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ABSTRACT: Dielectric measurements were carried out on blends composed of poly(n-butyl acrylate) (PBA)
and poly(propylene glycol) (PPG) exhibiting phase behavior of the UCST type. Both linear PPG and three-
arm star-shaped PPG were used. The frequency dependence curves of the dielectric loss factor ¢ exhibited
a main peak due to segmental motions and a shoulder due to the normal mode relaxation of the PPG
molecules. Depending on the difference between the cloud point T and temperatures of dielectric
measurements Tmeas, the shape of the €' curves changed. The observed ¢ curves were compared with
theoretical €' curves calculated on the basis of mixing rules for the completely mixed and demixed states.
It was found that when Tmeas ~ Teioud, the €' curves exhibited relaxation spectra intermediate to the
theoretical curves for the mixed and demixed states. This indicates that the PBA and PPG segments are
not perfectly mixed even at temperatures above the cloud point. The main peak was broader than those
of the components, but the peak for the normal mode did not exhibit broadening, indicating that the
correlation length of the heterogeneity is less than the end-to-end distance of the PPG molecules. A
Gaussian distribution of the local concentration can be deduced from the € curves. Dielectric behavior

of blends containing star-shaped PPG was found to be similar to those with linear PPG.

Introduction

In part 1 of this series of study, we reported the cloud
points, glass transition temperatures Ty, and dielectric
behavior for blends composed of poly(n-butyl acrylate)-
(PBA)/linear poly(propylene glycol) (PPGD) and PBA/
star-shaped poly(propylene glycol) with three arms
(PPGT).! It was found that the phase diagrams of these
blends are of the UCST type, and the interaction
parameter y calculated on the basis of the mean-field
theory by Flory and Huggins2?2 for blends composed of
a linear PPG is different from that based on star-shaped
PPG. This apparent difference of y was explained by
assuming screening of the PBA segments at the center
of the star-shaped PPG molecules. However, no evidence
of such an internal segregation was found in either
differential scanning calorimetry or the temperature
dependence of dielectric loss for blends of star-shaped
PPG.! For blends having a cloud point near the tem-
peratures of the dielectric measurements, it was ob-
served that although the blends exhibited a single Ty,
the temperature dependence of the dielectric loss was
bimodal. In this paper we examine the dielectric behav-
ior of PBA/PPG blends in the frequency plane, focusing
our attention on the difference between linear and star-
shaped PPG.

Previously, Se et al. reported a dielectric study of
miscibility for blends composed of cis-polyisoprene (cis-
PI) and low molecular weight polystyrene (PS) and for
blends of cis-PI and vinylpolyisoprene (vinyl-PI). It is
known that cis-PIl is a type A polymer having a
component of dipole moment aligned parallel to the
chain contour and exhibiting a dielectric normal mode
relaxation reflecting the fluctuation of the end-to-end
vector.>6 On the other hand, PS and vinyl-PI possess
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only the perpendicular component (type B) and exhibit
the primary (o) relaxation due to local segmental
motions. Se et al.* argued that if a blend is composed of
a polymer having both type A and type B dipoles, the
dielectric behavior of the normal mode and the segmen-
tal mode reflects the miscibility in the length scale of
the end-to-end distance (2—100 nm) and the length scale
of the monomeric units (0.1—1 nm), respectively. They
concluded that there exists a heterogeneity of the length
scale of the order of the size of the segment in blends of
cis-P1/PS and cis-Pl/vinyl-Pl. In the present blend, PPG
is a type A polymer,”8 but PBA is a type B polymer. On
the basis of this view, we have examined the dielectric
behavior of the segmental and normal modes of PPG in
the present blends.

Recently, several authors investigated the local het-
erogeneity in miscible polymer blends and found that a
local heterogeneity results in a broader distribution of
dielectric relaxation times.®~13 Shears and Williams
observed first that dielectric relaxation spectra are
broadened by concentration fluctuations in low molec-
ular weight liquids.1* Katana et al.1° reported the effects
of concentration fluctuation on the dielectric primary
relaxation for a polymer blend composed of poly(cyclo-
hexyl acrylate-stat-butyl methacrylate) and polystyrene.
They explained the relaxation spectrum by assuming a
Gaussian distribution of the local heterogeneity, based
on the model proposed by Zetsche and Fischer.® The
amplitude of this heterogeneity is expected to increase
in the temperature range near the phase-separation
temperature. On the basis of the phase diagram re-
ported in part 1, we examine the dielectric behavior near
the cloud point.

