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ABSTRACT: Linear viscoelastic and dielectric behavior was examined for a diblock copoly-
mer composed of cis-polyisoprene (PI) and poly(p-tert-butylstyrene) (PtBS) blocks of the
molecular weightsMPI = 52.6� 103 andMPtBS = 41.8� 103 (PI weight fraction wPI = 55.7 wt
%). These blocks weremiscible and the copolymer was in the disordered state at temperatures
examined, 20eT/�Ce 120. PI has the type-A dipole parallel along the chain backbone while
PtBS does not. Thus, the dielectric response at low frequencies exclusively detected the global
motion (end-to-end vectorfluctuation) of thePI block,while the viscoelastic response reflected
the motion of the copolymer chain as a whole. The dielectric data of the PI block exhibited
prominent thermo-rheological complexity. Since the PI and PtBS blocks behaved as the fast
and slow blocks at low T and this difference of their relaxation rates decreased at high T, the
complexity was related partly to the dynamic frictional heterogeneity for the PI block resulting from this dynamic asymmetry of the two
blocks. However, it turned out that the complexity was more importantly related to the connectivity between the PI and PtBS blocks:
Namely, the PI block possibly behaved as a tethered chains at lowT (where the slow PtBS block effectively anchored the PI block) and as a
portion of a free linear chain at highT (where this anchoring effect vanished), and this change in themotionalmode of the PI block appeared
to dominate the thermo-rheological complexity of the PI block. For a test of this molecular picture, a PI/PtBS blend having the same wPI as
the copolymer was utilized as a reference to reduce the copolymer data at an iso-relaxation-time (iso-τs) state defined for the Rouse segment
of PI in the copolymer and bulk systems. It turned out that the dielectric data of the copolymer at lowTwere close to literature data for star-
branched bulk PI, while the copolymer data at highTwere close to the data expected for a linear bulk PI chain having the type-A dipole only
in a portion of its backbone and feeling an extra friction due to the other portion (corresponding to PtBS). These results lent support to the
above molecular picture. The slow dynamics of the copolymer was dominated by the PtBS block and thus exhibited thermo-rheological
complexity weaker than that of the PI block.

1. INTRODUCTION

It is well-known that the miscible polymer blends still have a
local, frictional heterogeneity in their segmental length scale due
to the chain connectivity, dynamic concentration fluctuation, and
a difference of inherent motional barrier within the chain back-
bone of each component chain.1-7 This local heterogeneity is
responsible for many kinds of characteristic behavior of miscible
polymer blends such as a wide glass transition zone, broadening
of segmental relaxation mode distribution, and the thermo-
rheological complexity of this distribution.

This molecular picture can be extended to disordered diblock
copolymers by considering an effect(s) of the block junction on the
dynamic heterogeneity. Comparison of the dynamic behavior of the
disordered diblock copolymer and the corresponding miscible poly-
mer blend enables us to elucidate this junction effect. Blends of cis-
polyisoprene (PI) and poly(vinyl ethylene) (PVE) exhibit a lower
critical solution temperature (LCST) but have a considerably wide
miscibility window, and PI-PVE copolymers and PI/PVE blends
have been used as model systems for studying the junction effect. PI
has both of the type-A and type-B dipoles parallel and perpendicular

to the chain backbone, respectively, while PVE has only type-B
dipoles. Thus, the segmental (glassy) relaxation of PI and PVE as
well as the global relaxation of PI block/chain can be dielectrically
detected. Experiments revealed that PI-PVE diblock copolymers
and the corresponding PI/PVE blends having the same PI content
exhibit almost identical DSC traces and the segmental mode
distribution.8-13 This result indicates a similarity of the segmental
dynamics for the PI-PVE copolymer andPI/PVEblends, i.e., lack of
the junction effect on the segmental dynamics. This lack can be
related to a fact that most of the segments are too far from the
block junction/chain ends to be influenced by the junction/chain
ends.8,12,13 (The junction effect is enhancedby increasing thenumber
of blocks and decreasing the block length.14,15)

In contrast, the global dynamics over the chain/block dimen-
sion is quite different for the PI-PVE copolymers and PI/PVE
blends. For the PI/PVE blends, the dynamic heterogeneity in the
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segmental scale always results in different temperature depen-
dence of the global relaxation processes of the components so
that the thermo-rheological complexity (failure of time-tem-
perature superposition) prevails for the terminal relaxation of the
blend.1,3,9,13,16-19 In contrast, the superposition approximately
works for the viscoelastic modulus G* of the PI-PVE copoly-
mers in the terminal regime,8,9,12 leading to a qualitative inter-
pretation that the block junction forces the PI and PVE blocks to
relax cooperatively. Nevertheless, Kornfield and co-workers8

observed that the time-temperature shift factor for G* of the
PI-PVE copolymer does not give the superposition of the rheo-
optical data (partly because the isochronal anisotropies of the
components are averaged with different weights for the modulus
and rheo-optical data). Furthermore, Urakawa and co-workers9

observed that the dielectric loss ε00 at low frequencies, exclusively
detecting the global motion of the PI block, cannot be super-
posed with the shift factor determined for G*. Thus, rigorously
speaking, the PI-PVE copolymers exhibit the thermo-rheologi-
cal complexity. However, this complexity is rather weak thereby
allowing G* of the copolymer to be superposed approximately.
(This junction effect for the disordered copolymers is quite
different from that for ordered copolymers usually accompanied
by the effect of spatial confinement.20-23)

In relation to the behavior of the disordered copolymers
mentioned above, we expect that distinct thermo-rheological
complexity prevails even for the diblock copolymer if the
temperature dependence of the local mobility is significantly
different for the constituent blocks. This difference would allow
one block (exhibiting the stronger dependence) to relax much
more slowly compared to the other block at low T. Then, the
slow block would effectively behave as an immobilized anchor for
the fast block thereby forcing the latter to relax as a tethered
chain. In contrast, at high T, the relaxation rate should become
rather similar for the two blocks thereby forcing them to relax
cooperatively and behave as a free (nontethered) linear chain as a
whole. Thus, the large difference of the temperature dependence
of the block mobilities would result in a crossover between these
types of relaxation (crossover of the motional modes), which should
be observed as the thermo-rheological complexity not only for
terminal relaxation of the copolymer chain as a whole but also for
the relaxation of respective blocks.

As candidates of such blocks, we can focus on PI and poly(p-
tert-butylstyrene) (PtBS). PI and PtBS exhibit the LCST-type phase
behavior but have a surprisingly wide miscible window.24-26 (Phase
separation occurs only at inaccessibly high T > 250 �C25 if PI and
PtBS have the molecular weights M = 105.) Furthermore, PI and
PtBS have very different glass transition temperatures in bulk state,
Tg,PI
bulk=-70 �C andTg,PtBS

bulk = 150 �C.24-26 This difference ofTg
bulk,

much larger than that for a pair of PI and PVE (cf. Tg,PVE
bulk = 0 �C),

results in a significant difference of effectiveTg of PI andPtBS in their
miscible blends, as confirmed from viscoelastic26 and thermal26,27

tests. In addition, we can selectively observe the global relaxation of
PI with the dielectric method because PtBS has no type-A dipole.
Thus, a PI-PtBS copolymer serves as a good model material for
studying the thermo-rheological behavior of the constituent blocks.

In relation to this choice of the model material, we should
remember a characteristic feature of PI/PtBS blends examined
previously:25,26 In these blends, PI was the fast component and
its terminal relaxation exhibited the thermo-rheological complex-
ity being related to the spatial heterogeneity of the concentration
CPtBS of the slow component, PtBS. Namely, in those blends,
CPtBS was larger than the overlapping concentration CPtBS* only

by a factor of = 2 and thus CPtBS had a considerable dynamic
fluctuation. This fluctuation was effectively quenched in the time
scale of the global relaxation of PI thereby giving a spatial
frictional heterogeneity for this relaxation. Then, some PI chains
(minority) are located in a PtBS-rich region to feel a higher
friction compared to the other PI chains (majority). A difference
of the relaxation times of the minority and majority changed with
T, which naturally resulted in the thermo-rheological complexity
of the whole ensemble of the PI chains.

As for the PI-PtBS diblock copolymer examined in this paper,
the global relaxation of the PI block should be affected by not
only the PI-PtBS junction but also the frictional heterogeneity
explained above. We need to separate these effects and focus on the
junction effect. The PI/PtBS blend having the same composition
and component molecular weights as the PI-PtBS copolymer
serves as a reference system for specifying the frictional heterogeneity
for the PI blocks: The concentration fluctuation giving this hetero-
geneity should be less significant for the copolymer than for the
blend28 and the blend and copolymer are not thermodynamically
equivalent. Thus, the thermo-rheological complexity seen for the
reference blend can be regarded as the upper bound complexity for
the copolymer due to the fluctuation.

Following this strategy, we have examined the viscoelastic,
dielectric, and thermal behavior of a PI-PtBS diblock copolymer
and the PI/PtBS reference blends. It turned out that the
dielectrically detected global relaxation of the PI block exhibited
the thermo-rheological complexity due mainly to the junction
effect, i.e., the crossover of the motional modes for the PI block
with T explained earlier. The viscoelastic data of the copolymer
exhibited the complexity weaker than that for the PI block.
Details of these results are presented/discussed in this paper.

2. EXPERIMENTAL SECTION

2.1. Materials. A cis-polyisorene-poly(p-tert-butylstyrene) (PI53-
PtBS42) diblock copolymer and aPI homopolymer (PI53) were anionically
synthesized with sec-butyllithium (initiator) in benzene at 35 �C. In the
synthesis of the copolymer, the PtBS block anion was polymerized first and
split into two portions, one being terminated with methanol to recover the
precursor PtBS sample, and the other being copolymerized with isoprene
monomer to give the desired PI-PtBS diblock sample.

