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Abstract

Dielectric relaxation measurements on poly o-chlorostyrene (PoCS), polystyrene (PS), a 50 mol% PoCS/PS blend, and a 50 mol% P(oCS/
S) random copolymer were made in the frequency range 1 mHz to 1 MHz as a function of temperature. The a-relaxation process associated
with micro Brownian motion of the chain was observed in each sample. The shape of the absorption €”(w) of the copolymer was nearly the
same as that of PS and of PoCS, and was considerably narrower than that of the blend. The broadened relaxation curve of the blend relative to
the copolymer was well explained by a convolution of the individual relaxation processes, which were obtained in the copolymer by
assuming equivalence to an ideal homogeneous mixture of two segments. The distribution, P(log 7), of the peak position was modeled
by a Gaussian error function. To apply the Vogel-Fulcher equation, the distribution P(7y) of the Vogel-Fulcher temperature, 7y, was
calculated from P(log 7). To reflect the cooperative motion, 7 was distributed between the 7, of PoCS and that of PS. This is equivalent to
assuming that the broadened loss peak in the blend is caused by localized concentration fluctuations on the scale of the segmental motion. The
g-factor calculated from the relaxation strength of the polymer blend was nearly the same as that of PS and of PoCS, but was considerably
smaller than that of the copolymer. This difference suggests that the local environment of the dipole moment of the chlorostyrene unit in the

blend is similar to that of the homopolymer. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The definition of miscibility generally satisfies the ther-
modynamic criteria for a single-phase system (see [1—-4]).
However, miscibility in polymer blends is a relative term,
and depends on the scale of homogeneity. It also depends,
therefore, on the measurement technique employed. For
example, if only one T, is detected by DSC, the sample of
a mixture of two constituents may be deemed miscible
[1-4]. However, it is possible to exhibit a minimum degree
of homogeneity for both polymer blends and copolymers
larger than the monomer unit scale.

One reason for the apparent technique dependence of
miscibility is the qualitative difference between the static
structure and the dynamical property measured. Observa-
tion by a static method in the mixture will give information
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about the composition of the blend, such as how the polymer
constituents interpenetrate each other [5]. On the other hand,
dynamical properties such as the spin—lattice relaxation
time 7} or spin—spin relaxation time 75 in NMR [6,7], and
the distribution of 7, [8] will yield information regarding
the heterogeneity of molecular motions. The presence of a
broad single T, implies that the constituent polymers of the
blend move together but the dynamics are not uniform. This
cooperative motion is an important aspect of miscibility, but
is not completely understood.

Dielectric relaxation analysis can contribute to the under-
standing of the cooperative motion, because it is concerned
with the movement of dipoles [9,10]. In addition, because of
the wide range of frequencies that can be covered, the
relaxation spectrum can be obtained directly, rather than
indirectly using time—temperature superposition. Such a
spectrum reflects the state of the molecular dynamics of
the segments, or group of segments, in the environment of
other dipoles, or of nonpolar segments, in the heterogeneous
or homogeneous domain [11,12].

Shears and Williams [13] were the first to observe the
dielectric a relaxation, the relaxation associated with T,
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in mixtures of two glass-forming liquids. They found such
mixtures to exhibit a broader loss peak than either of the
pure components. They attributed this broadened distribu-
tion to variability in local dipole concentration. Their
system was optically homogeneous, so the heterogeneities
responsible for the broadening of the relaxation time spec-
trum were on a scale too small to scatter visible light.

Wetton et al. developed a model based on the concentra-
tion fluctuation of dipoles for the analysis of the broadened
distribution of relaxation times in blends [14], whereas Ngai
and Roland introduced the concept of coupled relaxation
modes, to analyze their stretched exponential function quan-
titatively [15,16]. Fischer et al introduced a model based on
concentration fluctuations of the Gaussian type that led to a
broadening of the relaxation spectrum, and analyzed data
obtained at various concentrations and temperatures. The
results were found to be in agreement with light scattering
data [17,18]. Kumar et al. also utilized a concentration fluc-
tuation model to explain the broadening of the relaxation
peak [19]. We have previously investigated the dielectric
relaxation of poly o-chlorostyrene (PoCS), polystyrene
(PS), and their blends and copolymers [20]. The relaxation
spectrum of the blend was found to be generally far broader
than a random copolymer of the same composition.

This study is an extension of our earlier work on the PoCS
copolymers and their blends with PS. In the present work a
wider frequency range from 10 ° to 10° Hz, and a wider
temperature range 370-450 K were employed permitting
a more definitive analysis. Utilizing these ranges of
temperature and frequency it was possible to elucidate the
nature of the molecular motions near to but above 7.

The cooperative nature of segmental relaxations charac-
terizes the o relaxation [11,12]. This is an intermolecular
process, as opposed to the intramolecular cooperative
relaxation typical of the 3 relaxation. When polymer mole-
cules are in a ‘crowded’ environment, the motion of a
segment is interfered due to the presence of its neighbor.
Dissipation of energetic input, typically through a rotation
of the segmental bond from one stable state to another, is
then possible only through the cooperation of the neighbors.
Such cooperation comes in the form of a simultaneous
relaxation. For two segments to move cooperatively, the
probability of relaxation is squared, since each relaxation
is an independent event. Thus, the cooperative relaxation
time is 72, with 7 as the relaxation time for a single segment
in the absence of interference by neighbors.