Theory

For analyses of dielectric data of a polymer blend
composed of components 1 and 2, it is necessary to
express the complex dielectric constant e,* of the blend
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as a function of the complex dielectric constant ¢* of
the components and the composition w; (j = 1 and 2).
First we consider the dielectric response of a blend in
which the components are completely demixed. When
the concentration w (w/v) of either component is small
and the domains are spherical or ellipsoidal, e,* is
expressed by the Wagner and Sillars theory.1516 When
the w; of the components are comparable, ¢,* is a
function of the morphology as well as composition.
Unfortunately, the theory of the dependence of ex* on
morphology is not available. Therefore, we use e,*
calculated for two simple cases where the domains are
oriented in the direction either parallel or perpendicular
to the electrodes. In the case of perpendicular orienta-
tion, ey* is given simply by the weighted sum of ¢* of
the components 1 and 2

€p*(w) = Wy *(w) + Woe*(w) 1)
In the case of parallel orientation, the €* is given by

1 W, W,

@) o"0) @)

)

When e;* and e* are of the same order, numerical
calculation with eq 2 indicates that the real and
imaginary parts of e,* change almost linearly with w.
Therefore, eq 1 is a good approximation for the demixed
state, and we use eq 1 as a mixing rule for demixed
blends.

For a miscible blend, ,* depends on both the effective
dipole moments uer and the relaxation times of the
components. Generally the square of ues is proportional
to the internal field factor F and the dipolar correlation
factor g proposed by Kirkwood;"=1° i.e., uer® = gu?F
where u is the dipole moment in a vacuum. It is
reported?® that g of polymers is mainly due to the
intramolecular interactions, and therefore we expect
that g does not change appreciably by blending, as
reported by Wetton et al.'3 The factor F is a function of
the relaxed and unrelaxed dielectric constants.!® If the
dielectric constants of the components of a blend are
similar, F should not change greatly by blending. Thus,
we will use a miscibility rule in which the changes of g
and F are not taken into account.

The relaxation times of the components vary so that
the molecules 1 and 2 move under a common frictional
drag &p in the blend. This phenomenon is known for
mixtures of low molecular weight substances#21.22 and
for polymers.tt2® Then the relaxation time 7; of the
component j changes from zj in the pure state to 7;Cp/G;
by mixing, and hence, the €' curves of the components
shift along the axis of angular frequency o correspond-
ingly. Thus, if the complex dielectric constants of the
components are denoted as €*(w), ep*(w) is given by

€ (@) = Wye,*(w8/81) + Wae,*(wE/T5) ®)

It is known for mixtures of low molecular weight
substances that this equation holds only when dielectric
measurements are carried out in the audio frequency
range and at temperatures near T4, where the molecules
move cooperatively.1422 At high temperatures corre-
sponding to a frequency range above 10 MHz, the
components tend to move independently at different
rates, and hence eq 3 does not hold.?? The experimental
window employed in the present study satisfies the
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Figure 1. Frequency f dependence of dielectric loss factor €"

for blends of PBA-3/PPGD-3. Top figure is for a blend of PBA/
PPGD-3 which is 50/50 (by weight) and bottom for 71/29.
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above condition. Thus, eq 3 can be regarded as a mixing
rule for completely miscible states.

Experimental Section

The samples used in this study have been described in part
1. The figures of the sample code indicate the weight-average
molecular weight in units of kg mol~. For example, PBA-380
indicates poly(n-butyl acrylate) with the weight-average mo-
lecular weight M, = 3.8 x 10°. Linear PPG with M,, = 3.0 x
10% is coded as PPGD-3 and three-arm star-shaped PPG with
My = 5.9 x 10% as PPGT-6. Blends are coded in such a way as
PBA-21/PPGD-3 (50/50), which indicates that the blend is
composed of PBA-21 and PPGD-3 with the mixing ratio of 50/
50 by weight. Concentration w in w/v was calculated with the
density p of PBA and PPG:?* ppga = 1.087 and pppc = 0.998.
Dielectric measurements were carried out with an RLC
digibridge (QuadTech 1693, Maynard, MA) in the frequency
range from 12 Hz to 200 kHz. All samples were loaded in a
dielectric cell at room temperature and cooled at the rate of
ca. 3 K/min.