These samples were characterized with GPC (CO-8020 and DP-8020,
Tosoh) equipped with a refractive index (RI)/low-angle light scattering
(LALS) monitor (LS-8000, Tosoh Co.) and a ultraviolet (UV) adsorption
monitor (UV-8020). The weight-average molecular weight Mw and
polydispersity index Mw/Mn of the PtBS42 precursor were determined
from the LALS/RI signals, with a previously characterized PtBS70 sample25

(10-3Mw = 69.5) being utilized as a LALS/RI reference. The PI contentwPI
(= 55.7wt%) of thePI53-PtBS42 samplewas determined from theRI/UV
signals, with the PtBS70 sample and the previously used monodisperse PI
standards29-31 being utilized as RI/UV references. Themolecular weight of
the PI block of the copolymer was evaluated from thiswPI and the precursor
PtBS42molecular weightMw,PtBS asMPI =wPIMw,PtBS/(1- wPI) (= 52.6�
103), and the polydispersity index of the copolymer was evaluated from
elution volume calibration made with the monodisperse PI standards. The
molecularweight and polydispersity index of the PI53 homopolymer sample
were determined from the elution volume calibration.

The characteristics of all these samples are summarized in Table 1,
with the sample code number representing the molecular weight in units
of 1000. (Note that the amounts of the monomer and initiator utilized
for the synthesis were carefully adjusted to match the molecular weight
of PI53 homopolymer (MPI = 53.4� 103) with that of the PI block.) The
microstructure determined from 1H NMR (Varian MERCURYplus
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AS400) were the same for the PI53 sample and the PI53 block of the
copolymer, 1,4-cis:1,4-trans:3,4 = 78:14:8. This microstructure, very
close to that of the previously utilized PI20 (1,4-cis:1,4-trans:3,4 =
79:14:7),26 allowed the PI53 chain/block to bemiscible with the PtBS42
chain/block in a wide range of T.

The materials subjected to thermal, viscoelastic, and dielectric
measurements were the PI53-PtBS42 copolymer and a blend of
PtBS42 (precursor of copolymer) with PI53. The PI content in the
blend was set identical to that of the copolymer, wPI = 55.7 wt %. The
blend, utilized as the reference material for the copolymer, was prepared
according to the previously reported method:24 The prescribed masses
of PI and PtBS 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 thor-
oughly dried under vacuum first at room temperature and then at 125
�C. The blends thus prepared were transparent, which was in accord
with the PI/PtBS miscibility.24,25

2.2. Measurements. Linear viscoelastic, dielectric, and thermal
(differential scanning calorimetry, DSC)measurements were conducted
for the PI53-PtBS42 diblock copolymer as well as the PI53/PtBS42
reference blend, both having a PI content of wPI = 55.7 wt %. The
measurements were also conducted for the components of the blends,
PI53 and PtBS42, in their respective bulk states. The viscoelastic and
dielectric data of these components are summarized in Appendix A.

The linear viscoelastic measurements were conducted with a labora-
tory rheometer (ARES, TA Instruments) at temperatures 20e T/�Ce
120. A parallel-plate fixture with a diameter of 8 mm was utilized. The
oscillatory strain amplitude was kept small (γ0 e 0.1) to ensure the
linearity of the storage and loss moduliG0 andG0 0 measured as functions
of the angular frequency ω.

The dielectric measurements (in the linear response regime) were
conducted also at 20 e T/�C e 120. The samples were charged in a
dielectric cell composed of parallel-plate electrodes and a guard elec-
trode. The measurements were made with an impedance analyzer/
dielectric interface system (1260 and 1296, Solartron) and a capacitance
bridge (1615A, QuadTech). In this paper, the dielectric data obtained at
frequencies f e 106 Hz are presented as plots against the angular
frequency, ω = 2πf.

The DSC measurements were conducted with a laboratory calori-
meter (DSC Q20; TA Instruments). The DSC traces were recorded for
respective specimens (10-15 mg for each) at a heating rate of 10 �C/min
in a range of T between -120 and þ250 �C.

3. RESULTS

3.1. Overview of Thermal Behavior. Figure 1 shows the
DSC profiles measured for the PI53-PtBS42 copolymer and the
PI53/PtBS42 reference blend having the same MPI, MPtBS, and
wPI (=55.7 wt %; volume fraction φPI = 0.59 as evaluated on the
basis of an assumption of volume additivity). For comparison, the
profiles are shown also for the PI53 and PtBS42 bulk samples.
The horizontal dashed lines indicate the high-T baselines. The
thin arrows indicate the glass transition temperatures Tg,PI

bulk

(=-65 �C) and Tg,PtBS
bulk (=147 �C) for bulk PI53 and PtBS42.

The thick arrows indicate effective Tg
eff in the blend explained

later.
Figure 1 clearly indicates that the PI53-PtBS42 copolymer

and the PI53/PtBS42 reference blend exhibit similarly broad, almost
two-step glass transitions. This transition occurs in a range of T well
below Tg,PtBS

bulk because of significant plasticization of PtBS due to PI.
The broadness of the transition reflects a broad distribution of local
frictional environment for the monomeric segments due to the
dynamic heterogeneity, as noted for a variety of miscible blends
and disordered diblock copolymers.1-9,12,26,27 The similarity of the
glass transition behavior of the PI53-PtBS42 copolymer and PI53/
PtBS42 blend demonstrates a similarity of the dynamics of the
monomeric segments therein, as noted also for PI-PVEcopolymers
and PI/PVE blends.8,9,12

In Figure 1, the thick solid and dotted arrows indicate effective
Tg,PI
eff (=-35 �C) and Tg,PtBS

eff (=-8 �C) of the PI and PtBS com-
ponents in the blend estimated from the Williams-Landel-
Ferry (WLF) analysis32 of the viscoelastic/dielectric data at high
T. Tg

eff (shown later in Figure 2). The method of this analysis,
fully explained in the previous paper,26 is summarized in Appen-
dix B. Those high-T data reflect the rubbery (global) relaxation
process of PI and PtBS and thus the Tg

eff obtained from the
analysis is related to the dynamics of the smallest motional unit
for this process, i.e., the Rouse segment, not the monomeric
segment exhibiting the thermal behavior in Figure 1. The dy-
namics of the monomeric segment of PI in the glassy matrix of
PtBS at low T<(Tg,PtBS

eff ), characterized by the Arrhenius behav-
ior, differs considerably from the WLF-type dynamics of the
Rouse segments at high T (>Tg,PtBS

eff ), as can be noted from a
recent study by Ediger and co-workers.27 This difference possibly
results in a moderate difference between the Tg,PI

eff (=-35 �C)
and a characteristic temperature for the onset of endothermic
behavior (=-50 �C), the latter being assigned as the real Tg of
the monomeric segment of PI in the blend; see Figure 1. The
high-T part of the thermally detected glass transition is associated
with just a small change of the DSC profile and Tg,PtBS

eff (thick
dotted arrow) is located at the edge of this high-T part, which can
be again related to the difference between the Rouse and
monomeric segments of PtBS. (One may also like to compare
a characteristic length ξ for motion of the two types of segments.

Table 1. Characteristics of Samples

code 10-3MPI 10-3MPtBS Mw/Mn

PI53-PtBS42 52.6 41.8 1.08

PI53 53.4 1.03

PtBS42a 41.8 1.04
a Precursor of PI53-PtBS42 copolymer.

Figure 1. DSC traces for the PI53-PtBS42 diblock copolymer and the
PI53/PtBS42 blend. Thin solid and dashed arrows denote the glass
transition temperature of bulk PI53 (Tg,PI

bulk =-65 �C) and bulk PtBS42
(Tg,PtBS

bulk = 147 �C), respectively. The thick solid and dotted arrows,
respectively, show the effective Tg,PI

eff and Tg,PtBS
eff of the Rouse segments

of PI and PtBS in the blends/copolymer expected from theWLF analysis
shown in Appendix B.
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Quasielastic neutron scattering experiments33,34 showed that dif-
ferentmonomeric segments have differentmobilities even at highT
and that ξ = 0.8 nm for the monomeric segment of PI in a
PI-polystyrene copolymer and the segmental correlation vanishes
at length scales > ξ. In contrast, for the Rouse segment of PI (of a
size = 1 nm), the data shown in Figure 2 cover the Rouse/
entanglement relaxation zone and the corresponding ξ can be close
to the entanglement length a (=6.2 nm, as shown later in eq 3), or
even larger. This difference of ξ is an interesting subject of research
but beyond the scope of this paper focusing on the junction effect
on the global dynamics of disordered copolymers.)
3.2. Overview of Viscoelastic and Dielectric Behavior.

