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ABSTRACT: Viscoelastic, dielectric, and rheo-optical behavior was examined
for miscible blends of high-M cis-polyisoprene (PI) and poly(p-tert-butyl-
styrene) (PtBS). The slow dielectric relaxation of the blends was exclusively 6
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attributed to the global motion of the PI chains having the type-A dipoles. The & )
PI and PtBS chains behaved as the fast and slow (low- and high-friction) © 3 2o 100°C
components and were well entangled with each other. The dynamics of these & , ¢ g00®

chains changed significantly with temperature T. At high T, the blend exhibited g &5 a=Znax oG

two-step entanglement plateau of the storage modulus G'(w), and the plateaus 3t °G"

at high and low angular frequencies (@) were attributed, with the aid of the PIBS348 solution
dielectric data, to the entanglement among all component chains and that 2 s ) ) o ) , s
between the PtBS chains, respectively. The entanglement length a characteriz- | i i log (/™)

ing the high-w plateau was well described by a simple mixing rule based on the
number fraction n of the Kuhn segments of the components, a = nplaplbulk +
nptBsaptBSb‘ﬂk. This result was consistent with the current molecular picture relating the entanglement density to the packing length p
(=a/20). The complex moduli G* of the blends in the high-w plateau zone were well described by a simple blending law combined
with this mixing rule of a, which was consistent with the rheo-optical data. At low T, the blend exhibited the Rouse-like power-law
behavior of storage and loss moduli, G’ = G« w /2 in the range of @ where the high-w plateau was supposed to emerge. This lack of
the high-w plateau was attributed to retardation of the Rouse equilibration of the PI chain over the entanglement length a due to the
hindrance from the slow PtBS chains: The PI and PtBS chains appeared to be equilibrated cooperatively/simultaneously at a rate
essentially determined by PtBS. The Rouse equilibration time, evaluated from the G* data of the blend, was just moderately shorter
than the dielectrically determined relaxation time of PI. Thus, the high-w plateau zone was too narrow to be resolved experimentally,
and the PI chains relaxed almost immediately after their Rouse equilibration (retarded by PtBS). This PI relaxation activated the
constraint release (CR) relaxation of PtBS to dilate the entanglement mesh for PtBS. A simple model considering the Rouse
equilibration and CR/dilation processes described the G* data of the blend surprisingly well, lending support to the molecular
picture of the cooperative/simultaneous Rouse equilibration of the PI and PtBS chains. The model calculation was consistent with
the rheo-optical data, which lent further support to this molecular picture.

1. INTRODUCTION

The entanglement dynamics of long flexible polymer chains is
one of the central research subjects in the field of polymer phy-
sics. For homopolymer systems, this dynamics has been exten-
sively investigated from experimental and theoretical aspects to
reveal some specific mechanisms that govern the global relaxa-
tion of the chain. For example, within the content of the tube
model, the terminal viscoelastic relaxation of linear chains is acti-
vated mainly by the reptation mechanism and accelerated/broad-
ened by the contour length fluctuation (CLF) and constraint
release (CR) mechanisms.' > In particular, the CR mechanism is
essential in binary blends of chains having widely separated
molecular weights (M).>* Similar effects are naturally expected
for miscible blends of chemically different chains. However, an
interesting and important difference is noted between the blends
of chemically identical chains (homopolymer systems) and of
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chemically different chains. Namely, the local segmental friction
, and the entanglement molecular weight M,, the basic para-
meters affecting the entanglement relaxation, are common for all
component chains in the former type of blends but not in the
latter. Thus, it is very interesting to examine §; and M, in the mis-
cible blends of chemically different chains.

For such miscible blends of two components, say A and B,
dynamics of the monomeric segments has been extensively inves-
tigated in relation to the concepts of the self-concentration® and
the local composition fluctuation.” The motion of a given A
segment is strongly affected by the surrounding segments that
include the chemically different B segments. When the com-
ponent B has a bulk glass transition temperature Tg%ﬂk much
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higher than TgbAulkof the component A, the two components
do not necessarily have the same effective TgEff but often exhibit
Tgﬁff > Tg,AEff in the miscible blends. This difference of T;E is
attributable to a difference of the intrachain torsional barriers of
the components A and B and, more importantly, to the self-
concentration,’ i.e., enrichment of the segments A (or B) around
a given segment A (B) due to the chain connectivity. The
difference of the local compositions around the segments A
and B due to the self-concentration results in slower segmental
motion of B compared to A that can be represented as a
difference of the segmental frictions, {;p > s a- (The tempera-
ture (T) dependence of ; is basically described by the WLF
equation with respect to TgeFf so that { p > Gy for the case of
Tg,eBff >T ,Aeff and the difference between {5 and C; 4 is enhanced
atlow T.% Furthermore, this local composition is not the same for
all A (or B) segments but dynamically fluctuates with time. Thus,
in the time scale of the segmental motion where this fluctuation
has not been equilibrated, { x has a distribution among the
segments X (=A, B)” with its mean value Cs,x being determined
by the macroscopic (average) composition and the self-concen-
tration. Characteristic features of the segmental dynamics in the
miscible blends,é_23 broad glass transition observed through
thermal measurements, broad spectra of segmental dynamics
detected with NMR, and the broad and thermo-rheologically
complex dielectric/viscoelastic segmental relaxation processes are
rather well understood in relation to the self-concentration and
dynamic fluctuation effects.

The global, entanglement dynamics in miscible blends has
been also investigated”>** > but less clearly understood com-
pared to the local segmental dynamics. These blends often exhi-
bit two-step entanglement relaxation qualitatively similar to that
observed for binary blends of chemically identical chains. How-
ever, the temperature dependence of {; is different for the two
components in the miscible blends (because of the difference of
their Tgeff) , which results in the thermo-rheological complexity of
the entanglement relaxation of these blends. This complexity has
been incorporated in the tube model (originally developed for
chemically uniform systems) to reformulate the model for the
miscible blends on the basis of the molecular picture of double
reptation®® and dynamic tube dilation.” The reformulated models
semiquantitatively describe the slow viscoelastic relaxation of
miscible blends such as cis-polyisoprene (PI)/poly(vinyl ethy-
lene) (PVE) blends. However, no full agreement was found
between the model and the data, quite possibly because the
double reptation/tube dilation formulations utilized in the
models do not accurately agfly even to chemically uniform
homopolymer systems.”**°”>* (For chemically uniform binary
blends of long and short chains, the double reptation/tube dila-
tion molecular pictures are valid only when the length and time
scales involved in these pictures are consistently coarse-grained
on the basis of the Rouse-CR process of the whole sequence of
short—long entanglements.*®” ****)

Here, it should be noted that the above models for the miscible
blends include the entanzglement length a (or the entanglement
molecular weight M, o< a”) as a parameter determining the entan-
glement plateau modulus Gy as well as the component relaxation
times. The comparison of the model prediction and data were
based on the a (or M,) value estimated from a mixing rule(s), for
example, 1/a = ¢p/ A 4 po /B where a3 is the entangle-
ment length of the component X (X = A, B) in bulk and ¢ is the
volume fraction of this component in the blend.?® Since a%"™ is
not significantly different for the components so far examined

Table 1. Characteristics of Samples

sample code 10 °M,, M, /M,
PtBS348 348 1.06
P199 98.5 1.04
PI128 128 1.03

(eg, PI and PVE), the other choices of the mixing rule would
have given nearly the same a (or M,) value in the blend and thus
have hardly affected the model predictions. Nevertheless, the
mixing rule of a (or M,) should directly reflect the molecular
origin of the entanglement intimately related to the packing
length. Thus, it is highly desired to distinguish several mixing
rules and specify the most appropriate rule.

In relation to this distinction, we note that PI and poly(p-tert-
butylstyrene) (PtBS) are miscible in a wide range of temgerature35738
and have quite different a)lz‘ﬂk and ME ulk Values in bulk:>

bulk PL: aff™ = 5.8 nm, MM™ =50x10> (1)

bulk PtBS: afps = 11.7 nm, MM P =376 x 10° (2)

(The M, values shown in egs 1 and 2 were evaluated from the Gy data
through a relationship, Gy = pRT/M,, with p, R, and T being the bulk
density, gas constant, and absolute temperature, respectively.) Differ-
ent mixing rules give considerably different a (or M,) values for the P/
PtBS blends, which enables us to specify the most appropriate rule.
Furthermore, PI has the type-A dipole paralle] along the chain back-
bone and its global motion activates dielectric relaxation,”*’ while PtBS
has no type-A dipole and its global motion is dielectrically inert.**~*
This difference enables us to utilize the dielectric data of PI/PtBS blen-
ds to unequivoca]lz; determine the terminal relaxation time 7," of the
PI chains therein.”®>® The viscoelastic modulus of PI in the blend,
evaluated from the 7,”" data and modulus data of bulk P, is helpful for
accurately specifying the most appropriate mixing rule of a.