At progressively lower temperatures, the volume
decrease causes greater interference among neighbors. At
high temperatures the cooperative relaxation involves two
segments, called conformers. At lower temperatures the
number involved increases to three, and then four, etc.
The number of cooperating segments is defined as the size
of the cooperative domain, z. This quantity occurs in the
exponent of the Boltzmann probability for the relaxation
rate process of Arrhenius form, so the apparent activation
energy A for the single bond rotation is multiplied by z. As

z increases with decreasing temperature, the apparent acti-
vation energy increases, transforming the Arrhenius form to
the Vogel-Fulcher form. The temperature at which the
latter diverges is T, which is typically some 50 K below
the empirical 7, obtained by DSC. At Ty, z is supposed to
approach infinity, but before this happens, the system will
deviate from equilibrium, i.e. volume, entropy and enthalpy
fail to keep up with the rate of cooling, and vitrification
takes place.

We have analyzed the concentration fluctuations in terms
of the distribution of 7, at a given temperature. Such a
distribution is a measure of the domain size distribution,
again, at that temperature. From this, we describe the
concentration fluctuations in segmental terms, i.e. the
local or nanoscale heterogeneity.

2. Experimental
2.1. Sample

Polystyrene (PS), molecular weight (M) 13,000 and
polydispersity (M,/M,) of less than 1.06 was purchased
from Pressure Chemical. Poly o-chlorostyrene, M,
283,000 and M,/M,, 1.74, and the 50 mol% copolymer (sty-
rene/o-chlorostyrene) of M,, 140,000 and M,/M, 1.74 were
purchased from Lark Enterprises. Homopolymer and copo-
lymer films were prepared by compression molding. The
blend film was prepared by solution casting using toluene
as the solvent.

2.2. Dielectric measurements

Dielectric measurements were performed on a broadband
dielectric spectrometer (Novocontrol GmbH). This system
includes a Solatron—Schlumberger gain/phase analyzer
SI1260 and high input impedance buffer amplifier (Chelsea
Dielectric Interface). We were able to examine the
a-process over a broad frequency (10°-10°Hz) and
temperature (350-450 K) range. The sample was kept at
constant temperature as the frequency dependence of the
complex dielectric constant was measured.

2.3. Calorimetric measurements

DSC experiments were performed on a Perkin—Elmer
model DSC-7 instrument. Approximately 10 mg of sample
was used, and the heating rate was 10 K/min. The DSC
glass-transition values () were determined as the tempera-
ture corresponding to half of the heat capacity change.
Several runs were made to ensure a uniform thermal history.
This was done by first annealing the sample at 443 K for
15 min, followed by quenching to 303 K. The temperature
was then raised at 10 K/min. for the measurement. A repro-
ducible value of T, could be obtained by this procedure.
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3. Results
3.1. Thermodynamics

It is known that the polymer blend of PoCS and PS exhi-
bits a lower critical solution temperature (LCST)
[3,8,21,22]. To describe the thermodynamics of the mixing
of polymers, we apply the Flory—Huggins [F—H] mean-field
theory [1-3]. The Gibbs free energy of mixing, AG, of a
mixture of two polymers according to the F—H theory can
be written as

A—G = glnd5l + glnépz + xP,D,, (1)
RT N, N,

where N and N, are the number of lattice cells occupied by
polymers 1 and 2, @ and @, their volume fractions calcu-
lated on the basis of lattice occupancy, and y is a binary
interaction parameter. The binodal between two liquid
phases a and b is defined by the equality of the chemical

potential AG,, AG, of each component in each phase
AGlu = AGlb’ and AGZa = Asz. (2)

From Eq. (1) and definitions of 9dAG/dn; = AG, and
8AG/8n2 = AGZ
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It is necessary to use approximation methods to calculate x
from Eqgs. (5) and (6) since the equations diverge at @220 =
@3, and @7, = ®},. In order to do this a suitable value of
@,, is selected, and a trial value for @,, is assumed. Then,
D, =1—Dy,; P, =1—d,, and all quantities in
Egs. (5) and (6) are known except y. We calculated x
from Eq. (5) as y;, and from Eq. (6) as x,, and varied
®,,. x was determined at the minimum value of |y; —
X2|- A suitable starting value of @, can be derived from
the location of the critical concentration at d>AG/d®P7 =

9°AG/o®; = 0, which is expressed by
P = 1/{1 + (NN} ()

The value of y at the critical condition is [1-3]
1 _
Xe= 5N+ Ny ®)

The calculated value of y. for our sample is 0.007.
The spinodal is obtained from the condition 6°AG/0®* =
0 as

1 1 1
- + .
X=3 (Nl(pl N2<I>2) ©)

Unlike the binodal case, Eq. (9) can be solved explicitly for
x in a straightforward manner. In Fig. 1(a), the binodal and
spinodal boundaries for blends of PS (13,000) and PoCS
(283,000) are shown calculated by the above procedures.