Now, we examine the viscoelastic and dielectric data reflecting
the global dynamics (resulting from the motion of the Rouse
segments). Figure 2 shows the angular frequency (ω) depen-
dence of the storage and loss moduli, G0(ω) and G00(ω), of the
PI53-PtBS42 copolymer and the PI53/PtBS42 reference blend.
The raw data of the dielectric loss, ε00(ω), and the decrease of the
dynamic dielectric constant ε0(ω) from its static value ε0(0),
Δε0(ω) = ε0(0) - ε0(ω), are multiplied by a factor of 103 and
compared with the G0(ω) and G00(ω) data. For clarity of the
plots, the ε00,G0, andG00 data are shown only for representativeT,
and theΔε0 data, only for the highest T. At high T, the ε00 data at
lowω were contributed from the direct current (dc) conduction,
εdc00 = σ/ω�ω-1 with σ = dc conductivity; see, for example, the

dashed line of slope -1 attached to the ε00 data at 120 �C in the
top panel. For such cases, we examined the quality of the data by
allowing σ to change by (30% to fit the low-ω ε00 data with
εdc00 = σ/ω, subtracting this εdc00 from the raw ε00 data, and com-
paring the residue ε00 - εdc00 with the raw data. At moderately
high ω, the residue was quite insensitive to the(30% change of
σ and indistinguishable from the raw data; compare the small
filled circles (residue) and large unfilled circles (raw data) in the
top panel. Those data have a negligible dc contribution, and this
paper utilizes only the raw data at such moderately high ω.
In Figure 2, the copolymer and the blends (almost) exhibit the

terminal viscoelastic and dielectric relaxation characterized with
the power-law tails of the G0 (�ω2), G00 (�ω), Δε0 (�ω2), and
ε00 (�ω) at low ω. The second-moment average (terminal)
viscoelastic and dielectric relaxation times,23 τG and τε, were
evaluated from those data as

τG ¼ G0ðωÞ
ωG}ðωÞ
� �

ω f 0

, τε ¼ Δε0ðωÞ
ωε}ðωÞ
� �

ω f 0

ð1Þ

These τG and τε values are well-defined with respect to the visco-
elastic and dielectric relaxation spectra and close (though not iden-
tical) to the characteristic times of the slowest relaxation modes.23

The dielectric relaxation of the copolymer and blend seen in
Figure 2 is exclusively attributable to the global motion of the PI
component therein, either the PI block or homo-PI chain. (The
relaxation of themonomeric segments of PI and PtBS occurs at high
ω not covered in our experimental window.35) In contrast, the
viscoelastic relaxation detects the global motion of the copolymer
chain as a whole and/or all component chains in the blends. Thus,
comparison of τε and τG provides us with a clue for examining if PI
dominates the terminal relaxation of the copolymer/blends. This
comparison is made in Figure 3, where the τG and τε data (filled
circles and unfilled squares) of the copolymer and the blend are
plotted against T.
We first focus on τ of the PI53/PtBS42 blend. Since the PI and

PtBS chains therein are not chemically connected and can relax at
different times, wemay straightforwardly assign the slow component

Figure 2. Viscoelastic and dielectric behavior of PI53-PtBS42 diblock
copolymer and PI53/PtBS42 blend. For the dielectric data of
PI53-PtBS42 at 120 �C (top panel), the large unfilled circle, dotted
line, and small filled circles indicate the raw ε00 data, the contribution of
the direct current (dc) conduction εdc0 0, and the residue ε0 0 - εdc0 0. This
study utilized only the raw ε0 0 data at moderately high ω where the dc
conduction negligibly contributed to the data.

Figure 3. Comparison of the dielectric and viscoelastic terminal relaxation
times, τε and τG, obtained for the PI53-PtBS42 copolymer and the PI53/
PtBS42 blend at various T. The dashed curves indicate τε/2.
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by comparing τG and τε. For this comparison of τ evaluated from
different quantities (G* and ε*), wefirst need tonote that PI53 chains
are rather well entangled in the bulk state (MPI53 = 10Me,PI

bulk with
Me,PI

bulk = 5.0 � 103).36 These chains should be entangled also in the
blends even in an extreme case where PtBS42 chains behave as a
simple solvent to dilute the entanglements between the PI chains;
Me,PI for this full dilution case is estimated from the PI volume
fraction in the blends, φPI = 0.59, as29,30 Me,PI

bulk/φPI
1.3 = 9.9� 103 <

MPI53. (Actually, the PtBS42 chains entangle with the PI chains to
giveMe,PI smaller than this estimate, as explained later.)
Thus, the behavior of entangled binary blends of linear PI

is helpful for assigning the fast and slow components in the
PI53/PtBS42 blend. Extensive experiments for the PI/PI
blends23,29-31,37 revealed that the viscoelastic τG,slow and dielectric
τε,slow defined for the slow component satisfy a relationship, τG,slow/
τε,slow = 1/2 (due to a considerable contribution of the constraint
release/tube dilation mechanisms29,30) and these τG,slow and τε,slow
data are close to the τG and τε data of the blends as a whole.
This relationship also holds for monodisperse linear PI systems in
which all chains have the same relaxation time.31,37 In contrast, 1/2 <
τG,slow/τε,slow (e1) for the fast component in the PI/PI blends.29,30

From this behavior of PI/PI blends, we can judge that the terminal
relaxation of PI in our PI/PtBS blend is slower or equally slow
compared to the PtBS relaxation if τG/τε = 1/2, while the PI
relaxation is considerably faster than the PtBS relaxation if the τG/τε
ratio is well above 1/2, in particular in a case of τG/τε > 1. (PtBS has
no type-A dipole so that the PI/PtBS blends exhibit τG/τε . 1 if
PtBS relaxes much slower than PI.)
As seen in the bottom panel of Figure 3, the τG/τε ratio for the

PI53/PtBS42 blend is larger than unity and the PI relaxation is
significantly faster than the PtBS relaxation at low T e 50 �C.
This ratio decreases to=1/2 and thus the PI relaxation becomes
comparable to (or slower than) the PtBS relaxation at higher T.
This crossover reflects a difference in the temperature depen-
dence of the friction coefficients of the Rouse segments of the PI
and PtBS chains.25,26

Now, we turn our attention to the PI53-PtBS42 copolymer;
see the top panel of Figure 3. For the copolymer, the τG/τε ratio
is close to unity at 20 �C and decreases gradually to τG/τε= 1/2
with increasing T. This behavior is qualitatively similar to but
quantitatively different from the behavior of the PI53/PtBS42 blend
(cf. bottom panel). This difference should reflect the connectivity
between PI and PtBS blocks: The connectivity does not allow these
block to relax in a completely independent way to have significantly
different τ, although approximate independence can be realized at
low T, as discussed later. For this reason, the temperature depen-
dence becomes rather similar for τε and τG of the copolymer, the
former exclusively detecting the PI block relaxation while the latter
representing the relaxation of the copolymer chain, i.e., the con-
nected sequence of the PI and PtBS blocks.
3.3. Thermo-Rheological Behavior of PI Block. Figure 4

examines the time-temperature superposability for the Δε0
and ε00 data of the copolymer and the blend, i.e., of the PI53
block and PI53 chain therein. The reference temperature was
chosen to be Tr = 363 K (= 90 �C), and the data at the other
temperatures were multiplied by an intensity correction factor,
bT = T/Tr with T and Tr in K unit, and shifted along theω axis by
a factor aT,ε. (A ratio of densities at T and Tr is to be included in
bT, in principle.26 However, this ratio was safely neglected here
because a change in the density withTwasmuch smaller than the
change of T itself.) The thick solid curves in the bottom panel
indicate the dielectric data of bulk PI53 at its Tr,bulk = 303 K

(shown in Appendix A) multiplied by the intensity correction
factor bT

o = Tr,bulk/Tr and the PI volume fraction in the blend
φPI = 0.59, φPIbT

oΔε0bulk-PI(Λω) and φPIbT
oε00bulk-PI(Λω).

These data are plotted against ω, with the factor Λ = 0.21 being
chosen to match the ε00-peak frequencies ωpeak for the PI chains
in the blend and bulk.
The shift factor aT,ε for the plots in Figure 4 was chosen in a

way that the Δε0 and ε00 data were best superposed at ω > ωpeak.
This factor is plotted against T in the top panel of Figure 5. The
aT,ε data are almost indistinguishable for the copolymer and
the blend, confirming the similarity of the friction coefficient of
the Rouse segment (smallest motional unit for the rubbery
relaxation) for the PI block in the copolymer and PI chain in
the blend. The aT,ε data of the blend are later utilized to reduce
the data of the copolymer/blend to an iso-relaxation-time state
defined with respect to the Rouse segment of bulk PI.
For the copolymer as well as the blend, Figure 4 clearly

indicates that the slow dielectric mode distribution broadens with
decreasingT and the superposition fails for the dielectric data at low
ω <ωpeak. The broadening is more clearly noted forΔε0 than for ε00
because slow modes are more sensitively reflected in Δε0 than in
ε00.38 Themolecular origin of this broadening is not exactly the same
for the copolymer and blends, as discussed below.
For the PI/PtBS blends, the conditions necessary for themode

broadening and thermo-rheological complexity of the PI relaxa-
tion to be observed are as follows:25,26 (1) the PtBS chains are
not deeply overlapping with each other, (2) the average end-to-
end distance RPI of the PI chain is not much larger than RPtBS of

Figure 4. Test of the time-temperature superposability for the di-
electricΔε0 and ε0 0 data for the PI53-PtBS42 copolymer and the PI53/
PtBS42 blend. These data are multiplied by the intensity correction
factor bT = T/Tr (with the reference temperature of Tr = 363 K) and
shifted along the ω axis by a factor of aT,ε to achieve the best
superposition at ω > ωpeak. (The Δε0 data are further multiplied by a
factor of 101.5 to avoid heavy overlapping with the ε0 0 data.) The solid
curves in the bottom panel indicate the dielectric data of bulk PI53
corrected for the PI volume fraction and temperature and shifted along
the ω axis to match the ε0 0 peak frequency. For further details, see text.
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the PtBS chain, and (3) the terminal relaxation is much faster for
the PI chain than for the PtBS chain. If conditions 1 and 2 are
satisfied, all PI chains cannot overlap with the PtBS chains to the
same extent and thus a PI chain in a PtBS-rich region feels a larger
friction compared to the other PI chains out of this region. The
resulting frictional distribution among the PI chains survives in
the time scale of the global PI relaxation if condition 3 is satisfied.
This frictional heterogeneity naturally results in the mode broad-
ening for the whole ensemble of the PI chains.25,26 This molec-
ular picture explains why the broadening is less significant for the
PI53/PtBS42 blend (CPtBS = 3CPtBS*)

39 than for the previously
examined low-M blends (CPtBS = 2CPtBS*).