Thus, we chose the blends of high-M PI and PtBS as a model
system to conduct viscoelastic, dielectric, and rheo-optical mea-
surements. At all temperatures examined, the blends were in the
miscible state and the PI and PtBS chains therein behaved as the
fast and slow (low-G, and high-{,) components. The viscoelastic,
dielectric, and rheo-optical data revealed that the blends exhibit
two-step entanglement relaxation at high T and the high fre-
quency () plateau of the modulus at > 1/7; , being sustained
by both PI and PtBS, is most appropriately described by a simple
mixing rule of a based on the number fraction of the Kuhn
segments of PI and PtBS. The data also suggested that the Rouse
equilibration of PI at length scales < a is significantly retarded by
PtBS at low T thereby narrowing the high-@ plateau zone to an
undetectable width (and forcing this zone to almost merge with
the retarded Rouse relaxation zone). This paper presents details
of these results, placing its emphasis on the fundamental aspects
of polymer rheology, i.e., the role of the Rouse equilibration in
determining the stress and the necessity of this equilibration for
appearance of the entanglement plateau.

2. EXPERIMENTAL SECTION

2.1. Materials. A linear high-M PtBS348 sample, previously syn-
thesized anionically,* was utilized as the slow component in the PI/
PtBS blends. Its characteristics are summarized in Table 1.

Linear high-M PI samples, PI99 and PI128, were anionically synthe-
sized in vacuum at 30 °C utilizing benzene and sec-butyllithium as the
solvent and initiator, respectively. These samples were characterized
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with GPC (CO-8020 and DP-8020, Tosoh) equipped with a refractive
index (RI)/low-angle light scattering (LALS) monitor (LS-8000, Tosoh
Co). Previously synthesized monodisperse PI samples®* >*** were
utilized as the LALS and elution standards. The characteristics of the
PI99 and PI128 samples are also shown in Table 1. The microstruc-
ture determined from "H NMR (Varian MERCURYplus AS400) were
the same for these samples, 1,4-cis:1,4-trans:3,4 = 78:14:8. This micro-
structure, very close to that of the previously utilized PI20 (1,4-cis:1,4-
trans:3,4 = 79:14:7),*® allowed the P199 and P1128 chains to be miscible
with the PtBS348 chain in the entire range of T examined (T < 120 °C).

The materials subjected to viscoelastic, dielectric, and rheo-optical
measurements were the blends of PtBS348 with PI199 and PI128. The
blends were prepared according to the previously reported method:****
The prescribed masses of the PtBS and PI samples were dissolved in
tetrahydrofuran (THF) at a total concentration of 10 wt % and then
precipitated in a dropwise way into an excess methanol/acetone (8/2
wt/wt) mixture vigorously stirred by a magnetic bar. The blends were
recovered via decantation and thoroughly dried under vacuum first at
room temperature and then at 145 °C. The blends thus prepared were
transparent, which is in accord with the PI/PtBS miscibility.

2.2. Measurements. Linear viscoelastic, dielectric, and rheo-
optical measurements were conducted for the PI99/PtBS348 and
PI128/PtBS348 blends having the PI content of wp; = 40, 50, and
56 wt %. For comparison, the viscoelastic and dielectric measurements
were conducted also for respective components in bulk state. The com-
ponent data are summarized in Appendix A.

The linear viscoelastic measurements were conducted with a labora-
tory rheometer (ARES, TA Instruments) at several temperatures T <
120 °C. Parallel-plate fixtures with diameters of 8 and/or 4 mm were
utilized. The oscillatory strain amplitude was kept small (y, < 0.1) to
ensure the linearity of the storage and loss moduli, G’ and G''. The
viscoelastic measurement was conducted also for a 46.7 wt % solution of
PtBS348 in a low-M solvent, dibutyl phthalate (DBP). This solution was
utilized as a reference system for the 50 wt % PI/PtBS348 blends.

The dielectric measurements (in the linear response regime) were
conducted also at T < 120 °C. The samples were charged in a dielectric
cell composed of parallel plate electrodes and a guard electrode. The
measurements were made with an impedance analyzer/dielectric inter-
face system (1260 and 1296, Solartron). In this paper, the dielectric data
are presented as plots against the angular frequency, w = 27f with f
being the frequency in hertz units.

Preliminary rheo-optical (dynamic birefringence) measurements
were conducted for the SO wt % P1128/PtBS348 blend at T < 100 °C
with a homemade device composed of an oscillating drive and optical/
mechanical detectors.* The amplitude of the oscillatory strain was kept
small (o = 0.06) to ensure the linearity. The dynamic birefringence data
were normalized by this amplitude to give the complex shear optical co-
efficient K*, and analysis**~*¢ of the K* and the complex modulus G*
(=G’ +iG"") data enabled us to evaluate the component moduli in the
blend.

3. RESULTS AND DISCUSSION

3.1.0verview. For the PI99/PtBS348 blend with wp; = 50 wt %,
Figure 1 shows the angular frequency () dependence of the
storage and loss moduli, G’ and G/, and the dielectric loss, £”, at
temperatures T as indicated. For clarity of the plots, only the data
at representative T are shown. The blend was miscible at all T
examined. The raw &'’ data are multiplied by a factor of 10* and
shown in a range of @ where the direct current (dc) conduction
negligibly contributes to the data, as done in the previous work.”®
The component molecular weights are significantly larger than
M in respective bulk systems (cf. eqs 1 and 2), which allows
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Figure 1. Viscoelastic and dielectric behavior of PI99/PtBS348 blend
with wpy = 50 wt % at temperatures as indicated. The ¢ data shown are
the raw data without the dc correction. The dotted line attached to the
modululs/(zlata at 30 °C indicates the Rouse-like power-law behavior, G’ =
G w'”

the PIand PtBS chains to be well entangled in the blend. Since PI
has the type-A dipoles while PtBS does not, the dielectric
relaxation seen in Figure 1 is exclusively attributed to the global
motion (end-to-end vector fluctuation) of the PI chains in the
blend. At all T examined, the blends exhibit two-step viscoelastic
relaxation and the terminal (second step) relaxation is much
slower than the dielectric relaxation. Thus, P199 and PtBS348 are
unequivocally assigned as the fast and slow components in the
blends, and the terminal viscoelastic relaxation is attributed to the
global motion of the PtBS chains.

The two-step viscoelastic relaxation behavior (Figure 1) was
noted for all PI/PtBS blends examined. This behavior is qualita-
tively similar to that seen for chemically uniform binary blends
such as PI/PI blends.**' However, we should also note an
important difference, the thermo-rheological complexity of the
viscoelastic data of the PI/PtBS blend. This complexity is
demonstrated in Figure 2, where we have chosen a reference
temperature T, = 303 K (30 °C), corrected the modulus data
with the intensit}r factor b = T/T,, and shifted the corrected
by 'G' and by 'G" data along the w axis to achieve the best
superposition of the by 'G” data at wap=10""s" . (For clarity
of the plots, the by~ 'G"’ data are multiplied by a factor of 10~ ")
For comparison, the dielectric bre” data corrected with the
intensity factor by are multiplied by a factor of 10* and shifted
independently from the modulus data to achieve the best super-
position at the & peak. The shift factors for the viscoelastic and
dielectric data, at g and ar ., were quite different, as shown in the
inset. This difference naturally emerged because the ar g data
obtained for the low-w G” data reflect the dynamics of PtBS
(slow component) while the ar. data reflect the dynamics of PI
(fast component). Because of the difference between ar g and
ar,, we should not directly compare the viscoelastic and di-
electric data in Figure 2 (except the data at T = T, = 30 °C).

The thermo-rheological complexity of the modulus data
(failure of the superposition) seen in Figure 2 is partly attributed
to a fact that PI and PtBS contributing to the modulus have
different T dependence of the friction coefficient of their Rouse
segments (=smallest motional unit for the rubbery relaxation),
G p1and G prps: The coefficient C peps decreases with increasing
T much more strongly compared to §,p;.>® More importantly,
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Figure 2. Test of time—temperature superposition for the PI99/
PtBS348 blend with wp; = 50 wt %. The solid curve shows the &’ data
of bulk PI99 corrected for the temperature and the PI volume fraction in
the blend. For further details, see text.

the complexity results from a significant change of the viscoelastic
mode distribution with T: The blend at high T (100 °C) exhibits
a plateau of G’ and a peak of G” at high @ > 20 s~ ' where the
terminal relaxation process of PI is dielectrically detected, while
the blend at low T (30 °C) shows neither G'-plateau nor G”’-peak
in the PI relaxation zone at @ > 0.1 s~ . Instead, the G’ and G
data at low T exhibit the Rouse-type power-law behavior, G’ =
G ®"? (shown with the dotted line in Figure 1), and
monotonically increase beyond the levels of G'-plateau/G”-peak
seen at high T. Similar behavior was observed for all PI/PtBS
blends examined.