Results and Discussion

Dielectric Behavior of PBA/PPG Blends. As
reported in part 1, the dielectric relaxations of PBA/
PPG blends were observed in the temperature range
from 210 to 250 K in our experimental window from 12
Hz to 200 kHz. Depending on the cloud point relative
to the temperature of dielectric measurements, the
blend exhibited dielectric behavior characteristic of
either the mixed or demixed states. Figures 1, 2, and 3
show representative frequency (f) dependence curves of
dielectric loss factor € for PBA-3/PPGD-3(50/50 and 71/
29), PBA-21/PPGD-3(50/50 and 65/35), and PBA-380/
PPGT-6(50/50), respectively. The first blend of PBA-3/
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Figure 2. Frequency f dependence of dielectric loss factor ¢"
for blends of PBA-21/PPGD-3 at various temperatures given
in the figure. Top graph is for a blend of PBA/PPGD-3 which
is 50/50 (by weight) and bottom for 65/35.

PPGD-3 is in the mixed state, exhibiting a main peak
and a small shoulder due to the normal mode of PPG
in the low-frequency side. The dotted line in Figure 1
indicates eq 7 to be discussed later. On the other hand,
the third blend of PBA-380/PPGT-6 is a demixed blend
and exhibits two well-resolved peaks. The second blend
PBA-21/PPGD-3 has cloud point close to temperatures
of dielectric measurements. Although not shown here,
PBA-21/PPGT-6 exhibited €' curves very similar to
those shown in Figure 2. No clear change can be seen
in the ¢ curves at the cloud point 240 K for the 50/50
composition and 228 K for 65/35 composition which have
been estimated in part 1.1 The €' curves for PBA-21/
PPGD-3 and PBA-21/PPGT-6 exhibit a spectrum inter-
mediate between the €' curves for the mixed and
demixed states. We will analyze this behavior using the
blending rules given by egs 1 and 3.

For calculation of ¢ of blends with the mixing rules
given by egs 1 and 3, we need ¢" for pure PBA and PPG.
As in many amorphous polymers, the €' curves of PBA
and PPG measured at different temperatures were
superposable within experimental error.” The master
curves of € for pure PBA samples are shown in Figure
4. The curves were fitted to the Havriliak—Negami
equation?® for analyses of the blend data:

1 iu_ AE

T T U (e @

where ¢, is the unrelaxed dielectric constant, Ae is the
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Figure 3. Frequency f dependence of dielectric loss factor ¢"
for a blend of PBA-380/PPGT-6(50/50).
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Figure 4. Master curves of ¢’ for PBA-3, PBA-21, and PBA-
380 used in this study. Here f, denotes the loss maximum
frequency given in Figures 10 and 15.

Table 1. Exponents of the Havriliak—Negami Equation

code o B
PBA-3 0.43 0.53
PBA-21 0.45 0.31
PBA-380 0.43 0.51
PPGD-3 0.55 0.66
PPGT-6 0.55 0.66

relaxation strength, and a and  are parameters. The
parameters o and j3 for PBA and PPG samples are listed
in Table 1.

Figure 5 shows the master curve of ¢' for linear
PPGD-3. The €' for star-shaped PPGT-6 is very similar
to PPGD-3. The normal mode relaxation is seen as a
shoulder in the low-frequency side.”8 The main peak
due to the segmental mode was fitted to the Havriliak—
Negami equation, and the contribution of the segmental
mode on the low-frequency side of the loss peak was
estimated as shown in this figure. The contribution of
the normal mode thus resolved will be used to examine
the behavior of the normal mode in blends. Figure 6
shows the € curves calculated with eq 3 for miscible
PBA-3/PPGD-3 blends. Frequency is normalized by the
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Figure 5. Master curves of €' for PPGD-3. Open circle, closed
circle, and triangle keys indicate the observed €' curve, the
contribution of the normal mode, and the € curve from which
the contribution of the normal mode is subtracted. Here fy,
denotes the loss maximum frequency given in Figure 10.
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Figure 6. Theoretical € curves calculated with eq 3 for mixed
blends of PBA-3/PPGD-3. Calculations were made with the
master curves shown in Figures 4 and 5.

loss maximum frequency f, of the main peak. For the
other blends, the theoretical €' curves calculated with
eq 3 are very similar to those shown in this figure.