26 Related broad-
ening (resulting in bimodal distribution of relaxation times) has
been noted also for low-M PI/polystyrene blends.40

Now, we turn our attention to the thermo-rheological behav-
ior of the PI53-PtBS42 copolymer seen in the top panel of
Figure 4. Although the global dynamics of disordered copoly-
mers is generally affected by the concentration fluctuation that
results in the frictional heterogeneity,41 the fluctuation should be
weaker28 and the corresponding thermo-rheological complexity
should be less significant for the copolymer than for the reference
blend having the same composition and component molecular
weights. Nevertheless, the broadening of dielectric data is more
significant for our PI53-PtBS42 copolymer than for the PI53/
PtBS42 blend. This observation cannot be explained from the
molecular scenario explained above, because the conditions 1
and 2 are equally satisfied for these copolymer and blend while
the condition (3) should be less valid for the copolymer (having
1/2 e τG/τε e 1 at any T; cf. top panel of Figure 3). Thus, the

strong dielectric broadening seen for the PI block should be
mainly attributed to a crossover of the motional mode of the PI
block with T due to the block connectivity, as briefly explained
earlier. This crossover is further discussed below.

4. DISCUSSION

4.1. Crossover of Motional Mode of PI Block with T. For a
linear diblock copolymer in the disordered state, the motion of
one block (e.g., PI block) is strongly affected by the other block
(PtBS block) due to the block connectivity.21,23,42,43 Strictly
speaking, this effect of connectivity is to be represented as an
internal boundary condition for the equation of motion for the
copolymer chain, and themotion of the two blocks is described in
terms of the eigenmodes associating this equation and thus
correlated to each other. Specifically, the eigenmode relaxation
times are the same but the eigenmode intensities can be different
for the two blocks, as noted for homopolymer chains.44-46 In this
sense, we cannot define the “fast” and “slow” blocks for the
copolymer if we only consider the eigenmode relaxation times.
However, if we also consider the eigenmode intensities, we can
still define the fast and slow blocks as those having small and large
intensities for the slowest eigenmode. (This fact can be easily
noted from a simple example for a linear homopolymer:45 The
chain end and the chain center always have the same slowest
eigenmode relaxation time but the intensity of this eigenmode
vanishes for the chain end. For this reason, the chain end relaxes
much faster than the chain center.)
Since the effective Tg

effis higher for PtBS42 than for PI53 in the
copolymer as well as the blend (cf. Figure 1), a decrease of T
results in stronger retardation of the PtBS42 relaxation. Thus, at
low T, the PtBS42 block behaves as the slow block in the above
sense, and the PI block would be effectively anchored by the
PtBS42 block to behave as a tethered chain during the dominant
part of its relaxation. In contrast, at high T, the anchoring effect of
PtBS should become weaker and finally vanish because of
stronger acceleration of the PtBS relaxation with increasing T.
For this case, the PI and PtBS blocks would behave as portions of
a free (nontethered), linear chain and relax cooperatively.
This crossover of the motional mode of the PI block, from the

tethered chain like behavior at low T to the linear chain like
behavior at high T, appears to be the main mechanism of the
strong dielectric broadening observed for the PI block. For a test
of this molecular picture, we can compare the dielectric behavior
of the PI block with that of equivalent star-branched bulk PI (a
model for tethered chain) and/or equivalent linear bulk PI. In the
following, we first specify these equivalent star/linear chains and
then make this comparison.
4.2. Equivalent Bulk PI Chain Defined for PI Block. 4.2.1.

Entanglement Length. For specifying the equivalent bulk PI
chain for the PI block, we first need to know the entanglement
length a (�Me

1/2) for the PI block. For homopolymers, this
length is well correlated with the packing length p (=a/
20).36,47,48 Considering this feature and the additivity of the
chain contour length of the components in blends, we proposed a
mixing rule for the packing length26 that is rewritten for the
entanglement length as35

a ¼ nPIa
bulk
PI þ nPtBSa

bulk
PtBS ð2Þ

Here, nX (X = PI, PtBS) is the number fraction of the Kuhn
segment of the component X in the blend. This mixing rule has

Figure 5. Top panel: Shift factor aT,ε utilized for superposition of the
dielectric data for the PI53-PtBS42 copolymer and PI53/PtBS42 blend
(cf. Figure 4). The aT,ε data, defined with respect to Tr = 90 �C, are
plotted against T. Bottom panel: Shift factor aT,iso for the PI53/PtBS42
blend obtained after the CR/DTD correction for the aT,ε data shown in
the top panel. The aT,iso data, defined with respect to the iso-τs
temperature Tiso-PI = 60 �C (that corresponds to Tr,bulk = 30 �C for
bulk PI), are plotted against T - Tiso-PI. The aT,iso data are also shown
for the other PI/PtBS blends51 having the same wPI (= 55.7 wt %) as the
PI53/PtBS42 blend. (The sample code numbers indicate 10-3 M.) For
further details, see text.
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been tested for high-M PI/PtBS blends exhibiting the two-step
entanglement plateau similar to that for PI/PI blends29,30 and its
validity has been confirmed.35 (The high-ω entanglement pla-
teau height, being proportional to a-2, was satisfactorily de-
scribed by eq 2 but was significantly underestimated by the other
mixing rules such as a harmonic averaging rule49 based on the
component volume fraction.35) From the data of the Kuhn
molecular weightsMKuhn (=130 for PI36 and=1500 for PtBS50),
the n values in the PI/PtBS blend with wPI = 55.7 wt % were
obtained to be nPtBS = 0.06, nPI = 0.94. From these values and the
abulk data (=5.8 and 11.7 nm for PI and PtBS),36 eq 2 gives

a ¼ 6:2 nm ð=1:07abulkPI Þ for PI=PtBS with

wPI ¼ 55:7 wt% ð3Þ
This a is common for all components in the PI/PtBS blend and
PI-PtBS copolymer.
The a value given by eq 3 is considerably smaller than the

ÆRPtBS2æ1/2 and ÆRPI2æ1/2 values for the PtBS42 and PI53 chains
(= 12.3 and 19.0 nm evaluated from empirical equations;36

ÆRPtBS2æ/nm2 = 3.61 � 10-3MPtBS and ÆRPI2æ/nm2 = 6.79 �
10-3MPI). Thus, the PtBS42 and PI53 chains are mutually con-
straining the large-scale motion (i.e., entangled), despite the PtBS42
molecular weight is close toMe of bulk PtBS (= 37.6 � 103).
4.2.2. Relaxation Time of Rouse Segment. For comparison of

the dielectric data for the PI block and the equivalent bulk PI
chain, we need to specify the relaxation time τs of the Rouse
segment, the smallest motional unit during the rubbery relaxa-
tion process. This τs can be analyzed in the following way.
The terminal relaxation time of entangled chains, τ, is generally

expressed in terms of τs, the chain molecular weight M, and the
entanglement molecular weight Me as τ = τsF(M, Me) with F
being the structural factor. The functional form of F changes with
the mode of chain motion. For example, F�M3/Me for the pure
reptation mode, while F � M3.5/Me

1.5 for the reptation mode
combined with the contour length fluctuation, constraint release
(CR), and dynamic tube dilation (DTD).37

If the mode of chain motion does not change with T, a change
of τ data withT can be exclusively attributed to a change of τs. This is
the case for chemically uniform blends. However, in the PI/PtBS
blend, a ratio of the relaxation times of the PI and PtBS chains
changes with T. This change leads to some change of the CR/DTD
contribution to the PI relaxation26 thereby affecting the functional
formof the structural factor F. The shift factor aT,ε obtained from the
dielectric data of the PI/PtBS blend (cf. top panel of Figure 5) is
equivalent to a ratio of the dielectric τε of the PI chains at T and Tr
and reflects not only the change of τs but also a change of the CR/
DTD contribution to the PI relaxation, although the latter change is
minor.26 The change of CR/DTD contribution can be corrected
with a method reported previously26 and briefly explained in
Appendix B1. The aT,ε data after this correction exclusively represent
the change of τs with T. The WLF analysis of those data indicated
that the iso-τs temperature Tiso-PI defined for the Rouse segment is
higher, byΔTiso-PI = 30 �C, for PI in the PI/PtBS blends (wPI = 55.7
wt %) than for bulk PI; cf. Appendix B1.
In the bottom panel of Figure 5, the shift factor aT,iso for the

PI53/PtBS42 blend definedwith respect toTiso-PI = 60 �C is plotted
againstT- Tiso-PI (squares). For comparison, aT,iso is shown for the
other PI/PtBS blends with the same composition (wPI = 55.7 wt %)
examined elsewhere;51 the sample code number indicates 10-3M.
The solid curve shows the WLF equation describing the aT data
for bulk PI, log aT =-4.425(T- Tr,bulk)/(140.0þT- Tr,bulk) with

Tr,bulk = Tiso-PI
bulk = 30 �C (cf. Appendix A). The excellent agreement

of the plots and the curve is indicative of the reliability of our WLF
analysis. Furthermore, the plots are indistinguishable for the blends
having the samewPI, indicating that τs of the Rouse segment is locally
determined just by the PI/PtBS composition. Thus, the PI53-
PtBS42 copolymer and the PI/PtBS blends having the same wPI
should have the same τs, and an iso-τs relationship holds for the
Rouse segments of PI in these copolymer/blends and in bulk PI:52