The above results strongly suggest that the relaxation mecha-
nism and the corresponding viscoelastic mode distribution of
the PI/PtBS blends change with T and this change governs the
thermo-rheological complexity of the blend. In relation to this
point, we note that the two-step plateau of G’ and the corre-
sponding double peak/shoulder of G’ seen for the blend at high
T (Figure 1) are very similar to those of the chemically uniform
binary blends®>*' (reflecting the reptation/CLF mechanism
combined with the CR/tube dilation mechanism). Thus, the PI/
PtBS blends at high T appear to serve as the good model system
for our test of the mixing rule of the entanglement length 4. In the
next section, we utilize the G’ and G” data of those blends at high
o to achieve this test. The rheo-optical data are also utilized to
check the results of the test.

After this test, we examine a change of the relaxation mecha-
nism(s) in the PI/PtBS blends on the decrease of T and discuss
why the high-w Rouse-like behavior is observed at low T instead
of the plateau and peak of G' and G” (cf. Figure 1). In relation to
this discussion, we note in Figure 2 that the time—temperature
superposition satisfactorily works for the ¢ data of PI in the
blend despite the failure of the superposition for the G* data and
that the shift factor is quite different for &’ data and low-w G”
data (i.e, for the PI and PtBS chains). Furthermore, the super-
posed &'’ data are close to the data of bulk PI corrected for the
temperature and the PI volume fraction in the blend (solid curve),
as explained later in more detail. Thus, the relaxation mecha-
nisms of PT at high and low T are different but should be still asso-
ciated with the same dielectric mode distribution, which provides
us with a clue for specifying those mechanisms.

6
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Figure 3. Comparison of the viscoelastic behavior of PI99/PtBS348
and PI128/PtBS348 blends with that of a PtBS/DBP solution. All
systems have the same PtBS volume fraction, ¢ps = 0.47. For further
details, see text.

3.2. Mixing Rule of Entanglement Length. 3.2.7. Test for
Viscoelastic Modulus Data. The test of the mixing rule of the
entanglement length a can be made unequivocally for the PI/
PtBS blends at high T if the behavior of those blends is similar to
that of the chemically uniform blends (such as PI/PI blends>**").
It is well-known that the chemically uniform blends have the
entanglement plateau Gy being independent of the component
molecular weights M and volume fraction ¢ and that the relax-
ation behavior of the slow component therein is insensitive to
M, of the fast component and close to the behavior in the
solution having the same ¢y, if the fast and slow components
have widely separated relaxation times. We examined these fea-
tures for the SO wt % P199/PtBS348 and PI1128/PtBS348 blends
(¢pss = 0.47 as evaluated under the assumption of volume
additivity) at 100 °C and the 46.7 wt % PtBS348/DBP solution
having the same ¢pps. The results are shown in Figure 3. The
solution data at 20 °C corrected for the intensity factor by (= T/
T,=293/373), by ‘G ", were shifted along the w axis to match
the viscosity with that of the blends. Clearly, the data of the
blends in the low- plateau zone are insensitive to Mpy of PI (fast
component) and agree well with the solution data. Furthermore,
Gy of the blends in the high-w plateau zone is insensitive to Mp;
and the relaxation from this plateau is slower for larger Mp;. All
these features are very similar to those of the chemically uniform
blends, confirming that the PI/PtBS blends at high T do serve as
the good model system for the test of the mixing rule of a.

Now, we test the empirical mixing rules of the entanglement
length a proposed in the literature

1L ¢y | ¥
-= + f 26 3
a  apk T bk (ref 26) (3)
and
a=nya™ + nBag‘ﬂk (ref 38) (4)
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a])’(ulk denotes the entanglement length in the bulk system of the
component X (= A, B), and nx is the number fraction of the Kuhn
segments of the component X in the blend. (eq 4 was originally
formulated for the packing length p = a/ 20.%® However, in this
study, we neglect a small variation in the p/a ratio among poly-
mer species and utilize eq 4 rewritten for a.) Note also that the
mixing rules, eqs 3 and 4, are based on a molecular picture that
the high-w plateau is sustained by both A and B (PI and PtBS)
chains and these chains are cooperatively/simultaneously equili-
brated to have the same a value. This molecular scenario sounds
very reasonable, although we cannot fully rule out the other possi-
bility that the component chains are separately equilibrated to have
different a values and different thermal tensions (=3kgT/a). This
possibility is discussed in a later section in more detail.

A mixing rule for the entanglement molecular weight M.,
similar but not identical to eq 3, has also been proposed in the
literature:>’

1 Da n (o
51/2_{MbulkA}1/2 {MbulkB}l/Z

(%)

In the following, we also test this mixing rule.

We can test eqs 3—5 on the basis of a formal blendin% law of
the complex modulus, G*(w) = Zx_a 5 G2 (w) with GY'¥*(w)
being the complex modulus of the component X in the blend. In
general, G¥'*(w) does not coincide with G¥"™*(w) of bulk
component X because of the CR effect on Gy'™*(w), and this
formal blending law merely represents the stress additivity of the
components. Nevertheless, in the high-w plateau zone where
eqs 3—S are to be tested, the fast component has hardly relaxed,
thereby activating no significant CR relaxation for the fast and
slow components. In this zone, Gx'** at a given T can be appro-
ximated to have the same relaxation mode distribution as the bulk
modulus G"™™ at the same T, as suggested from the G* data of
PI/PIand PS/PS blends in the high-w plateau zone (cf. Figure 15
of ref 38 and Figure 26 of ref2). Then, the above blending law can
be cast in a form,

G¥(w) = Z By IxGY™*(wAx) in the high-wplateau zone

X=A, B

(6)

with
X
[Ze
Ax = Toulk X (7)
G
and

2

bulk

Ix = (ax > (when egs 3 and 4 are utilized) (8a)
a

bulk X
— Me

Ix = M (when eq $ is utilized) (8b)

Here, Ax denotes a difference of the viscoelastic relaxation times
of the component X in bulk (78" *) and in the blend (z&), and
Ix represents a difference of the entanglement plateau heights
normalized to unit volume fraction of the component X in bulk
and blend. Iy is determined according to the mixing rules,
eqs 3—S.

A comment needs to be added for Ax. The PI chains (fast com-
ponent) in our PI/PtBS blends exhibit a narrow dielectric mode

PI99/PtBS348 G
Wo = 56 Wt% 002
5 -SO°C L ¥el
4 [50° 1/a=§¢x/ax
3 ()
$)
o 4
on
=t
3
5F
4 |
3 1
-1 0 1 2 3
log (w/s™)

Figure 4. Comparison of the G* data of P199/PtBS348 blend (wp; =
56 wt %) at 80 °C with the prediction of eqs 3—5 combined with eq 6.

distribution so that their terminal dielectric relaxation time 7,""
can be experimentally determined from the angular frequency
Wpeak for the &'’ peak as = 1/ Wpeak (=0.04 s at 100 °C); cf.
Figure 1. Since the PI chains relax much faster than the PtBS
chains, the entanglement constraint from the PtBS chains is
effective throughout the terminal relaxation of the PI chains. For
this case, we can safely replace the viscoelastic 7&' of PI in the
blend by the dielectric 7¢' and experimentally evaluate Ap; from
the data of 75" and 72" ™! (= 0.2 s at 30 °C; obtained from the
G shown in Appendix A) as Ap; = o0/ 2R PL4 Indeed, from
the previously reported empirical equation for 75 of the fast
component,38 the difference between 745" and 75" for our P1/
PtBS blends was estimated to be less than 5% and can be safely
neglected. We also note that the first step relaxation of the
slow PtBS chains is activated by the terminal relaxation of PI
(through the CR mechanism). Thus, 7&™® of PtBS appearing
in eq 7 can be safely replaced by &' (=71") of P, as suggested
from the G and & data of PI/PI blends in the high-w plateau
zone (cf. Figures 15 and 16 of ref 38). Then, Apgs is evaluated

from 77" and the 78X P*BS data of bulk PtBS as Apgs = 70/
7 bulk PBS,

Utilizing the Go™™ and Gpe™* data shown in Appendix A

and the Ap; and Apgg values obtained above, we calculated the
modulus G*(w) of the blend (eq 6) expected for respective
mixing rules, eqs 3—S5. For the PI/PtBS blends examined,
Figures 4— 7 compare the calculated G* (solid curves) with
the G* data (circles) at high T. The PI and PtBS chains hardly
exhibit the entanglement relaxation at w well above a character-
istic frequency w, where the plots of the G’ and G” data cross
with each other (w, = 10 s ' in Figure 4, for example). The
mixing rules are to be tested in the entanglement plateau zone at
® > m,. Clearly, eqs 3 and S (curves in panels a and c) consider-
ably underestimate the modulus in this zone, i.e., overestimate
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Figure S. Comparison of the G* data of PI99/PtBS348 blend
(wpp = SO wt %) at 100 °C with the prediction of eqs 3—S combined
with eq 6.

a and/or M, in the blends. In contrast, eq 4 (curves in panel b)
well describes the G* data in the high-w plateau zone where eq 4
is to apply. Note also that the difference of G* predicted from eq 4
and from eqs 3 and S becomes larger with decreasing wp
(because np; appearing in eq 4 decreases rather weakly with
decreasing wpr.)