Dielectric Behavior of Miscible Blends. In this
section we analyze the data for miscible blends com-
posed of PBA-3 and either PPGD-3 or PPGT-6. First we
attempted to resolve the ¢ curves (denoted as €'",) of
those blends into the contributions of the normal mode
and the segmental mode. The €" curve for the normal
mode (¢''\m) estimated in Figure 5 was multiplied by the
PPG content wppg, and then wppce''nm Was subtracted
from €"p as shown in Figures 7 and 8. As is seen in these
figures, the € curves after subtraction of the contribu-
tion of the normal mode is smooth, indicating that the
relaxation spectrum for the normal mode does not
change in blends.

In Figures 7 and 8, we note that the observed main
peak is broader than the calculated one shown in Figure
6. For example, the half-width of PBA-3/PPGD-3(50/50)
is 3.1 decades, which is broader than the half-width of
2.5 decades for the corresponding theoretical curve. This
can be ascribed to the local heterogeneity, and the
correlation length of the heterogeneity is similar to or
longer than the size of the segments. We also note in
Figures 7 and 8 that the ¢ curve after subtraction of
the contribution of the normal mode is broader on the
low-frequency side than on the high-frequency side. This
trend is the reverse of ordinary behavior and can be
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Figure 7. Resolution of ¢’ curves for PBA-3/PPGD-3 blends
into the contributions of the segmental mode (A) and the
normal mode (®). Open circles are observed ¢" curves at 231
K.

explained by assuming a Gaussian distribution of
concentration fluctuations, as discussed later.

As mentioned above, the normal mode does not
change in blends, indicating that the correlation length
is less than the end-to-end vector of the PPG chains.
The linear PPG used in this study is a bifurcated chain
in which the direction of the parallel component of the
dipoles is inverted at the center of the molecule.® Thus,
the normal mode of PPGD-3 corresponds to the second
normal mode of the Rouse theory?s and reflects the
fluctuation of the distance R between chain end and the
center of the chain. In the case of star-shaped PPGT-6,
the normal mode reflects the fluctuation of the distance
R between the chain end and the junction point.827 It
is reported that the [#2[g/M for the unperturbed PPG
chain is 0.00735 nm?/g.22 Using this value, we obtain R
= 3.3 nm for PPGD-3 and R = 3.8 nm for PPGT-6. Thus,
the correlation length of concentration fluctuation is less
than ca. 3 nm.

Now we test the blending rule given by eq 3 in more
detail. Two discrepancies between the observed and
calculated €" curves can be recognized. First, the
observed main peak is broader than the calculated one
as pointed out above. Second, a discrepancy is seen in
the separation A, of the normal mode and the main
peak measured along the log f axis. As is seen in Figures
7 and 8, the observed A,, is shorter than the calculated
one and decreases with increasing PBA-3 content.

In the formulation of eq 3, we assumed a common
friction ¢, for both components. If &, for the PPG
molecules ({,PPC) is slightly lower than that of PBA
(&,"BA), the present results may be explained qualita-
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Figure 8. Resolution of ¢ curves for PBA-3/PPGT-6 blends
into the contributions of the segmental mode (A) and the
normal mode (®). Open circles indicate observed €' curves at
231 K.

tively. On the basis of this view, eq 3 was modified so
that PBA and PPG have different ¢, and the composite
curves were calculated considering £,PPC¢ as an adjust-
able parameter. However, we could not realize the ¢"
curves having a smaller A,. This is because the peak
for the segmental mode of PPG is relatively sharp, and
hence A, of the composite curve changes little for any
values of ,PPC. To explain A,, on the basis of this model,
we have to use the €’ curve of PPG having a much
broader distribution of relaxation times than that given
in Figure 5.