τbulk PI
s ðTÞ ¼ τPI in b=c

s ðT þΔTiso- PIÞ, ζbulk PI
s ðTÞ

T

¼ ζPI in b=c
s ðT þΔTiso- PIÞ

T þΔTiso- PI
ð4Þ

where ζs denotes the friction coefficient of the Rouse segment,
the superscript “PI in b/c” stands for PI in the blend/copolymer
systems, and ΔTiso-PI = 30 K.
An effective glass transition temperature of PI53 in the blends,

defined for the Rouse segment of PI through the WLF relation-
ship (cf. Appendix B1), is expected to be higher, byΔTiso-PI, than
Tg,PI (= -65 �C) of bulk PI53. This Tg,PI

eff (= -35 �C), shown
with the thick solid arrows in Figure 1, is located at the low-T side
of the broad glass transition zone of the blend and copolymer, as
expected. (At the same time, we should again emphasize that the
thermally detected glass transition is related to motion of the
monomeric segments and real Tg of these segments is moder-
ately lower than Tg,PI

eff estimated from the high T data reflecting
the motion of the Rouse segments, as explained earlier.)
A comment needs to bemade forTiso-PI = 60 �Cof the blend that

corresponds to Tiso-PI
bulk = 30 �C. Since the aT,ε data were obtained

from the superposition of the ε00 data atωgωpeak (cf. Figure 4), the
Tiso-PI evaluated from those data is the iso-τs temperature for the
majority of PI in the blend giving the ε00 peak. The minority of PI,
existing due to the concentration fluctuation, should have Tiso-PI >
60 �C. However, the minority is rather dilute to hardly disturb the
superposition of the ε00 data for the blends at ωg ωpeak. Since the
fluctuation is less significant for the copolymer than for the blend,28

we do not consider the minority in our later analysis for the
copolymer.
4.2.3. Equivalent Star PI Defined for PI Block at Low T. The PI

block appears to behave as the tethered chain at low T. For this PI
block, we define an equivalent star PI as the bulk star PI having the
same entanglement number Ne per arm (Ne � Marm/a

2) as the PI
block.We compare the dielectric data of the equivalent star PI and the
PI block in the iso-τe condition where they have the same relaxation
time τe of the entanglement segment. This choice of the condition is
reasonable because the entanglement segment is regarded as the
motional unit for the global relaxation of entangled chains. τe is
related to τs of the Rouse segment (smallest motional unit for the
rubbery relaxation) as τe = τsNR

2, where NR is the number of the
Rouse segments per entanglement segment.
From the entanglement length a for the PI block (eq 3), the

arm molecular weight of the equivalent star PI is specified to be

Marm ¼ abulkPI

a

 !2

MPI block

¼ 46:0 � 103 for equivalent star PI ð5Þ
The iso-τs temperature for this star PI defined with respect to the
PI block at a temperature T is the same as that for the PI chains in
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the PI/PtBS blends (wPI = 55.7 wt %) explained earlier: Tiso-PI
bulk =

T-ΔTiso-PI = T- 30 �C (cf. eq 4). Since the comparison of the
equivalent star PI and the PI block is to be made in the iso-τe
state, the dielectric data for the latter at T, εPI block*(ω;T), are not
to be directly compared with the data for the former at the iso-τs
temperature, εstar*(ω;Tiso-PI

bulk ), because of a difference of NR

(�a2) for the copolymer and bulk PI: We need to make a minor
shift for the frequency of the equivalent star PI by a factor of
λ = (NR

PI block/NR
star)2 = (a/aPI

bulk)4 = 1.3 (a/aPI
bulk = 1.07; cf. eq 3)

and compare the εPI block*(ω;T) data with the shifted εstar*(λω;
Tiso-PI
bulk ) data.
Now, we focus on the actual comparison. In literature,31 we

find the dielectric data for a series of 6-arm bulk star PI samples of
variousMarm. Among these chains, the star PI sample ofMarm =
59.0� 103 (hereafter referred to as PI(59)6) is the closest, in the
Marm value, to the equivalent star PI specified above (cf. eq 5).
Thus, we compare the εPI block*(ω;T) data of the PI block with
the εPI(59)6 data of PI(59)6 corrected for the difference of Marm

(and of a):

εeqv�ðω;TÞ�φPIbTεPIð59Þ6�ðrτλω;Tbulk
iso-PIÞ with

rτ ¼ τeqv-starε

τ
PIð59Þ6
ε

¼ 0:11 ð6Þ

Here, the PI volume fraction φPI (= 0.59) and the temperature
factor bT = Tiso-PI

bulk /T (Tiso-PI
bulk and T in K unit) are multiplied to

εPI(59)6* for correction of the dielectric intensity difference
between the PI(59)6 sample and the PI block. TheMarm-correction
factor, rτ, was evaluated from the empirical equation for star PI
shown in Appendix C, τε�Marm

1.5 exp{1.4� 10-4Marm}. The result
of this comparison is later shown in Figures 7 and 8.
4.2.4. Equivalent Linear PI Defined for PI-PtBS Copolymer at

High T. At high T, the PI block appears to behave as a portion of
a free linear chain and move cooperatively with the PtBS block.
Thus, we define an equivalent linear PI as the bulk PI chain having
the same entanglement number Ne as the PI-PtBS copolymer,
not just the PI block. Since the entanglement length a (= 6.2 nm;
eq 3) is common for the PI and PtBS block (as discussed in
relation to the cooperative Rouse equilibration),35 Ne is evalu-
ated from themean square end-to-end distance of the copolymer,

ÆR2æ = ÆRPI532æþ ÆRPtBS422æ = 508 nm2 (for Gaussian conforma-
tion of the copolymer chain), as Ne = ÆR2æ/a2 = 13.2. The
corresponding molecular weight of the equivalent linear PI is
given by

Mlin ¼ NeM
bulk
e, PI

¼ 66:1 � 103 for equivalent linear PI ð7Þ
This equivalent linear PI is hereafter referred to as PI66.
Now, we need to ask a question, what the temperature for this

equivalent PI66 should be when compared with the PI block at a
given high T (e.g., 120 �C). At low T, the PtBS block motion is
essentially frozen in the time scale of the PI block relaxation,
allowing us to reasonably compare the data for the PI block and
the equivalent star PI in the iso-τe state. However, at high T, the
PtBS blockmoves cooperatively with the PI block to give an extra
friction for the PI block motion, so that the iso-τe state defined
just for the PI block/chain cannot be adopted as the state for the
reasonable comparison. Thus, we define an iso-τR

chain state where
the longest Rouse relaxation time τR

chain is the same for the
PI-PtBS copolymer and the equivalent linear PI66 chain and
compare the data for the PI block and PI66 chain in this state.
Note that this definition matches with the definition of the iso-τe
state at low T because the PI block and the equivalent star PI has
the same Ne and the same τe thereby having the same τR

chain

(�Ne
2τe) in this state.

For the PI block and the equivalent linear PI66, the iso-τR
chain

state is conveniently specified by a frequency shift for PI66 at the
iso-τs temperature for PI, i.e., at T and Tiso-PI

bulk = T- 30 �C for the
PI block and equivalent PI, respectively. In the range of
Texamined, the friction coefficient of the entanglement segment
of the PtBS block, ζe

PtBS block, is larger than ζe
PI block of the PI

block/equivalent PI. Thus, we may utilize the Stockmayer-
Kennedy (SK)53 model for a bead-spring block chain, applic-
able to disordered and unentangled block copolymers,43 to
evaluate a τR

chain ratio for the PI53-PtBS42 copolymer at T
and the equivalent PI66 chain at Tiso-PI

bulk . Utilizing the entangle-
ment segments of the PI and PtBS blocks having the same a as the

Figure 7. Comparison of the τε data of PI53-PtBS42 copolymer at
various T (circles) with the τε expected for equivalent PI, the star PI
(Ma = 46.0 � 103; solid curve) and linear PI (M = 66.1 � 103; dashed
curve). The arm of the equivalent star PI has the same entanglement
numberNe as the PI53 block, while the equivalent linear PI chain hasNe

being identical to Ne for the copolymer chain as a whole. The τε data of
the equivalent star PI are compared in the iso-τe state (defined for the
entanglement segment), while the data of the equivalent linear PI are
compared in the iso-τR

chain state (defined for the chain as a whole). For
further details, see text.

Figure 6. Schematic illustration of (a) ordinary PI having the type-A
dipoles aligned along the chain backbone in the same direction from one
end to the other, (b) a special class of PI having once-inverted dipoles,
and (c) hypothetical PI having the type-A dipole only in a portion of the
backbone.
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beads in the SK model, we find the viscoelastic τR
chain of the

copolymer to be given by53

τchainR ¼ a2ζPtBS block
e N2

e

6kBT
1

β2
with Ne ¼ NPtBS

e þNPI
e ð8Þ

Here, Ne
X (=ÆRX2æ/a2) is the number of entanglement segments

(beads) per X block (X = PtBS, PI), and β is the smallest
eigenvalue determined from

L1=2tan βθ ¼ - tan
βð1- θÞ
L1=2

ð9aÞ

with

L ¼ ζPtBS block
e

ζPI blocke

and

θ ¼ NPtBS
e

Ne
¼ ÆR2

PtBS42æ
ÆR2

PtBS42æþ ÆR2
PI53æ

¼ 0:30 ð9bÞ

The friction coefficient ratio L is straightforwardly evaluated
from the viscoelastic data of bulk PI and PtBS, as explained in

Appendix C: For example, L = 16.3 for the PI53-PtBS42
copolymer at T = 120 �C. From the L(T) value thus obtained,
we solved eq 9a numerically to calculate β(T).
The Rouse relaxation time of the equivalent PI66 chain at