Here, a comment needs to be added for the validity of eq 4. In
the current molecular picture, the entanglement density in
homopolymer systems is related to the packing length 17 and
p is proportional to the entanglement length a (p = a/20).*”***
Thus, in the PI/PtBS blend, the high-a) plateau is naturally
determined by an average of ap™ and apo3% The Kuhn
segment is the fundamental unit for description of the flexible
polymer conformation so that the average should include the
number fractions of these segments as the weighing factors,
which results in the mixing rule given by eq 4. The molecular
weight of the Kuhn segment My, is considerably larger for
PtBS (Myyhy = 1500)° than for PI (Mg, = 130)° to give
npas << npy so that the a value for the PI/PtBS blends obtained
from eq 4, a = 6.2, 6.3, and 6.5 nm for wp; = 56, 50, and 40 wt %,
is much smaller than the aI!'ﬁ;‘;‘ value of bulk PtBS (11.7 nm) and
close to ap™ of bulk PI (5.8 nm). Such small a values are
necessary to reproduce the high-w plateau level seen for the P/
PtBS blends.

It should be also noted that we were able to distinguish eq 4
from the other mixing rules, eqs 3 and 5, because PI and PtBS
have quite different a™* values. For the other pairs of com-
ponents such as PI and poly(vinyl ethylene), the difference of
a** is much smaller and all blending rules give nearly the same
a (or M,.). In other words, the validity of eq 4 confirmed in this
study does not significantly change the results of the previous
studies based on egs 3 and S. Nevertheless, we should note that
eq 4 is most straightforwardly related to the molecular picture of

PI128/PtBS348 G
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+ 8
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Figure 6. Comparison of the G* data of P1128/PtBS348 blend (wpy =
50wt %) at 100 °C with the prediction of eqs 3—S combined with eq 6.
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Figure 7. Comparison of the G* data of PI128/PtBS348 blend (wp; =
40 wt %) at 120 °C with the prediction of eqs 3—S combined with eq 6.

the entanglement based on the packing length concept, which in
turn indicates the physical soundness of eq 4.

3.2.2. Test for Preliminary Rheo-Optical Data. We made
preliminary rheo-optical measurements to further examine the
validity of eq 4. Since the glassy (segmental) relaxation of the
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Figure 8. (a) Complex shear optical coefficient of PI128/PtBS348
blend (wp; = S0 wt %) at 100 °C. (b and c) Comparison of the rheo-
optically determined component moduli (symbols) with the moduli
obtained on the basis of the blending rule, eq 6 combined with eq 4
(solid curves). The dotted curves in part c indicate the G* data of the
blend.

PtBS and Pl in the blend at 100 °C occurs at high w (>10*s71),
we can neglect the contribution of this relaxation to the complex
modulus G* and the complex shear optical coefficient K* of the
PI/PtBS blend. Furthermore, the orientational coupling (nema-
tic coupling) of PI and PtBS appeared to be rather weak, as
explained later in this section. Then, to the first approximation,
G* and K* can be related to each other through the simplest
stress-optical rule*™*

K#(0) = GG (@) + ¥Gpas*(@) (%)
G*() = Gp (@) + Gpgs* (@) (9b)

Cr'and C™S are the stress optical coefficients of PI and PtBS in
the Rouse/rubbery/flow zones. Note that eq 9b is identical to the
formal blending rule explained earlier (which merely represents
the stress additivity of the components).

Figure 8a shows the @ dependence of the K* (=K’ + iK"’) data
obtained for the P1128/PtBS348 blend at 100 °C. Both K’ and
K" were negative in the entire range of @ examined, and plots of
their absolute values, |K’| and |K”'|, are shown with the circle and
square. In the terminal relaxation regime at low w, the PI chains
have fully relaxed to have Gp]fld*(a)) < GPtBIS’ld*(a)) so that
eq 9a is simplified as K*(w) = Ck **G*(w). Thus, we utilized the
K" data at low @ (£0.1s™") to evaluate the coefficient for PtBS,
CR®S = K'(w)/G"(w) = —6.1 x 10~ ° Pa~ ' at 100 °C. This
C™®S value is close to a value for bulk PtBS, —5.6 x 10~ ° Pa™ "
(100 °C), evaluated from the data at 150 °C (CE™*P*BS = —4.9 x
10"° Pa ")* after a correction of T; Cg o< T~ . The coefficient
for PI, Cg'=1.2 x 10~ " Pa™" at 100 °C, was estimated from the

bulk PI data,* Cx"™* ' =2.0 x 107'° Pa™ ! at —40 °C, after the
same correction. Utilizing these Cg values at 100 °C in eqs 9a and
9b, we calculated the component moduli Gplfld* and GPthld*
from the K* data and G* data (obtained in the rheo-optical test at
the same freguencies as the K* data). Figures 8b and 8c show
plots of Gplf1 * and GPtBls)ld*, respectively. The dotted curves in
Figure 8c show the G* data of the blend at low w. GptB]S’ld*
coincides with those data (because CR™° was determined from
those data).

In parts b and ¢ of Fi%?re 8, the solid curves indicate the com-
ponent moduli pxIxGx"*(wx) (X = PI, PtBS) evaluated on the
basis of the blending law, eq 6 combined with eq 4. For PI,
¢PIIPIGI?F lk*(wlpl) agrees considerably well with the rheo-
optically determined Gp; **(); see Figure 8b. A minor deviation
seen between ¢PIIPIG1EIH I and Gplfld* would be mostly due to the
approximate use of Gx' * in eq 6, ie, the approximate re-
placement of the fast mode distribution in the blend by that in
bulk. At high @ (>10 s~ ') where eq 6 applies, the deviation
between ¢XIXG§ulk* and G)?Id* is larger for PtBS than for PI partly
because of this approximation and also of the difference in the
magnitudes of Gpe§ ™ and Gpy'®* (larger than Gpgg'@*): Since
the sum Gpepo *+Gpr®* is forced to coincide with G* (eq 9b)
and |Gplf1d*| is considerably larger than |GPtB]s’ld*| in the high w-
plateau zone, a minor uncertainty of Gp'fld* obtained from the
rheo-optical analysis is compensated by a magnified uncertainty
of Gppi™.  Nevertheless, the deviation between
GpiwsIpinsGrme™* and Gpgo ™* at high o is still acceptably small,
and the results seen in Figures 8, parts b and ¢, lend support to
eq 4 utilized in the blending law approach.

Here, we turn our attention to the orientational coupling
(nematic coupling) due to the entropic packing interaction™ (or
the excluded volume interaction®*) of monomeric segments in
concentrated systems. This coupling has been experimentally
noted for several systems that include binary blends of hydro-
genated 1,4-polybutadiene,” >* 1,4-polybutadiene (PB) net-
work containing unattached probe PB,** and miscible blends
of PI and PVE.” ™ It is well-known that the coupling strongly
influences the optical property reflecting the orientation of mo-
nomeric segments but negligibly affects the viscoelastic property
in long time scales where many monomeric segments are mutu-
ally equilibrated to behave as a coarse-grained unit (such as the
entanglement segment):**** The orientational coupling con-
stant between the coarse-grained units decreases with increasing
unit size thereby resulting in the lack of the coupling effect on the
viscoelastic properties in long time scales. Thus, eq 9a is to be
modified if the PI and PtBS chains in our blends exhibit strong
orientational coupling. However, the rheo-optical data suggest
rather weak coupling in those blends, as discussed below.

Entangled HPB/HPB blends exhibit strong orientational
coupling.”"** In those blends, the optical anisotropy of the fast
(low-M) component exhibits a slow relaxation tail coupled with
the anisotropy of the slow (high-M) component while the stress
of the fast component has fully relaxed in this slow tail zone.>"*>
In contrast, the optical anisotropy of PI in the PI/PtBS blend,
CRIG* (), evaluated on the basis of eq 9a exhibited no slow tail
but fully relaxed at @ < 1/7;; see circle and square in Figure 8b.
This lack of slow tail cannot be rationalized if PI (fast component)
were strongly coupled with PtBS (slow component) to violate
eq 9a. (The slow tail should be observed even if eq 9a is erron-
eously applied to a system exhibiting the strong coupling.) In
addition, the stress-optical coeflicient CR®S for PtBS evaluated
from the data at low w with the aid of eqs 9a and 9b agreed with
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the CR™® data of bulk PtBS, as explained for Figure 8a. This result
is consistent with the above argument of weak coupling between
PI and PtBS, although it is not a sufficient support for the
argument (because C;IztBS| is an order of magnitude larger
than |C11:I| so that Cx'®® evaluated with the aid of eq 9a could
still agree with CE™° of bulk PtBS even for the case of strong
coupling.)