The temperature dependence of y can be described as
follows [3.,4]:

B
X(T)=AZ +CT + D, (10)
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Fig. 1. Phase diagram of (a) y vs @, and (b) T (K) vs @ for polymer blends
of polystyrene (MW 13,000) and poly o-chlorostyrene (MW 283,000). The
solid line is the binodal boundary calculated from Egs. (5) and (6), and the
dotted line is the spinodal boundary calculated from Eq. (9).
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Fig. 2. Temperature dependence of x for PoCS/PS polymer blends as given
by Ref. [8]. The UCST and LCST in a blend with y, = 0.007 are shown
schematically.

where A, B, C, and D are constants, which can be obtained
for blends of PS and PoCS experimentally and, whose
values are A = —2.17 X 10_2, B =489, C=297X 10_5;
D is negligible [8]. The temperature dependence of y, indi-
cating the presence of both LCST and UCST for x. = 0.007
is shown in Fig. 2. The phase diagram of temperature versus
®ypycs Was calculated using Eq. (10) as shown in Fig. 1(b).
Based on this and earlier experimental results on a compar-
able blend [23,24], the PS (13,000)/PoCS (283,000) blend
should be miscible below 443 K.

DSC data on the 50% blend of PoCS and PS showed a
single T, after annealing at 443 K. The samples did not
experience a temperature substantially above the LCST
before quenching. The UCST was not observed, since the
critical temperature is below 7,. The measured glass
transition temperatures of PS, PoCS, 50 mol% PoCS/
PS blend and 50 mol% P(oCS/S) copolymers are listed in
Table 1.

Strictly speaking, the analysis embodied in Eqgs. (1)-(9)
applies only to a binary system. Since a distribution of
molecular weights exists, this is obviously an approxima-

Table 1
Vogel-Fulcher parameters for PoCS, PS, PoCS/PS blend, P(oCS/S)
random copolymer

Sample logf*(Hz) Ap”(KJ/mol) To(K) T, (K)

(*'=1s) (DSC)
PoCS 9.1 11.3 342 392 397
PS 10.5 12.7 327 379 381
PoCS/PS 9.7 129 335 391 391
P(oCS/S) 9.4 11.2 331 382 383

tion. However, it can be shown that the analysis used here
affects only the binodal boundary and the qualitative
conclusions remain unaltered.

3.2. Assignment of the relaxation process

The broadband dielectric measurements were made on
samples of PS, PoCS, a 50 mol% PoCS/PS blend, and a
50 mol% P(0oCS/S) random copolymer, at temperatures
between 370 and 450 K. A single relaxation process was
observed in each case. The frequency dependencies of €’
and €” for the blend are shown in Fig. 3 and those for the
copolymer are shown in Fig. 4. Both blend and copolymer
show increases in the maximum values of €” with increas-
ing temperature, and both exhibits narrowing in the
frequency range of €” with increasing temperature.
However the frequency dependencies of €” for the blend
remain low and broad until much higher temperatures than
in the case for the copolymer. It is the object of this study to
elucidate these differences quantitatively.

The frequency of the loss maximum, f., is plotted
against the reciprocal of the absolute temperature 1/7 in
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Fig. 3. Frequency dependence of (a) €’ and (b) €” for 50 mol% PoCS/PS
blend at various temperatures: (@) 393 K; (A) 403 K; (V) 413 K; ()
423 K; (W) 433 K. Solid lines are fits to the Havriliak—Negami function
of Eq. (12).
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Fig. 4. Frequency dependence of (a) €’ and (b) €” for 50 mol% P(0CS/S)
copolymer at various temperatures: (@) 378 K; ((J) 388 K; (A) 398 K; (V)
408 K;(®) 418 K; (O) 428 K. Solid lines are fits to the Havriliak—Negami
function of Eq. (12).

Fig. 5. The experimental temperature dependence of fi.x
was then fitted to the Vogel-Fulcher equation [25,26]

. Au” 1 1
logfmax = logf - [

Riloge|\ T—-T, T*—T, ]’ (i
where f* is the frequency of the loss maximum at a reference
temperature T . At the divergence temperature T the coop-
erative entropy approaches zero, though the conformational
entropy is far from zero [12]. Au” is the Vogel-Fulcher
energy, which is interpreted as the activation energy barrier
to the rotation of a single conformer. The characteristic
relaxation time 7 is equal to 1/27f,,,,. The Vogel-Fulcher
parameters were evaluated from the data, and are shown in
Table 1.