Previously, Adachi et al.?® reported for concentrated
toluene solutions of cis-polyisoprene (PI) that A, de-
creased with decreasing PI concentration C (in w/v) and
A, ~ 2 log C. Figure 9 shows the plots of A,, vs content
of PPG. In this figure, we see that the slope is close to
2 and the behavior is very similar to PI solution. For
toluene solutions of PI, this behavior was explained by
assuming that the size of the unit for the segmental
motion increases with decreasing concentration.2® Since
segmental motions can be regarded as the elementary
process for the large scale motions, the size of the
segment results in the decrease of the number of
subunits in the chain. Thus, the separation between the
segmental and normal modes becomes shorter. If this
explanation is applicable to the present blends, PBA-3
is regarded as a solvent for the PPG molecules. It is
interesting to test whether this relation also holds for
blends composed of high molecular weight PBA. In PBA-
21/PPG blends, A, is almost independent of concentra-
tion (see Figures 13 and 14). However, as discussed
later, PBA-21/PPG blends appear to be locally segre-
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fm for the segmental mode of PBA-3/PPGD-3 blends.

gated, and hence we should be careful about concluding
that A, becomes independent of w when the molecular
weight of PBA is high. To summarize, the concentration
dependence of A, in PBA/PPG blends remains as a
future problem.

Comparison of Linear and Star-Shaped PPG. In
part 1 we speculated that the PBA segments do not
contact with the segments of star-shaped PPG at the
center of the molecule.! If this is the case, the segmental
mode should split into two modes, due to almost pure
PPG and due to the mixed parts. Furthermore, the
normal mode will become broader since the mobility of
the subchains at the central part differs from that at
the chain ends.?° However, as seen in Figures 7 and 8,
the main peak in PBA-3/PPGT-6 blends is unimodal,
and its shape is very close to that of PBA-3/PPGD-3.
Therefore, strong segregation in PBA-3/PPGT-6 blends
as speculated in part 1 must be ruled out.

Blending Rule for Friction Coefficients. The
blending rule eq 3 for a mixed blend assumes a common
friction coefficient {, which controls the cooperative
motions of both components. Thus, &y, is proportional to
the relaxation time 75 for the segmental motions in the
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Figure 12. Comparison of the observed €' curve of PBA-380/
PPGT-6 at 231 K with theoretical curves calculated with eq 1
for the demixed state and eq 3 for mixed state.

blend. Figure 10 shows the Arrhenius plots of log fm
(=1/(2ns) versus inverse of temperature 1/T for the
PPGD-3/PBA-3 blends and those for the pure compo-
nents. It is seen that the values of f, of blends are close
to that of PPG over a wide range of composition. When
the concentration w of PBA-3 is 0.7, the Arrhenius plot
is approximately intermediate to those of pure PBA and
PPG. Similar behavior was also observed for the PPGT-
6/PBA-3 blends. This behavior can be recognized more
clearly in Figure 11 where the dependence of the
relaxation time zs on the content wpga of PBA-3 is shown
for blends of PBA-3/PPGD-3 and PBA-3/PPGT-6 at 230
K. Itis seen that 7s and hence ¢, are almost independent
of the composition in the range of wpga < 0.5 but
changes steeply in the range wpga > 0.7.

We may express the blending rule for friction coef-
ficient ¢ in a blend composed of polymers 1 and 2 as

Ing,=wing + 1 —w)Ing, + kw(l —w) (5)

where w is the concentration of either component. The
last term is the correction term due to the interactions
of 1 and 2. The negative k indicates repulsive interac-
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Figure 13. Comparison of the observed €' curve of PBA-21/
PPGD-3 at 231 K with theoretical curves calculated with eq 1
for the demixed state and eq 3 for mixed state. (Top) blend
with composition of 25/75, (middle) 50/50, (bottom) 65/35.

tions between the components and causes an increase
of free volume by blending, and vice versa. When the
size of the region of cooperative motions is a, ts is
proportional to £a3. Therefore, this equation also holds
for 75 when a is independent of the composition. Even
if the size a changes with composition, 75 of blends can
be given by an equation very similar to eq 5. The dashed
line in Figure 11 represents eq 5 calculated with k =
—3.9. The negative sign of k is consistent with the
positive interaction parameters y for PBA/PPG blends
reported in part 1.1

Dielectric Behavior of Phase-Separated State.
Figure 12 shows the ¢" curves of the PBA-380/PPGT-6
(50/50) blend which is in the phase-separated state at
temperatures of the dielectric measurements. From the
phase diagram reported in part 1, this blend is sepa-
rated into almost pure PPGT-6 and a PBA-rich phase
having the composition of PBA/PPG ~ 90/10. The
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Figure 14. Comparison of the observed €' curve of PBA-21/
PPGT-6 at 231 K with theoretical curves calculated with eq 1
for the demixed state and eq 3 for mixed state. (Top) blend
with composition of 25/75, (middle) 50/50, (bottom) 70/30.