Thus, the orientational coupling between PI and PtBS appears
to be rather weak and eq 9a seems to be valid for our PI/PtBS
blends as the first approximation. Of course, the strength of the
coupling is dependent on the chemical structure of the compo-
nents. Details of the coupling between PI and PtBS remain
unclear and deserve further investigation.

Finally, a comment needs to be made for the test of the mixing
rule conducted in Figures 4—7. This test focused on the visco-
elastic moduli in the entanglement plateau zone, and the orien-
tational coupling negligibly affects those moduli.’®**” Thus, the
validity of eq 4 can be unequivocally concluded from the results
seen in Figures 4—7, irrespective of the above argument for the
coupling.

3-3. Mechanism of Rouse-Like Behavior (Lack of Plateau)
at Low T. At first sight, the lack of the high-w entanglement
plateau at low T (Figures 1 and 2) might appear to be due to a
large contribution of the glassy (segmental) relaxation of
PtBS348 to the modulus of the blend. However, this is not the
case, as explained below. As shown in Appendix A (Figure 13),
bulk PtBS348 exhibits the dielectric and viscoelastic relaxation
due to the segmental motion at high w. On completion of this
segmental relaxation, G’ of bulk PtBS348 decreases almost in
proportion to @ and becomes considerably larger than G/, and G’
decreases more strongly down to =3 x 10° Pa. (On a further
decrease of w, the segmental contribution to G* is overwhelmed
by the contribution from the Rouse/rubbery mode and the well-
known behavior of entangled polymers prevails.) These features
should be observed for the G* data of the PI99/PtBS348 blend at
low T (30 °C) if the data are dominated by the segmental
relaxation of PtBS348. However, as clearly noted in Figure 1, G”
of the blend at 30 °C is not proportional to @ but exhibits the
Rouse-like power-law behavior together with G' (G' = G o
wl/z). Furthermore, a decrease of @ to the low-w end (=0.01
s ') of this 4»power-law behavior results in a decrease of G’ down
to =5 X 10" Pa, a value much smaller than the minimum value of
047 x 3 x 10° = 1.4 x 10° Pa expected for the modulus
sustained by the segmental mode of PtBS348 (having the volume
fraction ¢peps = 0.47 in the blend). Thus, the power-law behavior
of the moduli and the corresponding lack of the high-w entan-
glement plateau observed for the PI99/PtBS348 blend at 30 °C
cannot be attributed to the glassy (segmental) relaxation of PtBS.
This conclusion was found for all PI/PtBS blends examined.
Furthermore, the glassy relaxation of PtBS is associated with a
positive stress optical coefficient*® but the components of the
complex shear optical coefficient, K’ and K", had negative values
in the Rouse-like power-law zone, as explained later for Figure 10.
This fact also suggests that the glassy relaxation negligibly con-
tributes to the Rouse-like behavior.

Now, it is informative to specify a condition for the entangle-
ment plateau to be observed. The plateau emerges when the
Rouse equilibration within the entanglement length a is much
faster than the global motion of the chain at a length scale >a.
Consequently, the plateau is not clearly observed if the times
required for the Rouse-equilibration and terminal relaxation
processes are not widely separated. For high-M homopolymers,

these times are well separated because the equilibration rate is
determined just by the friction coefficient §, of the Rouse
segment without being subjected to a topological constraint. In
contrast, in the PI/PtBS blends at low T, , is much larger for
PtBS than for PI and thus the intrinsic Rouse equilibration time
over the length 4, 7,° = {a*Ng/6°kg T o< {, with Ny, being the
number of the Rouse segments per entanglement segment
(a= bRNRl/ % with by = Rouse segment size), is much longer
for PtBS. Obviously, the PI chain cannot take a conformation
penetrating a space occupied by the PtBS segments. Thus, the
slow PtBS chains should topologically hinder the PI chain from
exploring, within the intrinsic 7, p;°, all local conformations at a
length scale of a. For this case, the PI and PtBS chains should be
cooperatively equilibrated at a rate determined by the PtBS
motion. Specifically, for the cooperative equilibration over a
length scale &(t) larger than the Rouse segment size bg (~1 nm),
&(t) would increase with t as £(t) ~ a(t/ Ta,ptBs")l/ * Note that
the growth rate of &(t) is determined by the intrinsic 7, pps® of
PtBS. During this equilibration process, the PI segment should
fluctuate (in a cage of size &) much faster than the PtBS segment.
Namely, during one cycle of fluctuation of the PtBS chain
conformation within the length &, the PI chain conformation
should rapidly fluctuate many times within the same & at a
frequency determined by & p; (<& pips)-

The above argument suggests that the PI chain fully relaxes
soon after its cooperative Rouse equilibration over the length a
thereby exhibiting no clear entanglement plateau at high w if
T,pss. is not very shorter than the terminal entanglement
relaxation time of PL This could be the mechanism of the lack
of the high-w entanglement plateau noted for the PI/PtBS
blends at low T. (One may argue that the PI and PtBS chains
are equilibrated separately and the lack of the high-w plateau
results from the orientational coupling of the P and PtBS chains.
How-
ever, the cooperative equilibration appears to be quite reasonable
in the length scale & > by and this mechanism of the lack of
plateau seems to be unlikely, as discussed later in more detail.)

We can test the molecular picture of cooperative Rouse equili-
bration for the data shown in Figure 1. For a chain of the mole-
cular weight M and mass concentration C, the Rouse power-law
behavior of G’ and G can be compactly expressed in a conti-
nuous form,*

CRT
G () =G"(w) = 1.111W(wrc,,1{)1 /2 (10)

where R is the gas constant and Tgy is the viscoelastic Rouse
relaxation time. For the P199/PtBS348 blend (wp; = S0 wt %) at
30 °C, we can replace M in eq 10 by the entanglement molecular
weight of the component X therein (X = PI, PtBS), Mi(:{a/
a2 p ok X Gith g = 6.3 nm (cf. eq 4), to estimate the modu-
lus corresponding to the Rouse equilibration over the length a:

CpiRT  CppsRT
/ Al o
G'(1/t,) = G"(1/7.) _1.111{ e+ s }

=3.6x10° Pa (11)

Here, 7, is the Rouse equilibration time that is common for PI
and PtBS in the blend (as discussed above), and 1/7, (=w,,) is the
corresponding frequency. From the modulus data for the P199/
PtBS348 blend at 30 °C (Figure 1), we find that G’ = G” = 3.6 X
10° Paat @, = 0.4 s '. The corresponding Rouse equilibration
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time, T, = 2.5 s, is just moderately shorter than the dielectrically
observed terminal relaxation time of PI, 7" = 10 s. (This 7, is
indeed close to the intrinsic 7,pps® of PtBS in the blend, as
explained below.) Thus, the PI chain exhibits the terminal
relaxation soon after its retarded Rouse equilibration. This result,
found for all PI/PtBS blends at low T, lends support to the above
molecular picture attributing the lack of the high-w plateau to the
retardation of the Rouse equilibration of the PI chains.

The intrinsic Rouse relaxation time of bulk PtBS is available in
linearature:* Tapulk = 1.6 s for Mpgg = MEIPBS 376 % 10%at T =
180 °C (this T, value can be confirmed also for the G* data of bulk
PtBS348 shown in Appendix A). Previous WLF analysis®® gave the
iso-T, temperatures (often referred to as iso-frictional temperatures),
Tisoy where the Rouse segment in blends and bulk has the same local
relaxation time 7, (~&bg*/ksT). Specifically, Tigopps = 43 °C and
T, 2%, s = 180 °C for PtBS in the SO wt % PI/PtBS blend and in bulk,
respectively.*® Thus, the intrinsic 7,,pps® of PtBS over the entangle-
ment length a in the 50 wt % blend is evaluated to be T,pps° =
10T (180 °C) = 24 s at 30 °C. Here, ry ={M5/
M‘:ﬂkm;s}2 = {a/apst* = 0084, and A is the logarithmic WLF
shift factor for PtBS in the blend from T, pss = 43 °C to T'=30 °C:
A= _10(T - TisofPtBS)/(116‘5 +T— TisofPtBS) =126 (Cf qu2
shown in Appendix A). This 7, pss” excellently agrees with 7,, (= 2.5
s) evaluated above, suggesting that the Rouse equilibration of the
PtBS99 chains in the blends occurs through their intrinsic Rouse
mode.

The intrinsic Rouse equilibration time of PI in the 50 wt %
blend, 7, p;° = 1.1 X 10 *sat30 °C, was similarly evaluated from
the WLF shift factor®® (cf. eq Al in Appendix A) and the data for
bulk PI (T, = 34 X 10 % s for Mp; = M2 = 5.0 x 10 at
T=30 °C).30733 This 7,,p° is orders of magnitude shorter than
T,pws® (=2.4 s at 30 °C), confirming that the equilibration of P
in the blend over the length a is topologically hindered/retarded
by the PtBS chains.