The relaxation process observed is the a-process corre-
sponding to the cooperative relaxation of the conformers
related to the micro-Brownian motion of the main chain.
The observed values of 7 in PS and PoCS homopolymers
are in agreement with the reported values [20,27], and the
temperature dependence of fi,,, follows the Vogel-Fulcher
equation. By defining the T, as the temperature at which the
dielectric 71is 1 s, agreement is obtained with the DSC T, as
shown in Table 1. The values of T, are about 50 K lower

6
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Fig. 5. Plots of log frequency of the dielectric loss maximum, log fi,..x (Hz),
against the reciprocal of the absolute temperature: (A) PoCS; (V) PS;
(®) 50 mol% PoCS/PS blend; () 50 mol% P(oCS/S) copolymer. Solid
lines are calculated from Eq. (11).

than T, as expected. The Vogel-Fulcher activation energies,
Ap, of the blend, the copolymer and the homopolymer of
PS are in good agreement with the reported values of about
12-15 kJ/mol.

3.3. Comparison of dielectric relaxation curves of polymer
blends and copolymers

The frequency dependence of the complex permittivity €”
is frequently described by the empirical Havriliak—Negami
representation [28]

.AE + '(T de +
{1+ (jom)P}*  joe

€x>

€' ()€ (w) — je'(w) =
(12)

where €’(w) is the real part of the dispersion, €”(w) the
imaginary part, €, the dielectric constant at w — 00, Ae
the relaxation strength, 7yy the characteristic relaxation
time of the Havriliak—Negami equation, €, the dielectric
constant of vacuum, j the imaginary unit and o4 is the dc
conductivity. The Havriliak—Negami parameters were
determined by a fitting procedure using WinFit (Novocontrol
GmbH) software. After o4, was subtracted from the total spec-
trum, the results are the solid lines shown in Figs. 3 and 4.
The variables o and B of Eq. (12) are empirical parameters
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Fig. 6. Temperature dependencies of (a) half width of €"(w), and (b) @ and
B in Eq. (12): (W) half width of 50 mol% PoCS/PS blend; (OJ) half width of
50 mol% P(oCS/S) copolymer; (®) « of PoCS/PS; (A) B of PoCS/PS;
(O) a of P(oCS/S); (A) B of P(oCS/S).

that are related to the distribution of relaxation times. If the
dipoles are able to orient independently, « and 8 should be
unity, and the process is of the Debye, single relaxation
time, type. In a system where correlation between dipoles
exists, there is a distribution of relaxation times and « and 3
are less than unity. One illuminating aspect of the o and 3
parameters is that €” on the high frequency side of the peak
is proportional to w*#, which is related to the distribution of
domain sizes smaller than z, the maximum size that is a
function of the temperature [12].

Temperature dependencies of the half widths, « and 3 for
the dispersions are shown in Fig. 6. The dispersion of the
polymer blend is much broader than that of the correspond-
ing copolymer, in agreement with previous results [20]. The
temperature dependencies of o and 3 for the blend PoCS/
PS reflect the large temperature dependencies of the shape
of the relaxation spectrum.

For comparison of the relaxation curves, the logarithm of
the dielectric loss spectra as a function of the logarithm of
frequency for PoCS/PS at 403 K and P(oCS/S) at 388 and
393 K are shown in Fig. 7. The slope on the high frequency
side of the peak is an indication of the distribution of the
domain sizes [12], whereas the lower frequency side is
affected by the distribution of 7, s on the domain scale.

T T T T T
e P(oCS/S), 388K
= P(oCS/S), 393K
& PoCS/PS, 403K
01|
o
0.01 |-
4

log flHz]

Fig. 7. Logarithm of the frequency dependences of €” for 50 mol% PoCS/
PS blend at (A) 403 K and 50 mol% P(oCS/S) copolymer at (®) 388 K and
(M) 393 K. Solid lines are fits to Havriliak—Negami function of Eq. (12).

This will be discussed in more detail below. A qualitative
observation can be made regarding the comparison of the
copolymer and the blend. First, the absorption strength is
low for the blend, and this indicates the effective dipole
moment and/or the population of the effective dipoles is
smaller than in the copolymer. Analysis of the g-factor
below gives more information about the effective dipole
moment. Second, a broader distribution of the relaxation
times is seen in the blend compared to the copolymer, as
noted by other workers. This will be analyzed by adopting a
cooperativity model to estimate the difference in the distri-
bution of domain sizes between the copolymer and the
blend. Additional points are made by viewing the same
data in the normalized form relative to the peak height, as
shown in Fig. 8. Although relaxation curves become broader
even in the copolymer as the temperature is decreased, such

T - T T T
e P(oCS/S), 388K
1.0 = P(oCS/S), 393K |
& PoCS/PS, 403K
0.8
x
£
;’ 0.6
“w
04
0.2
0.0
-4 -2 0 2 4 6
log f/f .,

Fig. 8. Normalized frequency dependencies of €” for 50 mol% PoCS/PS
blend at (A) 403 K and 50 mol% P(oCS/S) copolymer at (®) 388 K and
(M) 393 K, where fi.x is the frequency at the dielectric loss maximum € axe
Solid lines are fits to the Havriliak—Negami function of Eq. (12).
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Fig. 9. Plots of Bxww against normalized temperature: (4) 50 mol% PoCS/
PS blend; () 50 mol% P(oCS/S) copolymer; (A) PoCS homopolymer;
(O) PS homopolymer.

broadening is small compared to the broad peak of the
blend.