volume fractions of the PBA-rich and PPG-rich phases
are ca. 0.6 and 0.4, respectively. In Figure 12 the
observed ¢" curve is compared with the curves calcu-
lated with eqs 1 and 3 corresponding to completely
demixed and mixed states, respectively. It is seen that
in the low-frequency region that the observed curve
agrees well with the theoretical curve for the demixed
state. In the region of the main peak, the observed peak
height is lower than the calculated one and the observed
peak is broad. The PBA-rich phase contains ca. 10% of
PPGT-6, and probably there exists a heterogeneity
which results in a broad main peak.

Dielectric Behavior near the Cloud Point. In part
1 the phase diagrams of PBA21/PPGD-3 and PBA-21/
PPGT-6 blends have been estimated. The cloud points
of these blends locate near temperatures of dielectric
measurements. Specifically for PBA-21/PPGD-3 blends,
the cloud points at 25/75, 50/50, and 65/35 compositions
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Figure 15. Arrhenius plots of the loss maximum frequency
fm for the segmental mode of PBA-21/PPGD-3 blends (top) and
those for PBA-21/PPGT-6 blends (bottom).

are 245, 240, and 225 K, respectively, and for PBA-21/
PPGT-6 blends, the cloud points at 30/70, 50/50, and
70/30 compositions are 265, 262, and 245 K, respec-
tively. It was expected before the dielectric measure-
ments were conducted that the €’ curves of PBA-21/
PPGD-3 blends would change from that given by eq 1
to that given by eq 3 at the cloud points. However, as
shown in Figure 2, the shape of the ¢ curves of PBA-
21/PPGD-3 blends did not change, and they were
approximately superposable. Two loss peaks are sepa-
rated clearly compared with the ¢ curves for the mixed
blends shown in Figures 1, 7, and 8. The intensity of
the low-frequency peak is too high to be attributed to
the normal mode of PPG (shown in Figure 5), and
therefore it is due to both the segmental mode of PBA-
21 and the normal mode of PPGD-3. This indicates that
PBA-21/PPGD-3 blends are weakly segregated even at
temperatures above the cloud point.

The €"” curves of PBA-21/PPGD-3 blends at about 238
K are compared with the mixing rules given by egs 1
and 3 (Figure 13). It is seen that the observed curve is
intermediate to the theoretical curves given by eqgs 1
and 3. The €" curve after subtraction of the normal mode
(dashed line) still has a broad shoulder in the lower
frequency side of the main peak. Especially we note that
the ¢" curve at 65/35 composition exhibits a broad
shoulder of the low-frequency side even though it was
observed above the cloud point (225 K). Obviously, this
is due to the contribution of the PBA chains which have
a lower mobility than the PPG molecules.

Figure 14 compares the observed and theoretical ¢"
curves at about 230 K for PBA-21/PPGT-6 blends. For
a blend of 50/50 composition we see that the ¢ curve is
intermediate to the € curves for the mixed and demixed
states, as observed for the PBA-21/PPGD-3 blend.
However, the observed curve is closer to the curve
corresponding to the demixed state. We also note that
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in a blend of 70/30 composition the €" curve becomes
very broad. Probably this blend is phase separated, and
the two phases have a strong heterogeneity. The Ar-
rhenius plots for the main peaks of these blends are
shown in Figure 15. It is seen that the plots for the
blends are close to that of PPG over wide concentration
range. This behavior is different from the behavior of
mixed blend shown in Figure 10. This also indicates that
the blends are in a weakly segregated state, and the
relatively sharp ¢ peak of PPG becomes the main peak
at any composition.

The above-mentioned results for PBA-21/PPG blends
may be interpreted as follows. First, it is noted that the
distribution of molecular weight of PBA-21 is not very
sharp (Mw/M, = 1.27), and therefore the blends may
exhibit relatively broad distribution of phase separation
temperature. We also note that, even in phase-separated
states, there exists an interphase and the thickness of
the interphase is expected to be broad since the differ-
ence of free energy between two phases is small near
the cloud point. Furthermore, the domain size is of the
order of micrometers, and hence the area of interface is
large. These factors may act equally so that the dielec-
tric spectra of the blends become broad.