In relation to the above molecular picture of cooperative
equilibration, we also note that the G’ data at high T shown in
Figures 1 and 4—7 have values smaller than the G'(1/7,) value
specified by eq 11; 10 °G/(1/7,)/Pa = 4.5, 4.4, and 4.2 for (wpy/
wt %, T/°C) = (56, 80), (50, 100), (40, 120), respectively. In
addition, the intrinsic 7, ps” of PtBS evaluated with the method
explained above, 7, pps® = 6.8 X 103 s for the S0 wt % blend at
100 °C, is much smaller than the shortest time scale (1 x 10 >s)
examined in Figure 1. These results indicate that at high T the
PtBS chains had been already equilibrated over the length a in
our experimental window. Thus, the PI chain should have been
also equilibrated cooperatively to have 7, > 7, (=Tupeps®), as
noted in Figure 1. This large difference between 7" and 7, ena-
bled the PI chains to exhibit the high-w plateau of G’ (at w < 1/
7,) together with the PtBS chains, as noted in Figures 4—7. Thus,
the emergence of the high-w plateau at high T'is in harmony with
the above molecular picture. (One may argue that the PI and
PtBS chains are equilibrated separately. However, the coopera-
tive equilibration seems to be quite reasonable in a length scale >
Rouse segment size ~1 nm, as discussed later in more detail.)

3.4. Model for Blend Modulus at Low T. From the molecular
picture of the cooperative Rouse equilibration of the PI and PtBS
chains over the entanglement length 4, the complex modulus of the
PI chains in the PI/PtBS blends at low T can be modeled as
_ CuRT Y iwT,/1,

bld bulk /
Gp *(w) = M - 1+ ia)ra/r; + Gl Gy *(win')  (12a)

with
] ST P S EC

In eq 12a, Mc ={a/ ap™>M2™ Pl s the entanglement molecular

weight for Pl in the blend, and Ny, is the number of Rouse segments
(more accurately, the number of the Rouse bond vectors) per
entanglement segment of the size a. Since the Rouse and Kuhn
segments of flexible PI chains are similar in size, we may estimate
this number as Ng=M>""/Mg4... The first summation term includ-
ing these parameters represents the discrete Rouse process with the
equilibration time 7, (determined by PtBS). The second term
represents the terminal entanglement relaxation of PI occurring at
the dielectric relaxation time in the blend, 7. (Since the global
motion is much faster for PI than for PtBS, the terminal viscoelastic
relaxation time of PI can be safely replaced by the dielectric 7}, as
explained earlier.) As explained for eq 6, we approximately ex-
pressed this term in terms of the bulk PI modulus Glla’f’lk*, the PI
volume fraction ¢py, the relaxation time shift factor Ap =75/ Té’“]k PL
and the factor Ip; (given by eq 8a) representing a change of the
entanglement plateau on blending.

Now, we turn our attention to the PtBS chains in the blend.
These chains are also Rouse-equilibrated over the entanglement
length a with the characteristic time 7,. Since the PtBS and PI
chains are equilibrated cooperatively to have the common 7,,, the
onset time of the Rouse equilibration, 7,/ rNRZ (cf. eq 12b), would
be also common for these chains. Thus, we may approximately
replace the number of the Rouse segment per entanglement
segment of PtBS in the blend by Ny of the PI chain. After this
equilibration (over a length scale of &(t) ~ a(t/t,)"* at time
t < 1,), the global motion of PI chains would activate the CR
relaxation of the PtBS chain thereby dilating the entanglement
mesh size for PtBS from a (described by eq 4) to the size in
the PtBS solution having the same volume fraction ¢pgg as the
blend, a.o,=apus/dogs. After this CR/dilation process, the
effective entanglement molecular weiI%ht for PtBS agrees with
that in the solution, M,*°™ = MPU< PBS /g 13¢ and PtBS
exhibits the terminal relaxation in the dilated entanglement
mesh characterized by this M. Thus, in a range of @ where
this terminal relaxation has not occurred, the PtBS modulus
can be modeled as

N .
Gbld *(w) _ CPtBSRT B l(l)‘L'a/sz
PtBS MftBS = 1+ iCUTa/rpz
CptBsRTNCRZ_ ! iwTcr/qp° CpessRT (13a)
M:oln = 1+ inCR/qPZ Mzoln

with

.} p " { T }
= sin sin 13b
b {ZNCR} 2Ncr (13b)

Here, MY™®S = {a/abi}2MEk PBS i the PtBS entangle-
ment molecular weight in the blend (in the high-w plateau zone),
and r,, is given by eq 12b. In eq 13a, the first term represents the
Rouse equilibration of the PtBS chain, the second term indicates
the Rouse-type CR process™>®" having the longest characteristic
time Tcg, and the third term denotes the dilated entanglement
plateau identical to that in the solution. The number of the CR
segments Ncg, specifying the upper bound of the second sum-
mation in eq 13a and determining the g, factor in eq 13b, is taken

1578 dx.doi.org/10.1021/ma102596b |Macromolecules 2011, 44, 1570-1584



Macromolecules

Table 2. Parameter Values Utilized in the Model

PI99/PtBS348, wp; = 50 wt %, 30 °C

a/nm* 6.3
7,/s" 25
s 10
1073 M 5.8
10 3pPBsd 10.8
Ng 44
Nex 9
10 *Tcp/st 2.7

PI128/PtBS348, wp; = SO wt %, 30 °C

PI128/PtBS348, wp; = 40 wt %, 60 °C

63 6.5
2.5 1.0
20 2.8
5.8 6.2
10.8 115
44 47
9 7
S5 0.47

“ Determined from eq 4. ¥ Evaluated from G* data (cf. eq 11). “Evaluated from ¢” data. IME = {a/a " VP MEX (X = PI, PtBS).  Np = MY/ Mihd Ner

= MO /MP®BS 8y = A(Z)TSPIqNCKﬂZ (cf. egs 13b and 14).

to be the number of the entanglement segments of PtBS per dilated
entangled mesh and evaluated as Ncg = M /MP®BS Since the
local CR hopping of the PtBS chain is activated by the global
motion of the PI chains, the onset time for the CR process,
Ter/ qNCRflz, should be proportional to 0 of PL Utilizing the
Graessley model,®" we may relate Tcr/qn,_, — Zand T as

— AT, with A(z) = 1(”_2> (14)

2
TCR/‘JNCR -1 12

Here, z is the local jump gate number typically in a range of z =
2—4. We treat z as an adjustable parameter to evaluate Tcg from
the 75" data and a chosen value of z (= 2 for all blends, as shown
later).

The basic times appearing in eqs 12a and 13a, 7, and 770 have
been determined from the viscoelastic and dielectric data
as explained in the previous section. The other parameters,
M.* (X = PI, PtBS), Ng, Ncg, and Tcr were evaluated from
a (eq 4), ax™ and M X (egs 1 and 2), Mgups(= 130), M om
(= I\}iulk PBS  hoeps ), and 7o The values of these parameters
are summarized in Table 2. Utilizing those values, we can com-
pare the blend modulus calculated from the model (eqs 12a
and 13a) with the G*(w) data at low T. The results of this
comparison are shown in Figure 9. Since the model approximates
the modulus of PI in the blend by the bulk modulus (cf. eq 12a),
no perfect agreement is expected between the model and expe-
riments. Nevertheless, Figure 9 demonstrates that the modulus
calculated from the model with a reasonable value of z = 2 (solid
curves) is surprisingly close to the data for all blends examined
(symbols).*> (The orientational coupling, even if prevailing in the
PI/PtBS blends, negligibly affects the modulus in long time scales
and thus has no influence for the result seen in Figure 9.) The
close coincidence of the model calculation and the data lends
support to the molecular picture underlying the model, the
cooperative Rouse equilibration of the PI and PtBS chains that
is slower than the intrinsic Rouse equilibration of PI and leads to
the lack of high-w plateau at low T.

We may utilize the preliminary rheo-optical data to further test
the model. Figure 10a shows the complex shear optical coeffi-
cient K* (=K' + iK"") measured for the P1128/PtBS348 blend
with wpp = 50 wt % at 30 °C. K’ was negative in the entire range of
o examined, and K’ was also negative at @ < 100 s~ ! where the
blend exhibited the Rouse-like power-law behavior. Thus, the plots
are shown for their absolute values, |K'| and |[K”’|. The negative sign
of K and K’ suggests that the segmental relaxation of PtBS hardly
contributes to the blend moduli in our experimental window, as
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Figure 9. Comparison of the model prediction (eqs 12a and 13a; solid
curves) with the G* data at 30 °C measured for the PI/PtBS blends as
indicated.

explained earlier. Furthermore, the orientational coupling between
the PI and PS chains appear to be rather weak, as discussed earlier.
Thus, as the first approximation, the K* and G* data can be analyzed
within the framework of the stress-optical rule, eq 9, to give the
component moduli.