To consider the concentration dependence of domain size
in the blends, we have analyzed the shape of the relaxation
peak with fits to the Kolrausch—Williams—Watts (KWW)
function [9]

€"(w) — €, = Ae r exp(jwt)[ —de® ]dt (13)
0 dt

and

0 < Bxww <1,

where Tyxww 1S the characteristic relaxation time of the
KWW function, and Bgww is the KWW parameter to
describe the peak shape. The plots of Byww for the copoly-
mer of 50 mol% P(oCS/S), and homopolymers of PS and
PoCS against temperature, normalized to T,, are shown in
Fig. 9. The differences among P(oCS/S), PS and PoCS
are relatively small above T, + 10 K. This indicates that
the peak shape of the copolymer at any concentration
can be expected to be close to that of the homopolymer. For
reference, Bxww for blends of 50 mol% PoCS/PS is also
plotted in Fig. 9, although the fit to the equation is not
good in the temperature region below 408 K.

@(1) = exp[— (t/Tieww) V1,

4. Discussion
4.1. Deconvolution of the broadened loss peak

We begin this section with an analysis of the peak shape.
If we assume that the broadened o relaxation can be
considered as a result of superposition of relaxation
mechanisms, the loss factor €”(w) can be obtained from

the distribution function P(7) as follows [9,27]:

" PR e T
€ (Cl))/fmax = J_wP(T)md log T. (14)
If the distribution is mainly due to dipole concentration
fluctuations, then the function P(7) should be the normal
distribution function around 7, i.e.

1 (10g T/ Tiye)’
——eXpi T ————
2mo { 202 }
where o is the standard deviation of the normal distribution
above. In our study, we are concerned with concentration
fluctuations in the blends. If we assume P(7) to be exclu-
sively due to local variations in the concentrations of PS and
PoCS, then we must treat the dipole concentration fluctua-
tion as a separate factor. To do this, we take the frequency
dependence of €” for the pure copolymer of 50 mol%
composition to represent the distribution of dipole concen-
tration fluctuations in a homogeneous segmental mixture of
PC and PoCS. Thus substitution of the kernel {w7/
(1 + ©*7)} in Eq. (14) by {Ke," (w7)} from the experi-
mental results for the 50 mol% copolymer leads to

P(1) = 15)

(o)

e”(w)/e'[']rlax = KJ P(fr)el(wfr) dlog 7, (16)

where €} (w) is the experimentally obtained dielectric loss
factor of copolymer P(oCS/S) at the same temperature as the
polymer blends being analyzed.

In practice, the integral of Eq. (16) can be replaced by a
sum of terms

20
€'(log w) = KAlog 7 Z P(nAlog 7)€ (log w — nAlog 7),
n=-—20

a7)

where n is a whole number, and Alog 7 is 0.2, the same as
the interval of the experimental data. The lower and upper
limits of n were chosen to yield a sufficient range of wt to
cover the whole relaxation process in the blend. There are
41 integer values of n between —20 and 20. We considered
41 different concentrations of blends, each having a dif-
ferent f,.. Each €” was shifted along the log 7 axis by
nAlog 7 from the center, log f,. for the whole blend.
Each of the €”, (log w — nAlog 7) terms was weighted
according to the P(log 7) function to account for the concen-
tration distribution in the blend. This procedure is illustrated
in Figs. 10 (a) and (b).

From the above analysis, the following statements may be
made:

1. The broader spectrum of relaxation times for the blend
than for the copolymer is due to the concentration fluc-
tuation of the homopolymers in the blend being greater
than those of the copolymer i.e. mixing in the blend is not
as uniform as in the copolymer.

2. While the spectrum of the pure copolymer becomes
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Fig. 10. (a) Normalized frequency dependence of €” for 50 mol% PoCS/PS
blend at 413 K fitted with Eq. (17). (b) Deconvoluted spectrum of the
numbers between —10 <n < 10 in Eq. (17). The shape of each spectrum
is the same as that of the copolymer at 403 K. Summation of these spectra
produces the solid line of (a).

broader at lower temperatures, the concentration fluctua-
tions in the blend also become greater, as shown by the
temperature dependence of o.

3. As a corollary to (2), the random copolymers of the same
composition could exhibit different degrees of broaden-
ing, depending on the sequence propagation constant, i.e.
the size of the heterogeneities.

The frequency dependence of €”(w) is normalized by
log w/log w,x before the calculation of Eq. (17). The stan-
dard deviation, o of P(7), which is the only variable in the
equation, was determined by the least-square mean proce-
dure to find the best fit. The €”(w)/e” ., obtained at each
temperature can be well represented by Eq. (17). An exam-
ple is given for the blend at 413 K, in Fig. 10. The width
factor, or the standard deviation, o, changes with tempera-
ture. The curve becomes broader at lower temperatures. The
temperature dependence of the width parameter o is shown
in Fig. 11. The plots of P(log 7) as functions of log 7 are
shown in Fig. 12.