Concentration Fluctuation and Distribution of
Relaxation Times of the Segmental Mode. We
return to miscible blends and consider the effect of
heterogeneity on the distribution of relaxation times for
the segmental mode. We have concluded that the
correlation length & for PBA-3/PPGD-3 and PBA-3/
PPGT-6 blends is less than 3 nm. Zetsche and Fischer?®
proposed that mixed blends have a Gaussian distribu-
tion of concentration fluctuation. This was tested in
terms of the dielectric method by Katana et al.l®
Recently, Yada et al.%0 reported dielectric measurements
on concentrated solution of poly(vinyl acetate) near the
glass transition temperature and explained the distri-
bution of relaxation times by assuming a Gaussian
distribution of concentration. In this section we test
whether the €' curves of the present blends can be
explained by this model.

We assume that concentration fluctuation in a blend
composed of polymers 1 and 2 can be represented by a
Gaussian distribution:

P(¢) = Py expl—(¢ — ¢0)*/(20)] (6)

where ¢ is the local concentration of the component 1,
P(¢) the distribution function, and ¢, the average
concentration of component 1. The parameter o is equal
to the mean-square fluctuation of local concentration [{¢
— ¢o)?Lin a volume of £3. Since the relaxation time varies
with concentration, the distribution of local concentra-
tion ¢ causes the distribution of relaxation times g(In
7). Here, we may assume that the dependence of In 7 on
¢ is given by eq 5. From eqs 5 and 6, we express the
distribution function g(In 7) of relaxation times. Then
the dielectric loss curve is given by a form

e'= ["gnn) W) dint (7)

where W(w,7) is the normalized loss curve for a blend
in which there is no concentration fluctuation. We
assumed that W(w,7) is given by the Havriliak—Negami
equation (eq 4) for the segmental mode of purePPGD-
3. The best fit €' curves for PBA-3/PPGD-3 (50/50) and
(71/29) blends are shown in Figure 1 by the dotted lines.
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As is seen in this figure, the calculated curve reproduces
well the asymmetrical shape of the €' curve having
slightly broader distribution in the low-frequency side.
This is because, although the Gaussian distribution of
concentration is symmetrical around the average con-
centration, the concentration dependence of the relax-
ation time d log 7/d¢ becomes steep in the PBA-rich
region as shown in Figure 11. The parameters o (=[¢p
— ¢0)20 used in this calculation are 0.083 for 50/50
composition and 0.049—0.141 for 71/29 composition. For
71/29 composition, ¢ increases with decreasing temper-
ature. These data indicate that the concentration fluc-
tuations [{¢ — ¢0)?[¥2 in these blends are 0.2—0.3 g/cm?3.

Conclusions

Dielectric relaxations of PBA/PPG blends have been
observed in the temperature range from 210 to 250 K.
We have found that the dielectric behavior of a PBA/
PPG blend depends strongly on the separation between
the cloud point and the temperature of dielectric mea-
surements. To analyze the dielectric data, we have
assumed two blending rules for the complex dielectric
constant ¢* in the mixed and demixed states. These
rules are found to be useful as a working hypothesis
for the analyses of the dielectric data of blends. The
dielectric normal mode relaxation of PPG is clearly
observed for blends. The normal mode does not change
its spectrum in miscible blends, indicating that the
correlation length & of concentration fluctuation is less
than the end-to-end vector of ca. 3 nm for the PPG
molecules used in this study. On the other hand, the
loss curve for the segmental mode becomes broad,
indicating that & is similar to or longer than the size of
the segments. For mixed blends, the broadening of
dielectric relaxation spectra can be explained on the
basis of a Gaussian distribution of concentration fluc-
tuations. It has been found that the separation of the
loss peaks for the normal and segmental modes de-
creases with increasing content of PBA. Explanation of
this behavior remains as a future problem. Remarkable
differences in dielectric behavior between the blends
containing linear PPG and star-shaped PPG are not
seen, indicating that the concentration fluctuations in
blends of linear PPG are similar to those of star-shaped
PPG. Blends composed of PPG and high molecular
weight PBA are in the phase-separated state and exhibit
€' curves conforming approximately to the blending rule
for the demixed state. For blends having cloud points
near temperature of measurements, the €’ curve exhib-
its intermediate behavior compared to the ¢’ curves
predicted by the blending rules for the mixed and
demixed states.
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