the coupling
theory, there is only an additional theory for component
local segmental dynamics of polymer blends by Fischer
and Zetsche.?! We would like to see other different
approaches of glass transition dynamics in blends and
mixtures which will stimulate research in this field.

Conclusion

In the present work we have examined the solvent
(DOP) and polymer (PS) orientation dynamics in con-
centrated solutions of PS/DOP for polymer concentra-
tions ranging between 10 and 90% using polarized
Rayleigh—Brillouin, depolarized Rayleigh scattering,
and dielectric spectroscopy. Although macroscopically
homogeneous, two distinct time scales are present in
the PS/DOP solutions, which are associated with fast
and slow relaxation processes exhibiting different Vo-
gel—-Fulcher—Tammann temperature dependencies.
Moreover, there is significant asymmetry broadening in
the distribution of relaxation times for both components
PS and DOP due to local composition fluctuations. The
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properties of the component dynamics seen in our PS/
DOP mixtures are very similar to those of the compo-
nent dynamics found previously in miscible polymer
blends and can be well described by the coupling model.
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