Applying the temperature correction (Cg < T~ ') to the stress
optical coefficients Cg at 100 °C (utilized for Figure 8), we
evaluated Cg at 30 °C: Cg™° = —5.0 x 10 ° Pa ' and Cg' =
97 x 10 Pa~!. G (w) and Ghlgi(w) evaluated from
eq 9 with these Cr values are shown with the symbols in
Figures 10b and 10c, respectively. These rheo-optically obtained
moduli are very close to the moduli deduced from the model
(egs 12a and 13a; shown with the curves), in particular at middle
to low @ where the retarded Rouse equilibration is followed by the
entanglement relaxation and the CR/entanglement mesh dilation.”*
This result demonstrates the basic validity of the model.

3.5. Dielectric Mode Distribution of Pl in Blend. Here, we
turn our attention to the dielectric mode distribution of the PI
chains in the blends. On a decrease of T, the slow dynamics of PI
changes from the reptation-like dynamics in the entanglement
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Figure 10. (a) Complex shear optical coefficient of P1128/PtBS348
blend (wp; = SO wt %) at 30 °C. (b and c): Comparison of the rheo-
optically determined component moduli (symbols) with the moduli
deduced from the model, eqs 12 and 13 (curves).

mesh equilibrated through the fast Rouse process to the retarded
Rouse equilibration dynamics under the topological hindrance
from the slow PtBS chains (immediately followed by the terminal
reptative dynamics), as discussed earlier. Nevertheless, the di-
electric mode distribution of PI is insensitive to this change
thereby allowing the &’ data to obey the time—temperature
superposition (Figure 2). This result can be related to a fact that
the dielectric mode distribution of PI, equivalent to the distribu-
tion of the end-to-end vector fluctuation modes, is very similar
for the reptation-like and Rouse-like dynamics.”** Thus, the
change of the slow dynamics of PI still allowed the ¢ data to
obey the superposition.

In Figure 2, the solid curve shows the ¢ data of bulk PI99 at
T, = 30 °C corrected for the PI volume fraction in the blend
(¢p1 = 0.53) and shifted along the @ axis to match the ¢ peak
frequency with that for the data in the blend. The dielectric mode
distribution of PI in the blend is close to but a little broader than
that of bulk PI. This delicate difference may be related to
motional constraint from PtBS and the frictional heterogeneity,
both resulting from the composition fluctuation essentially
quenched in the time scale of PI relaxation.>**® Further details
of the dielectric mode distribution in the blends will be examined
in our future work.

3.6. Possibility of Other Relaxation Mechanism(s) in
Blend. The molecular picture of cooperative Rouse equilibra-
tion of the PI and PtBS chains over the length a (with the rate
determined by PtBS) is consistent with the experimental obser-
vation at low and high T, as discussed in the previous sections.
This molecular picture, incorporated also in the experimentally
confirmed mixing rule (eq 4), is very reasonable. However, one
may argue that the PI chains are possibly equilibrated more
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Figure 11. (a) Test of possibility of separate Rouse equilibration of PI
and PtBS chains in the blend. The G* data of the blend (symbols) are
compared with the prediction of the model assuming the separate
equilibration. (b) Test of possibility of the reptation-like terminal
relaxation of PI chain immediately after the cooperative Rouse equili-
bration. The terminal relaxation time 7,"" of the PI99 chain in the blend
(circle) is compared with the time 7.”" expected for the reptation
relaxation equivalent to that in bulk PI system (solid curves) and with the
intrinsic Rouse equilibration time 7, piss® of PtBS in the blend (dashed
curve). For details, see text.

quickly than the PtBS chains and the orientational coupling of
the PI segments with the slow PtBS segments possibly results in
the lack of the high-w entanglement plateau at low T. These
possibilities are examined below.

The possibility of separate equilibration of the PI and PtBS
chains (faster for the former) can be most straightforwardly
examined for the G* data of the blends at low T with the aid
of the model (eqs 12a and 13a). The equilibration time
7, utilized in the model was in excellent agreement with the
intrinsic 7, pips® (= 2.4 s) obtained for PtBS in the 50 wt % P199/
PtBS blend at 30 °C, as explained earlier. If the PI99 chain therein
were equilibrated separately through its intrinsic Rouse mode,
the high-w data of the blend dominated by the (separate)
equilibration process should be described by the model with 7,
in eq 12a being replaced by 7,p1° (=1.1 x 10" *, as evaluated
earlier). In fact, the model prediction at > 1s~ ' did not change
significantly even if the terms in eqs 12a and 13a other than the
first terms were eliminated, meaning that the moduli at
@ > 1 s ' were dominated by the equilibration process. In
Figure 11a, the G* data of the blend at 30 °C (symbols) are
compared with this modulus calculated with 7, = 7,p;° for PI
(curves). The calculation significantly underestimates G* at high
@ > 1s ' (equilibration dominant zone), indicating that the
actual equilibration of the PI99 chain in the blend is much slower
than its intrinsic Rouse equilibration and should occur coopera-
tively with the PtBS348 chain. (This underestimation cannot be
related to the orientational coupling because the coupling
negligibly affects the G* data.**?)

We also note a conceptual difficulty for the separate equilibra-
tion of the PI and PtBS chains over a length & larger than the
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Rouse segment size by (~1 nm) because the PI chain cannot take
a local conformation penetrating a space occupied by the PtBS
segments so that motion of the PtBS segments is required for the
PI chain to explore all local conformations. This point can be
further examined quantitatively for the S0 wt % PI99/PtBS blend
at 30 °C for which the characteristic time for the intrinsic Rouse
equilibration over the length a (= 6.3 nm) is known: 7,p;° =
1.1 X 10 *s for PI and Tupps’ = 2.4 s for PtBS. The length scale
for the fluctuation of the PtBS segment in a time scale of 7, p;” is
estimated to be &ps ~ a(fa,PIO/Ta,PtBsO)1/4 = 0.5 nm < bg.
Namely, in the time scale of 7, p°, the Rouse segments of PtBS
hardly move and behave as immobilized objects densely dis-
tributed in space (at the volume fraction of ¢pg = 0.47). In this
situation, it is quite unlikely that the PI chain can explore all local
conformations in the length scale a within its intrinsic 7, p;°.

Of course, the real chains exhibit very local motion of the
monomeric segments at a length scale < by (~1 nm) and such
local motion can occur at different rates for different compo-
nents.’” > Quasielastic neutron scattering experiments(’4 sug-
gested that the correlation of this local motion vanishes at § = 0.8
nm. Thus, for the chemically different components in the
entangled blends, there should be a crossover from the almost
independent, local motion (for & < by) to the highly cooperative
motion/equilibration (for by < & < a) and further to the global
motion (for a < &) that corresponds to the entanglement
relaxation (during which different chains are motionally corre-
lated to some extent through the CR and other mechanisms).
This crossover is beyond the scope of this study and is considered
to be a very important subject of future work.

Now, we examine if the lack of the high-w entanglement
plateau in the PI/PtBS blends at low T results from the
orientational coupling (nematic coupling) of the PI and PtBS
chains. This coupling appears to be rather weak but could still
have affected the rheo-optical data to some extent, as discussed
for Figure 8. Nevertheless, the coupling itself negligibly affects
the viscoelastic moduli in long time scales where many mono-
meric segments are mutually equilibrated to behave as a larger
coarse-grained unit.***” The orientational coupling constant be-
tween the coarse-grained units decreases with increasing unit size
because of the mutual equilibration of the monomeric segments
in each unit, which leads to the lack of the coupling effect on the
moduli in long time scales including the Rouse relaxation
zone.> Thus, the lack of the high-w entanglement plateau of
the PI/PtBS blends at low T is not attributed to the orientational
coupling but to the mechanism of the cooperative Rouse equilibration.

Finally, one may also argue that the global relaxation of PI
results from accumulation of the local equilibration (over the
length a) and thus the reptation-like relaxation of PI cannot occur
given that the equilibration time 7, is not much shorter than the
dielectrically detected terminal relaxation time of PI, 2%, How-
ever, once the cooperative Rouse equilibration of the PI and PtBS
chains is completed at t = 7,,, the PI chain becomes free from the
local topological hindrance from the PtBS chain at the length
scale < a and the time for reptation of the PI chain at a larger scale
(>a) would be essentially determined by the contour length of
the PI chain, a{Mp;/M."}, as well as the total friction of the PI
chain, Cprchain = CS’pINR{MPI/MEI} where Cpy is the friction
coefficient of the Rouse segment of Pl in the blend and Ny is the
number of those segments per entanglement segment. This
reptation time can be close to 7, (=7, pwps®) determined by the
PtBS motion. In other words, the PI chain can fully relax through
its reptation-like motion in the entanglement mesh of the size a

immediately after the cooperative Rouse equilibration. This point is
further examined below.