The origin of the broadening has been assumed to arise
from the effective distribution of local concentration fluc-
tuations by many authors [13—-20,29]. However, their proce-
dures for the quantitative estimation of the scale of the
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Fig. 11. Temperature dependence of width parameter ¢ in Eq. (15).

concentration fluctuations differ. The convolution integral
of Eq. (14) was introduced by Shears and Williams [13] for
the first time, and developed by Wetton et al. [14]. The
former utilized the Fuoss—Kirkwood equation for €”s(w)
and a rectangular function for P(7). The rectangular func-
tion was replaced by the normal distribution function by
Wetton et al. Fischer et al. used the Havriliak—Negami
equation with @ and B obtained from the homopolymer
[17,18]. Ngai et al. assumed that concentration fluctuations
produce a Gaussian distribution of the coupling parameters,
reflecting the cooperative dynamics of various local envir-
onments arising from the concentration fluctuation [15,16].

4.2. Adopting the model of intermolecular cooperativity

We now wish to consider the nature of concentration
fluctuations affecting the relaxation behavior of blends,
adopting the model of intermolecular cooperativity
[11,12]. In the presence of mechanical or electrical stress,
a polymer molecule changes its unperturbed conformation
to a less random conformation. The overall conformational
change is the sum of rotations of bond angles in the main
chain. To pass from one stable state to another, the bond
angle must pass through a transient high-energy state. The

T T T T T T

10+ b
433.2K

08 -

0.6 -

P(logT)

04

02

0.0 1 L

log (s)

Fig. 12. Probability, P(log 7), of the relaxation time calculated from
Eq. (15).
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probability for this high-energy state is the rate determining
factor, and the chemical potential Ay elevated from the
initial state is the activation energy for the relaxation. The
relaxation time 7 is inversely proportional to the probability
of reaching that energy barrier. If the relaxation time at
some reference temperature 7" is defined as 7", then the
relaxation time 7 at another temperature 7 is given by

Ap _ AM)
RT  RT*)

=1 exp( (18)
where R is the universal gas constant. We call the rotational
unit a conformer, the smallest unit necessary for a confor-
mational change.

In the condensed state, there is another factor that affects
the relaxation time, and that is the interference from the
neighbors that becomes increasingly important as the
temperature is decreased. In the densely packed state it is
assumed the rotation of a bond into a new angle is often
prevented by collision with a neighbor. To succeed, the
rotation of the neighboring conformers must occur simulta-
neously. The probability for z conformers to relax simulta-
neously is the zth power of the individual probabilities. The
cooperative relaxation time is 7°. Taking a high enough
reference temperature 7~ at which z is 1, the cooperative
relaxation time is given by the formula [30]

Ap Ap )

T exP(ﬁZ_ RT*

19)

T" is the temperature at which the relaxation is as fast as the
frequency of the stress cycle, i.e. T° ~ Au/R. As Au is
about 3 kcal/mol, 7" should be about 750 K. We found T~
of 773 K (500°C) and 7" of 3 X 10 s tobe good values for
a large number of polymers [11,12].

The temperature dependence of z is calculated from the
ratio of an extensive quantity such as the entropy or the free
volume with and without cooperativity.

The free volume can be considered to be the van der
Waals excess volume, Vi, that is the difference between
the liquidus and the solid volume. The latter is the crystal-
line volume, if the substance can be crystallized. If not, it
may be estimated. The ‘occupied’ volume of the glassy
‘state’ is substantially greater, as it will be shown to be
related to the cooperative relaxation. The free volume frac-
tion f = V;/V is often given by the formula:

f = AaT, (20)

where Aa is the difference in the thermal expansion coeffi-
cients of the liquidus and the crystalline states.

The domain of cooperativity, z, grows larger as the
temperature is decreased until it becomes large enough
and the relaxation time is so great that the structural change
cannot keep up with the decreasing temperature. This point
represents the glass transition, and the temperature at which
a transition occurs to a glassy non-equilibrium state is called
the fictive temperature. The fictive temperature is lower if
the cooling is slower which also results in a denser structure

for the annealed glassy state. T, as measured by DSC will
be higher for a more highly aged glass, because of the over-
shoot due to the greater relaxation time of the aged glassy
state. The fictive temperature is at the border of equilibrium
and non-equilibrium states, whereas T, measured by DSC is
not a thermodynamic quantity.

With decreasing cooling rates, the fictive temperature
decreases, until finally, at the zero rate of cooling, z
approaches infinity. The phenomenological temperature 7
is defined as the fictive temperature for the infinitely slowly
cooled glass. Concurrently, the fractional free volume has
decreased, but not to zero at T,. While there still remains a
certain amount of free volume, the interference among the
neighbors has spread to the entire system, and cooperative
relaxation has become impossible. The fractional free
volume at T is defined as f;.

At T below T but above Ty, the cooperative fractional
free volume f.oop is given by

fcoop =f—fo= AT — Ty). 21

The domain size z is proportional to the ratio f/fcq.p, because
the mol fraction of domains is equal to 1/z. Hence zuf/
(f — fy). However, z must be 1 at T* by the definition of
the latter. Hence the temperature dependence of z is given
by the equation

T T'—-T,

— 22
T (22)

Z

Substitution of Eq. (22) into Eq. (19) gives the familiar
Vogel-Fulcher equation

T=1 exp(R(T — 7y " RO — Ty ), (23)

where Ap" = A(T* — Ty)/IT".