Tiso-PI
bulk is given by τR

PI66(Tiso-PI
bulk ) = ζe

bulk PI{aPI
bulk}2Ne

2/6π2kB-
Tiso-PI
bulk . Considering a relationship ζe

bulk PI=NR
bulk PIζs

bulk PI and
eq 4 (iso-τs relationship), we can express this relaxation time as
τR
PI66(Tiso-PI

bulk ) = ζe
PI block{aPI

bulk}4Ne
2/6π2kBTa

2. From this expres-
sion and eq 8, a ratio of τR

PI-PtBS of the PI53-PtBS42 copolymer
at T to τR

PI66 at Tiso-PI
bulk is given by

λ0 ¼ τPI-PtBSR ðTÞ
τPI66R ðTbulk

iso-PIÞ
¼ π2ζPtBS block

e

β2ζPI blocke

λ with

λ ¼ a

abulkPI

 !4
ð¼ 1:3Þ ð10Þ

From the above results, the comparison in the iso-τR
chain state

can be made for the εPI block*(ω;T) data of the PI53-PtBS42
copolymer at T and the εPI66*(λ0ω;Tiso-PI

bulk ) data of the equivalent
PI66 at Tiso-PI

bulk = T- ΔΤiso-PI
bulk = T- 30 �C. However, for actual

comparison, we need to consider twomore points, the lack of the
type-A dipole in the PtBS block and the molecular weight of an
available PI sample, as explained below.
4.2.5. Lack of the Type-A Dipole in the PtBS Block. Ordinary

linear PI chains have the type-A dipoles parallel along the chain
backbone. Thus, their polarization P is proportional to the end-
to-end vector R = R1 þ R2, where R1 is a vector connecting one
end of the chain to a given segment and R2 is a vector connecting
this segment to the other end; see Figure 6a. For a special class of
PI chains having the dipoles once inverted at the given segment,
P is proportional to R1 - R2; see Figure 6b. We can further
consider a hypothetical PI chain that has the type-A dipoles only
in one block, as schematically shown in Figure 6c. This hypothe-
tical PI, having P � R1, corresponds to the PI-PtBS copolymer
having no type-A dipole in the PtBS block. For all these PI chains,
the normalized dielectric relaxation functionΦ(t) (= 1 at t = 0) is
given by the autocorrelation of P and can be expressed as23,37

ordinary PI: ΦordðtÞ ¼ ÆfR1ðtÞ þ R2ðtÞg 3 fR1ð0Þ þ R2ð0Þgæ
ÆR2æ

ð11Þ

dipole-inverted PI: ΦinvðtÞ ¼ ÆfR1ðtÞ- R2ðtÞg 3 fR1ð0Þ- R2ð0Þgæ
ÆR2æ

ð12Þ

hypothetical PI: ΦpartðtÞ ¼ ÆR1ðtÞ 3R1ð0Þæ
ÆR1

2æ
ð13Þ

Here, Æ...æ indicates the average at equilibrium. (In the denomi-
nator of eqs 11 and 12, we have considered the Gaussian feature
of the chain, ÆR1(t) 3R2(t)æ = 0 at any time t at equilibrium.) The
dielectric Δε0(ω) and ε00(ω) are proportional to the sine- and
cosine-Fourier transformation of -dΦ(t)/dt.23,37

The dipole-inverted PI samples have been actually synthesized
and their dielectric behavior has been examined.45,46 In contrast, the
hypothetical, partially dipole-labeled PI cannot be synthesized.
Φpart(t) for this hypothetical PI can be evaluated if the eigenfunc-
tions fp and eigenvalues 1/τp are known for all relaxation modes.

Figure 8. Top panel: Comparison of the dielectricΔε0 and ε00 data for the
PI53-PtBS42 copolymer at 20 �C (unfilled symbols) and the equivalent
star PI (Marm = 46.0 � 103; solid curves) having the arm entanglement
number identical to that for the PI53 block. The comparison is made in the
iso-τe state defined for the entanglement segment of PI. The filled triangles
show the Δε0(ω) data of the PI53/PtBS42 blend at 20 �C (in the iso-τe
state). For clear comparison, this Δε0(ω) plot is slightly shifted upward in
the double logarithmic scale so that it agrees with the Δε0(ω) plot for the
copolymer (unfilled squares) at the highestω in the panel. Bottom panel:
Comparison of the viscoelastic G0 and G0 0 data for the PI53-PtBS42
copolymer (unfilled symbols) and the PI53/PtBS42 blend (curves) at 20
�C. The arrow indicates a characteristic frequency ωc below which the
PtBS block exhibits significant motion/relaxation.
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However, fp and 1/τp have been dielectrically determined only for
the lowest three modes,45,46 and we cannot accurately evaluate
Φpart(t) for general cases. Nevertheless, for a special case that the
hypothetical PI chain is dipole-labeled in half of its backbone,
eqs 11-13 allow us to simply express Φhalf-label(t), without any
detailed knowledge for fp and 1/τp, as

Φhalf -labelðtÞ ¼ 1
2
fΦordðtÞ þΦsym-invðtÞg ð14Þ

Here, Φord(t) and Φsym-inv(t) are the dielectric relaxation func-
tions for the ordinary and symmetrically dipole-inverted linear PI
chains having the same molecular weight M and exhibiting the
same motion as the half-label PI chain of our interest. The dielec-
tric behavior has been examined for such a pair of the ordinary
and dipole-inverted PI49 withM = 48.8� 103 (=10Me

bulk), and
the dielectric relaxation has been found to be=4 times faster for
the latter (because of the dielectric inertness of odd eigenmodes
for the latter).45,46 Thus, and Φsym-inv(t) and Φord(t) satisfy a
relationship, Φsym-inv(t) = Φord(4t), and eq 14 is rewritten as

Φhalf -labelðtÞ ¼ 1
2
fΦordðtÞ þΦordð4tÞg ð15Þ

In our PI53-PtBS42 copolymer, the PtBS42 block occupies
30% of the backbone measured in terms of the number of
entanglement segments; see the θ value in eq 9b. This fraction
is different from but fairly close to the fraction (50%) considered in
eq 15. Thus, as the best approximation at this moment, we may
compare, on the basis of eq 15, the εPI block*(ω;T) data of the PI53-
PtBS42 copolymer at T and {εPI66*(λ0ω;Tiso-PI

bulk )þεPI66*(λ0ω/4;-
Tiso-PI
bulk )}/2 of the equivalent PI66 at Tiso-PI

bulk =T - 30 �C. Since the
dielectric data are available for the ordinary and dipole-inverted
PI49 samples45 but not for PI66, the actual comparison is made for
the εPI block*(ω;T) data and the data obtained for the ordinary PI49
sample,

εeqv�ðω;TÞ�φPIbT
2

fεPI49�ðrτ 0λ0ω;Tbulk
iso-PIÞ

þ εPI49�ðrτ 0λ0ω=4;Tbulk
iso-PIÞg ð16Þ

Here, the PI volume fraction φPI and the intensity factor bT =
Tiso-PI
bulk /T are multiplied for correction of the dielectric intensity

difference between the PI49 sample and the PI block (as done in
eq 6). A minor correction factor rτ0 for the molecular weight
difference between PI49 and the equivalent PI66 is evaluated as

rτ
0 ¼ MPI66

MPI49

� �3:5
¼ 2:9 ð17Þ

The result of the above comparison is later shown in Figures 7
and 9.
4.3. Comparison of Dielectric Behavior of PI-PtBS Copo-

lymer and Equivalent PI. 4.3.1. Comparison of τε. In Figure 7,
the dielectric τε(T) data of the PI53-PtBS42 copolymer at
various T(circles)54 are compared with τε

eqv(T) of the equivalent
star and linear PI obtained from εeqv*(ω;T) defined by eqs 6 and
16. This εeqv*(ω;T) was evaluated from the available data for the
bulk PI(59)6 and PI49 samples at Tiso-PI

bulk = T - 30 �C, as
explained earlier. The τε(Τ) data of the copolymer are close to
τε
eqv(T) of the equivalent star and linear PI at low and high T,
respectively, and the crossover between these asymptotes is
noted at intermediate T. This result lends support to the

molecular picture that the PI53 block behaves as the equivalent
star and linear chains at low and high T. Thus, the thermo-
rheological complexity of the dielectric data for the copolymer at
low ω (top panel of Figure 4) is mainly attributable to the
crossover of the motional mode, as discussed earlier.
4.3.2. Comparison of Relaxation Mode Distribution at Low-

est T (20 �C). Following eq 6, we utilized the dielectric εPI(59)6*-
(ω;Tiso-PI

bulk ) data of the star PI(59)6 sample31 reduced at Tiso-PI
bulk =

-10 �C (263 K) to evaluate εeqv*(ω;T) for the equivalent star PI
at T = 20 �C (293 K). In the top panel of Figure 8, theΔεeqv0(ω)
and εeqv00(ω) of the equivalent star PI (solid curves) are
compared with theΔε0(ω) and ε00(ω) data of the PI53-PtBS42
copolymer at 20 �C. The filled triangles indicate plot of the
Δε0(ω) data of the PI53/PtBS42 reference blend with wPI = 55.7
wt % at 20 �C (in the iso-τe state). For clear comparison, this plot
is slightly shifted upward in the double logarithmic scale so that it
agrees with theΔε0(ω) plot for the copolymer (unfilled squares)
at the highest ω in the panel. The bottom panel compares the
modulus data of the PI53-PtBS42 copolymer (symbols) and the
PI53/PtBS42 blend (curves) at 20 �C.
The copolymer chain has Ne =13.2 entanglements per chain,

as explained earlier. The corresponding plateau modulus sus-
tained by both PI and PtBS blocks is evaluated to be GN =
νchainNekBT = 3.3 � 105 Pa (νchain = chain number density). In
the bottom panel of Figure 8, we note that G0 > GN at ω > 2 s-1

and the Rouse-like power-law behavior G0 = G00 � ω1/2 is
observed in this high-ω zone. Thus, atω > 2 s-1, the PI and PtBS
blocks appear to equilibrate themselves within the entanglement
length a through the cooperative Rouse mechanism, as discussed
for high-M blends.35 Consequently, the entanglement relaxation
occurs at ω < 2 s-1. The dominant part of the dielectric
relaxation of the PI block is observed in this low-ω zone (top
panel), which is consistent with the molecular picture that that
the PI53 block essentially behaves as a star arm at low T.
Now, we focus on the dielectric behavior shown in the top

panel of Figure 8. We first note that the dielectric relaxation is
significantly slower for the PI53 block of the copolymer (unfilled
symbols) than for the PI53 chain in the blend (filled triangle).
This result demonstrates that the PI block motion is strongly
constrained by the PtBS block at 20 �C. Furthermore, the curves
for the equivalent star PI are close to theΔε0(ω) and ε00(ω) data
of the copolymer. This result lends support to the above
molecular picture.
At the same time, we should again emphasize that the PI and