‘We made the WLF shift for the rgb"]k PI data for bulk PI99 to
reduce those data to the iso-7, state defined with respect to the
PI99 chain in the 50 wt % PI99/PtBS348 blends at various T
examined in Figure 2. We further corrected those shifted data for
a small change of M, on blending to evaluate the dielectric relaxa-
tion time expected for the PI99 chain in the blend relaxing
through the same mechanism as in its bulk state, oo = (MY

bull Py —1.5, bulk PI tare the minor correction factor (M)
MR P15 (2 0.8) accounts for the relationship between 7t
and M,, 72 ec M, . In Figure 11D, the 7% thus evaluated (thin
solid curve) is compared with 7% data for the PI99 chain in the
50 wt % PI99/PtBS348 blend at various T (circles). The thick
solid curve shows 7; ® multiplied by a factor of 2.1. The intrinsic
T,pss of PtBS in the blend, evaluated from the WLF shift and
the M2™®S_correction for the bulk PtBS data explained earlier, is
also shown; cf. dashed curve. Clearly, the 7% data are very close,
in both magnitude and T dependence, to 2.175%°. This result
strongly suggests that the PI99 chain exhibits the reptation-like
terminal relaxation similar to that in its bulk system even at low
T (30 °C) where the cooperative Rouse equilibration time 7,
(=T, pess®) is shorter than 7 only by a factor of 4. The moderate
difference between 7' and 7, ° (by a factor of 2.1) would reflect
the long lifetime of the entanglement constraint from PtBS348
(slow component) to PI99 (fast component). A similar, moderate
difference was noted in a previous study for moderately en-
tangled PI/PtBS blends.*®

3.7. Additional Comments. In all high-M blends examined
in this study, the terminal relaxation of PI was dielectrically
observed at @ where the modulus was below G*(1/7,) for the
Rouse equilibration over the entanglement length a (cf. eq 11),
although the terminal relaxation time 7;" was not significantly
longer than the equilibration time 7, at low T. This situation was
confirmed also for most of low-M, lightly entangled PI/PtBS
blends examined in the previous studies.***® For those low-M
blends as well as the high-M blends examined in this study,
we can utilize the Gp"**(w) data of bulk PI to approximate
the modulus of PI in the blend at w < 1/7, as Gplld*(a)) =
¢PIIPIGI?FIk*(a)/1PI) (cf. eq 6). Thus, if we intend to experimen-
tally examine the relaxation behavior of PtBS, we can safely
subtract this Gpr®*(w) from the G*(w) data of the blend to evaluate
Grs¥(w) of PtBS at w < 1/7, (in addition to the direct, rheo-
optical determination of GBQ"@). Indeed, this subtraction was suc-
cessfully made in the previous studies®**® to examine the thermo-
rheological behavior of PtBS in the low-M blend.*®

In relation to the above argument, we expect an interesting
situation that the PI chains behave as the fast component and are
entangled with the PtBS chains but fully relax before the Rouse-
equilibration over the entanglement length a is completed. For
this case, a submolecule of the size < g, instead of the entanglement
segment, may behave as the motional unit during the terminal
relaxation of PI. This situation would be realized in PI/PtBS blends
with adequately chosen values of Mpy, Mpgs, and ¢pps and at
adequate T. The component dynamics in those blends is consid-
ered to be a very interesting subject of future work.

4. CONCLUDING REMARKS

We have examined the viscoelastic, dielectric, and rheo-optical
behavior of well-entangled PI/PtBS blends in the miscible state.
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The component dynamics therein, in particular that of PI (fast
component), changed with T significantly.

At high T, the blend exhibited two-step entanglement
plateau of the storage modulus G'. The high-w and low-w
plateaus were attributed to the entanglement among all
component chains and that between the PtBS chains (slow
component), respectively. The entanglement length a char-
acterizing the high-w plateau was well described by the simple
mixing rule based on the number fraction n of the Kuhn
segments of the components, a=npap™ + nppsasins. This
result is consistent with the current molecular picture that
relates the entanglement density to the packing length
p (=a/20). Furthermore, in the high-w plateau zone, the
component moduli obtained from a blending law combined
with this mixing rule of a were close to the rheo-optically
determined moduli. This result lent further support to the above
mixing rule of a.

At low T, the blend exhibited the Rouse-like power-law
behavior of moduli (G' = G” « a)l/z) at w where the high-w
plateau was supposed to emerge. This lack of the high-w
plateau was attributed to retardation of the Rouse equilibration
of the PI chain over the entanglement length a due to the
topological hindrance from the slow PtBS chains. In other words,
the PI and PtBS chains were equilibrated cooperatively at a rate
determined by PtBS. This equilibration time 7,, evaluated from the
G* data of the blend, agreed with the intrinsic Rouse equilibration
time of PtBS in the blend. 7, was shorter than the dielectrically
detected terminal relaxation time of PI 75, but the difference
between 7, and 75" was small. Thus, the high-w plateau zone was
too narrow to be resolved experimentally, and the PI chains relaxed
almost immediately after their Rouse equilibration cooperative with
PtBS. This PI relaxation activated the CR relaxation of PtBS
to dilate the entanglement mesh size for PtBS to that in the
corresponding PtBS solution. A simple model considering the
Rouse equilibration and CR/dilation processes described the G*
data of the blend surprisingly well, lending support to the molecular
picture underlying the model, the cooperative/simultaneous Rouse
equilibration of PI and PtBS chains. The model prediction was
consistent with the rheo-optical data, which lent further support to
this picture.

Finally, it should be emphasized that the cooperative Rouse
equilibration is intimately related to the fundamental aspect of
polymer rheology that the mechanical stress reflects the
orientational anisotropy of submolecules exploring all internal
conformations in a given time scale. At low T, the PI chain
cannot explore all conformations at length scales < a within its
intrinsic Rouse time 7y (a) because the slow PtBS chains
behave as densely dispersed obstacles in this time scale thereby
hindering the PI chain from this exploration. The chain motion
is accelerated with increasing T more significantly for PtBS
than for PI, which enables this exploration to occur quickly
(att<7;"). The PI/PtBS blends exhibit the high-w plateau only at
such high T.

B APPENDIX A

Dynamic Behavior of Bulk Pl and PtBS. Viscoelastic and
dielectric behavior was examined for the PI and PtBS compo-
nents in respective bulk states. Figure 12 shows the master curves
of G* and ¢" measured for bulk PI99 and PI128, and Figure 13,
for bulk PtBS348.*' The shift factors ar in the Rouse/rubbery/
flow zone were well described by the previously reported WLF

PL T, =30°C

log (G', G"/Pa), log ¢&"

2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12
log (way/s™)

Figure 12. Viscoelastic and dielectric data of bulk PI99 and PI128
at 30 °C.

PtBS348, T, = 180°C

log (G', G"/Pa), log &"

log (way/s™)

Figure 13. Viscoelastic and dielectric data of bulk PtBS348 at 180 °C.

e 38
equations,

425(T — T,
logar = — AT T) T, =30 °C for PI99 and PI1128
1400 + T — T,
(A1)
10.0(T — T,
logar = — 00T - T) with T, =180 °C for PtBS348
11654+ T — T,

(A2)

PI has the type-A dipole parallel along the chain backbone and
its global motion activates both viscoelastic and dielectric relaxa-
tion, while PtBS has no type-A dipole and its global motion is
dielectrically inert; see Figures 12 and 13. This feature, enabling
us to attribute the slow dielectric relaxation of the PI/PtBS blends
exclusively to the global motion of PI therein, was very useful for
the analysis of the component dynamics, as demonstrated in
Figures 4—7, 9, and 10.

Both PI and PtBS have type-B dipoles perpendicular to the
chain backbone and thus their segmental (glassy) viscoelastic
relaxation seen at high o is associated with the dielectric relaxa-
tion. The dielectric intensity of the segmental relaxation of PtBS,
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Aeszths, is considerably smaller than Asspelgof PI and even smaller
compared to the intensity Asglobﬁl of the global relaxation
of PI (AeSE;BS = 0.27Asse£I = O'ZIAeg]I())Ibal at the same T).
Thus, the segmental relaxation of PtBS could hardly contribute
to the dielectric data of the blends at frequencies of the global
Pl relaxation even if the segmental relaxation was supposed to occur at
those frequencies. Actually, the segmental relaxation of both PI and
PtBS was completed in our experimental window for the blends so
that its contribution to the data is negligibly small.

Finally, Figure 13 demonstrates that G” of PtBS348 decreases
essentially in proportion to @ and becomes considerably larger
than G’ while G’ decreases more strongly down to =3 x 10° Pa
on completion of the segmental relaxation, i.e., in the range of w
between the &’ peak frequency and the crossover frequency
toward the Rouse/rubbery behavior. (The dielectric terminal tail,
€''o< w, is observed at those w.) This feature, similarly observed
also for PI (Figure 12), was helpful for concluding a very minor
contribution of the segmental (glassy) relaxation of PtBS to the
power-law behavior of the blend modulus at low T seen in
Figure 1.
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