The above equation can also be derived by considering
the entropy instead of the free volume. In that case, the
domain size is proportional to the ratio of the conforma-
tional entropy S, and the cooperativity entropy Scoop. This
will result in the Adam-Gibbs formulation [30] for the
cooperative relaxation time, from which the Vogel—-Fulcher
form of Eq. (11) can be again obtained.

By considering f; as the ‘occupied’ volume fraction, one
can derive Doolittle’s [31] free volume equation, and
further, the Williams—Landel-Ferry (WLF) equation from
the Vogel-Fulcher equation, Eq. (23). Ferry et al. [32]
found the universal WLF equation with the same parameters
applicable to many polymers, when 7, is chosen as the
reference temperature. It can be shown that this implies
that 7, — T amounts to 50 K.

We have thus shown that T is determined by the extra
amount of free volume and entropy required for cooperativ-
ity. This does not, however, explain why 7, and 7, vary,
sometimes widely, from material to material.

One point that has not been included in the above calcu-
lation is the fact that entropy depends on the molar volume.
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The entropy decreases with increasing density, even if the
conformation is kept unchanged. The probability of the
spatial arrangements is dependent on the free volume,
similar to the way the entropy of the ideal gas depends on
the volume. For the ideal gas, this entropy is equal to kInV.
For the free volume, this would be kInV;. The absolute
molecular volume has now entered in the calculation of
T,. When the temperature is changed from T to T, this
volume-related entropy decreases in proportion to the loga-
rithm of the molecular volume, which varies with the size of
the conformer. To set T as the critical temperature at which
this entropy reaches the same critical value for all polymers
of different conformer size, the following proportionality
can be established between polymer A and polymer B

(T" = Top) InMy = (T" — Ty p) InMp = c3, (24)

where M,, and My are the molecular weights of conformers
A and B, and Ty and Ty are the corresponding Ty; c;
should be a constant for all polymers. This equation states,
quantitatively, that a large conformer has a higher 7,. This
equation has been supported empirically for more than 50
polymers, with the values ¢; = 1750, and T =773 K [11].

We can now apply Eq. (24) to PS and PoCS. The average
conformer sizes are 104/2 = 52 and 139/2 = 68, respec-
tively, and thus 7" — T, of 443 and 415K are obtained.
With 7" =773 K, T, of 330 and 358 K are obtained. If
(Ty — Tp) is assumed to be 46 instead of 50 K,? the corre-
sponding T, of 376 and 404 K are obtained, in agreement
with the data obtained by thermal analysis [20].

For the blend of PoCS and PS homopolymers, those
domains that are rich in PoCS are larger than those rich in
PS, not only in the average size of conformers but also in the
number per domain, z. The frequency dispersion in €” is due
to this difference among those domains with different sizes.
It increases at lower temperatures, because the z of the PoCS
rich domains grows faster than the z of the PS domains. For
example, z for PS and PoCS are 2.41 and 3.10 at 433 K, 2.85
and 4.03 at 413 K, and 3.57 and 6.03 at 393 K, respectively.
The corresponding broadening toward the lower tempera-
tures is seen for the probability function P(log 7) as shown
in Fig. 12. The breadth of P(log 7) rapidly increases at lower
temperatures.

In the copolymer of the same composition as the blend
this broadening is not observed, at least in this temperature
range. It means that the domain of cooperativity remains
more uniform. It is an indication that the sequence propaga-
tion is short with respect to aggregates of concentration
fluctuations. If the sequence length of each co-monomer
unit is made longer, eventually it will approach a block
copolymer and €”(w) should exhibit a broadening tendency
similar to that of the blend.

Although the following alternative explanation will be

% The value of T, depends on the technique and the method of analysis.
(T, — Tp) of 46 K was chosen here instead of 50 K, to make a comparison
between PS and PoCS in relation to a set of data in Ref. [20].

less likely for this blend in the temperature range consid-
ered, there is another possible cause for broadening of the
loss peak, and it is related to the distribution of the domain
size z being fixed in the non-equilibrium glassy state. There
is always a fluctuation in the size of the domains, even in a
homopolymer. When the temperature is below Ty, the size
distribution remains frozen and a wide difference in the
activation energy levels, Auz; for i=1, 2, 3, etc. will
broaden the relaxation process at lower temperatures. A
domain of cooperativity that consists totally of PoCS
conformers may begin to show a broader peak below
413 K on its own, while a domains rich in PS will remain
as typical of the equilibrium state. Thus the difference
between the characteristic relaxation times of the PoCS
rich domains and PS-rich domains will widen, purely as a
consequence of the higher glass transition of the pure PoCS
component. We believe that this is unlikely to be the case
here, because the copolymer did not show a broadening
tendency in the same temperature range.