PtBS blocks do have the same, slowest eigenmode relaxation
time and the PI block relaxation is much faster than the PtBS
block relaxation in a sense that the intensity of the slowest
eigenmodes is smaller for the PI block. Consequently, the real
slowest relaxation process of the PI block should occur simulta-
neously with that process of the PtBS block and the PtBS block
cannot be regarded as the fixed anchor for the PI block during
this process.
In relation to this point, we note that G0 of the copolymer

decreases to the entanglement plateau modulus expected for the
case of simple dilation of entanglement by the relaxed PI block,
GN
dil = φPtBS

2.3GN = 4.3� 104 Pa, with decreasingω toωc = 0.06
s-1; see the arrow in the bottom panel. This viscoelastic feature
suggests that the PtBS block begins to exhibit rather significant
motion/relaxation at such low ωe ωc. The terminal part of the
dielectric relaxation of the PI block does occur in this range ofω
(cf. top panel), suggesting that the motion of the PtBS block
affects (accelerates) the PI relaxation at thoseω. Indeed, a hint of
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this acceleration can be noted as the downward deviation of the
Δε0(ω) data of the PI block from the equivalent PI curve at those
ω. In addition, because of the block connectivity, the PtBS
segment near the PI-PtBS junction would be more significantly
plasticized by the PI segments compared to the other PtBS
segments far from the junction. The junction point fluctuation
due to this extra plasticization might enhance the difference
between the PI block and star PI. Thus, the full relaxation
behavior of the PI block at low T is close but not identical to
that of the equivalent star PI. Accurate description of this
behavior of the PI block requires a molecular analysis for a block
anchored by a slow but mobile block. This analysis is an
interesting subject of future work.
4.3.3. Comparison of Relaxation Mode Distribution at High-

est T (120 �C). Following eq 16, we utilized the dielectric
εPI49*(ω;Tiso-PI

bulk ) data of the linear PI49 sample45 reduced at
Tiso-PI
bulk = 90 �C to evaluate εeqv*(ω;T) for the equivalent, half-

labeled linear PI at T = 120 �C. The top panel of Figure 9
compares theΔεeqv0(ω) and εeqv00(ω) of this equivalent PI (solid
curves) with the data of the PI53-PtBS42 copolymer at 120 �C
(unfilled symbols). The bottom panel compares the modulus
data of the PI53-PtBS42 copolymer (symbols) and the PI53/
PtBS42 blend (curves) at 120 �C.
At low ω where the dominant part of the dielectric relaxation

of the PI block is observed, G0 of the copolymer is well below the
entanglement plateau modulus sustained by both PI and PtBS
blocks, GN = νchainNekBT = 4.4 � 105 Pa (at 120 �C); cf. bottom
panel. This fact indicates that the entanglement segment of the size a
(= 6.2 nm; cf. eq 3) behaves as the internally equilibrated motional
unit for the dielectrically detected global relaxation process of the
copolymer. Thus, the dielectric data of the equivalent linear PI,

being evaluatedwith the entanglement segment as themotional unit
(cf. eqs 9a and 10), can be unequivocally compared with the
copolymer data.
As explained earlier, ÆR2æ is not exactly the same for the PI and

PtBS blocks and no complete agreement is expected for the data of
the copolymer and the equivalent linear PI, the latter having the
dipoles in its half backbone. Nevertheless, the dielectric data of the
equivalent PI agree with the copolymer data surprisingly well; see top
panel. This result strongly suggests the basic validity of the molecular
picture that thePI53block at highTbehaves as a portion of free linear
chain (subjected to an extra friction from the PtBS block).
4.4. Dynamics of Copolymer Chain. For the PI53-PtBS42

copolymer, the PtBS block dynamics is also a subject of our
interest. However, we cannot dielectrically examine the global
motion of the PtBS block having no type-A dipole. Furthermore,
for themutually connected PI and PtBS blocks, we have no simple
blending law for the viscoelastic moduli sustained by respective
blocks. For this reason, this section focuses on the behavior of the
PI-PtBS copolymer chain as a whole to discuss the relaxation of
the PtBS block just qualitatively.
4.4.1. Viscoelastic Relaxation Time of the Copolymer.

Figure 10 compares the terminal viscoelastic relaxation times
τG of the PI53-PtBS42 copolymer (unfilled squares) and the
PI53/PtBS42 blend (unfilled circles), both having the same PI
content (wPI = 55.7 wt %). In the copolymer and blend at the
same T, the iso-τs state is achieved not only for the Rouse
segment of PI but also for that of PtBS. The relaxation times of
the PI53 and PtBS42 chains in the blend, evaluated from the
analysis of the blend data (Appendix B), are also shown for
comparison; cf. unfilled diamonds and filled triangles.
At low T, τG is similar for the copolymer, blend, and the

PtBS42 chain in the blend but significantly smaller for the PI53
chain in the blend, which is in harmony with the earlier discussion
for the PI block relaxation: Namely, at low T, the PtBS42 block is
the “slow” block (defined by considering both relaxation time
and intensity of eigenmodes) and thus behaves as the anchor
during the dominant part of the PI block relaxation. Conse-
quently, at the onset of the terminal relaxation of the copolymer
(where the PI block has relaxed considerably), the connectivity
with the PI53 block would not significantly affect the PtBS42
block motion. Then, τG of the PtBS42 block is expected to be
close to τG of the copolymer and also to τG of the PtBS42 chain
in the blend being free from the connectivity effect. This

Figure 9. Top panel: Comparison of the dielectric Δε0 and ε0 0 data for
the PI53-PtBS42 copolymer at 120 �C (unfilled symbols) and the
equivalent linear PI (M = 66.1 � 103; thick solid curves) having the
entanglement number identical to that for the copolymer chain as a
whole. The comparison is made in the iso-τR

chain state where the
equivalent linear PI and the PI-PtBS copolymer have the same longest
Rouse relaxation time. Bottom panel: Comparison of the viscoelastic G0
andG0 0 data for the PI53-PtBS42 copolymer (unfilled symbols) and the
PI53/PtBS42 blend (curves) at 120 �C.

Figure 10. Comparison of the viscoelastic terminal relaxation time τG
for the PI53-PtBS42 copolymer, the PI53/PtBS42 blend, and the PI53
and PtBS42 chains in the blend.
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expectation is in harmony with the low-T data in Figure 10.
However, we should also note that the viscoelastic G* data of the
copolymer and blend at lowω are close but not identical to each
other; see the bottom panel of Figure 8. This result suggests that
the PI block has some effect on the relaxation of the copolymer/
PtBS block possibly because the real slowest relaxation of the PI
block occurs cooperatively with the PtBS42 block, as discussed
earlier.
In contrast, at highT, τG of the copolymer is larger than τG0s of

the blend and the PI53 and PtBS42 chains therein; cf. Figure 10.
Thus, the PtBS42 and PI53 blocks connected to each other appears
to relax cooperatively thereby allowing the copolymer chain to
behave as the equivalent linear chain that has a largerM and relaxes
slower compared to the PI53 and PtBS42 chains in the blend. This
effect of the block connectivity makes a significant contrast between
the relaxation of the copolymer and blend at high T.
At intermediate T, τG of the copolymer exhibits a crossover

between the two asymptotic cases discussed above. This cross-
over of τG, due to the crossover of the motional mode of the PI
block and the corresponding change in the PtBS block motion,
cannot be described by the molecular models available at this
moment. Formulation of a model describing this crossover
behavior is an interesting subject for future work.
4.4.2. Thermo-Rheological Behavior of the Copolymer. In

Figure 11, the storage and loss moduli, G0 and G00, measured for
the copolymer at various T are reduced by an intensity correction
factor, bT = T/Tr (T and Tr in K unit), and shifted alongω axis by a
factor of aT,G to achieve the best superposition of their low-ω G00
tails. The reference temperature is chosen to beTr = 363K (90 �C).
TheG00 data are multiplied by a factor of 10 in order to avoid heavy
overlapping with the G0 data. In Figure 12, the viscoelastic shift
factor aT,G utilized for this superposition is compared with the
dielectric shift factor aT,ε achieving the superposition of theΔε0 and
ε00 data of the copolymer (cf. top panel of Figure 4.)
As noted in Figure 11, a fairly good superposition is achieved

for the G* data of the copolymer. However, a close inspection
reveals a failure of superposition at intermediate to high ω; see the
data atωaT,G/s

-1 = 102-105. This delicate failure possibly reflects
the change of the motional mode of the PI block with T (from the
tethered chain like motion at low T to the free chain like motion at
high T retarded by the PtBS block) and the corresponding change

for the PtBS blockmotion. The copolymer chain should be thermo-
rheologically complex because of these changes of the motional
modes.However, this viscoelastic complexity ismuch less significant
compared to the dielectric complexity (cf. top panel of Figure 4), as
also noted for miscible PI-PVE block copolymers.9