4.3. Analysis of effective dipole moment

The intensity of the loss peak of the polymer blend is
apparently smaller than that of the copolymer as shown in
Fig. 8, although the concentration of oCS units in the blend
is the same as that in copolymer. To consider this difference,
we estimated the structural factor (g-factor) from the relaxa-
tion strength. The effective dipole moment u. per repeat
unit is calculated from the Onsager equation [33]

» OkT  Ae(2Ae + 3ey,)
He = 4aN (e + ey)(en + 27

(25)

where N is the number of dipoles per unit volume, and & is
the Boltzmann constant. The reported values [34] of 1.25
and 1.05 g/cm® have been used for the densities of PoCS
and PS. The densities of the PoCS/PS blend and P(oCS/S)
copolymer were obtained by assuming the validity of the
following relationship:

lp= (Wi/p)) + (Wy/p,), (26)

where the W, and W, are the weight fractions, and p, and p,
are the densities of the homopolymers. Then N is obtained
from

N = Nppl(X;M; + XoM5), 27)

where N, is Avogadro’s number, X; and X, the mole frac-
tions, and M| and M, are the molecular weights of the repeat
unit. The Kirkwood—Frohlich dipole correlation factor, g,
was determined from

g =i, (28)
where

o = Xyt + Xop3
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Table 2
Effective dipole moment and g-factor for PoCS, PS, PoCS/PS blend,
P(0oCS/S) random copolymer

Sample ui (D) p (D) g

PoCS 2.43 0.68 0.28 £ 0.02
PS 0.13 0.03 0.23 £0.02
PoCS/PS 1.28 0.25 0.19 = 0.02
P(oCS/S) 1.28 0.65 0.52 £ 0.02

and p is the dipole moment of the repeat unit, w; and w,
are the gas-phase dipole moments of toluene (0.36D) and o-
chlorotoluene (1.56D), respectively. The obtained effective
dipole moment and g-factors of PS, PoCS, 50 mol% P(oCS/S)
and 50 mol% PoCS/PS are listed in Table 2. The tempera-
ture dependence of the g-factor is small in all of the samples.
The standard deviations in the whole temperature region are
also shown as error limits in Table 2.

The g-factor is given by 1 + m{cos ), where m is the
average number of nearest neighbor dipole moments, and
(cos 7) is the average of the cosine of the angle between
neighboring dipoles. If the dipole is isolated, g = 1. The
g-factor of the 50 mol% copolymer is closer to unity than
those of the homopolymers of PS and PoCS. This is
explained by the fact that the polar o-chlorostyrene units
are diluted by the relatively nonpolar styrene units, since
the o-chlorostyrene unit is dispersed homogeneously.
However, the g-factor of the polymer blends is nearly the
same as those of PS and PoCS. This means that the local
conformational states of the PoCS chain are not perturbed
by blending with PS, and the mixing of PoCS with PS does
not occur on a segmental scale.

5. Conclusions

In this paper we have attempted to describe the effects
of concentration fluctuations on the cooperativity in
segmental motions from dielectric relaxation measure-
ments carried out on the polymer blend 50 mol%
PoCS/PS, the copolymer 50 mol% P(oCS/S), and the
homopolymers PS and PoCS. The dielectric relaxation
spectrum of the polymer blend has been compared with
that of the copolymer. The observed relaxation process
was assigned to the a process due to segmental motion
in each case, since the temperature dependence of the
frequencies of the observed loss maxima was of the
Vogel—Fulcher type. The shape of the relaxation disper-
sion of the polymer blend was broader than that of the
copolymer due to mixing heterogeneity in the former at
the segmental level. The relaxation dispersion for the
blend was deconvoluted to extract various relaxations
arising from different local concentrations. The shape of
the curve at each concentration was obtained from the
copolymer spectrum at the same temperature, which was
taken to represent the relaxation of a homogeneous
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Fig. 13. The distribution, P(Ty), of Vogel-Fulcher temperature, T, esti-
mated from P(7Tp) by the Vogel-Fulcher equation Eq. (23).

system. We did not need to consider concentration effects
since the peak shape of the copolymer was nearly the
same as those of homopolymers of PS and PoCS. The
probability, P(log 7), for the peak positions of the decon-
voluted process, which can be regarded as the distribution
of relaxation times, was represented by a Gaussian distri-
bution. The distribution, P(7;) of the Vogel-Fulcher
temperatures, 7j, was estimated from P(log 7) by the
Vogel-Fulcher equation. For reference, P(T;) at 418 K
is shown in Fig. 13. In this treatment, P(7,) can be
regarded as a criterion for the existence of heterogeneity
at the segmental level. For example, if P(7) transforms to
the distribution P(z) of the cooperative domain size,
adopting the model of intermolecular cooperativity, the
heterogeneity of the cooperative motion can be observed
at each temperature. The g-factors for the various samples
were estimated from the relaxation strengths. The g-factor
was considerably larger (closer to unity) in the blend than
either in the copolymer or homopolymers. This result
supports the conclusion reached on the basis of dynamics
that the local environment of the blend is heterogeneous at
the segmental level.
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