This difference of the viscoelastic and dielectric complexities
of the PI-PtBS copolymer can be related to a fact that the
dielectric data just detect the global motion of the PI block while
the viscoelastic data are contributed from both of the PI and PtBS
blocks. As the motional mode of the PI block changes with
increasing T, the PI contribution to the terminal relaxation of the
copolymer is enhanced while that to the fast relaxation becomes
less significant. Correspondingly, the PtBS contributions to the
slow and fast parts of the copolymer relaxation become less and
more significant with increasing T. These changes of the PI and
PtBS contributions tend to cancel each other, which possibly
resulted in the weak viscoelastic complexity seen in Figure 11.
The viscoelastic shift factor aT,G of the copolymer is evaluated

from the low-ω moduli data. Thus, we expect that aT,G of the
copolymer at low T reflects the motion of the PtBS block (much
slower than the motion of the PI block) while that at high T
corresponds to the cooperative motion of the PI and PtBS blocks.
This expectation is in harmony with the observation in Figure 12
that aT,G at low T is larger and more strongly dependent on T
compared to aT,ε reflecting the PI blockmotion while aT,G at highT
is very similar, in the T dependence as well as the magnitude, to the
dielectric aT,ε. This result again lends support to the molecular
picture that the PI block essentially behaves as the tethered chain at
low T while as a portion of the free linear chain at high T.

5. CONCLUDING REMARKS

Linear viscoelastic and dielectric behavior was examined for a
disordered PI53-PtBS42 diblock copolymer and the PI53/
PtBS42 reference blend having the same PI content (wPI = 55.7
wt %). For these samples, the dielectric data characterize the global
motion of PI block/chain, while the viscoelastic data detect the
relaxation of all components in the blend/copolymer systems.

Comparison of the dielectric and viscoelastic terminal relaxation
times suggested that the relaxation of the PI and PtBS blocks of the
copolymer is affected by the antiplasticization and plasticization due
to respective partner blocks, as similar to the situation in the PI/PtBS
blends. However, more importantly, the block relaxation was found
to be strongly affected by the connectivity between the blocks. This
connectivity effect, being absent in the blends, forced the PI block

Figure 11. Test of time-temperature superposability for the visco-
elastic G0 and G00 data for the PI53-PtBS42 copolymer. The data are
reduced by the intensity factor, bT = T/Tr (with Tr = 363 K), and
superposed at their low-ω G0 0 tails. The G0 0 data are multiplied by a
factor of 10 to avoid heavy overlapping with the G0 data.

Figure 12. Comparison of the viscoelastic and dielectric shift factors
aT,G and aT,ε for the PI53-PtBS42 copolymer utilized for the super-
position in Figures 11 and 4.
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to relax essentially as the tethered chain (anchored by the slow
PtBS block) at low T while as a portion of free linear chain at high
T (where the PI and PtBS blocks relax cooperatively). This change
of the motional mode of the PI block with T led to the thermo-
rheological complexity of the dielectric data that was much more
significant compared to the complexity of the PI/PtBS reference
blend. The corresponding complexity was observed also for the
viscoelastic data of the copolymer. However, this viscoelastic com-
plexity was much less prominent than the dielectric complexity,
possibly because viscoelastic changes due to themode changes of the
PI and PtBS blocks tend to cancel each other.

Finally, we note that the connectivity effect on the global
dynamics of the disordered PI-PtBS diblock copolymers would
change with the entanglement density. Specifically, for non-
entangled copolymers, the reduction of the frictional asymmetry
between the PI and PtBS blocks on the increase of T is expected
to result in the crossover from the tethered Rouse-like behavior
of the PI block to the nontethered Stockmayer-Kennedy type
behavior of the copolymer as a whole. It is an interesting subject
of future work to test this expectation for low-M PI-PtBS
copolymers.

’APPENDIX A. DYNAMIC BEHAVIOR OF BULK COM-
PONENTS

For bulk PI53 sample, the time-temperature superposition
held well for the viscoelastic G0(ω)and G00(ω) data as well as for
the dielectric Δε0(ω) (=ε0(0) - ε0(ω)) and ε00(ω) data. The
master curves of these data, reduced at a bulk reference tem-
perature Tr,bulk = 30 �C, are shown in the top and middle panels

of Figure 13. The dielectric and viscoelastic shift factors aT
coincide with each other (because the slow viscoelastic and
dielectric relaxation processes of PI detect the same global
motion) and are commonly described by the previously reported
WLF function26 (cf. bottom panel of Figure 13).

log aT ¼ -
4:425ðT- Tr, bulkÞ
140:0þ T- Tr, bulk

with Tr, bulk ¼ 30 �C

ðA1Þ
The PtBS42 chains have no type-A dipole and thus their global

motion is dielectrically inert.35 However, this motion is unequi-
vocally reflected in the G0(ω) and G00(ω) data. These data
obeyed the time-temperature superposition, and their master
curves at Tr,bulk = 180 �C are shown in top panel of Figure 14.
The corresponding shift factor aT is well described by the WLF
equation reported previously,25 as shown in the bottom panel of
Figure 14.

log aT ¼ -
10:0ðT- Tr, bulkÞ
116:5þ T- Tr, bulk

with Tr, bulk ¼ 180 �C

ðA2Þ

’APPENDIX B. ISO-ΤS STATE FOR COMPONENTS IN
BLENDS AND COPOLYMER

B1. Iso-τs State for PI. The top panel of Figure 5 shows the
shift factor aT,ε utilized for the superposition of the dielectric data of
the PI53-PtBS42 copolymer and the PI53/PtBS42 blend at high
ωgωpeak (cf. Figure 4). The aT,ε data defined with respect to Tr =
90�Care almost indistinguishable for these systems having the same
wPI (=55.7 wt %), suggesting a similarity of the local frictional

Figure 13. Viscoelastic G0 and G0 0 data (top panel) and dielectric Δε0
and ε0 0 data (middle panel) of bulk PI53 reduced atTr = 30 �C. The plots
in the bottom panel show the shift factors for these data, and the solid
curve indicates the WLF equation for bulk PI (eq A1).

Figure 14. Viscoelastic G0 and G00 data of bulk PtBS42 reduced at Tr =
180 �C (top panel) and the shift factor for these data (bottom panel).
The solid curve in the bottom panel indicates theWLF equation for bulk
PtBS (eq A2).
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environment for the Rouse segment (smallest motional unit for the
rubbery relaxation) of the PI chain/block therein.
For the PI/PtBS blend, aΤ,ε is determined by two mechanisms

affecting the PI relaxation, the anti-plasticization of PI due to PtBS
and the change of the contribution of the dynamic tube dilation
(DTD)/constrain release (CR) mechanism to the PI relaxation on
blending with PtBS.26 The latter change is minor in a quantitative
sense.26 However, in this study, we correct the aT,ε data for the
second mechanism because of its conceptual importance.
The change of the DTD/CR contribution to the PI relaxation

on blending with PtBS can be quantified by a Q factor being
introduced as a ratio of the dielectric τε of the fast component in
PI/PI blends to τε of this component in bulk state.26 For our
PI53/PtBS42 blend, the Q factor was evaluated from eq 9 of ref
26, with the numerical coefficients therein being given by (B, R,
q) = (0.35, 0.2, 2.5) for φPtBS = 0.41 (= φ2 in eq 9 of ref 26). The
raw data of the shift factor aT,ε were corrected for the change of
the DTD/CR contribution as aT,ε* = aT,ε/Q, with 1e Qe 1.14
for our PI/PtBS blend at T g 20�C. (Thus, in a quantitative
sense, this correction represented by the Q factor was minor.)
This aT,ε* represents exclusively the change of relaxation time τs
of the Rouse segment of PI in the blend with T.
The standard WLF analysis26 for the aT,ε* data of the PI/PtBS

blends gave the iso-τs temperature for the blends, Tiso-PI = 60�C,
that corresponds to the reference temperature of bulk PI,Tr,bulk =
30�C. For the PI53/PtBS42 blend as well as the other PI/PtBS
blends having the samewPI (=55.7 wt %) examined elsewhere,51

the bottom panel of Figure 5 shows the plots of aT,iso (=aT,ε*
defined with respect to Tiso-PI) against T - Tiso. (The sample
code number indicates 10-3M.) The plots are excellently
described by the WLF equation for bulk PI (curve), eq A1 with
Tr,bulk = Tiso-PI, indicating the reliability of our WLF analysis.
Thus, the Rouse segment of PI in the blends at T is in the iso-τs
state with respect to the segment in PI bulk atT0 =T-ΔTiso-PI

(=T - 30). This should be the case also for the PI segment of
the PI-PtBS copolymer having the same wPI (=55.7 wt %) as
the PI/PtBS blends.

B2. Iso-τs State for PtBS. For determination of the iso-τs
temperature for the Rouse segment of PtBS, we first need to
evaluate the modulus GPtBS* of the PtBS chain in the PI/PtBS
blends and then make the WLF analysis for the shift factor aT for
the modulus data. In the PI53/PtBS42 blend, the PtBS42
relaxation is slower/equally slow compared to the PI53 relaxa-
tion in the entire range of T examined, as explained for Figure 3.
Thus, the PtBS modulus in the blend can be evaluated from the
GB*(ω,T) data of the blend and the GPI,bulk*(ω,Tr,bulk) data of
bulk PI53 at its reference temperature Tr,bulk (=303 K) with the
aid of a blending law explained in our previous work,25,26,35

GPtBS�ðω;TÞ ¼ GB�ðω;TÞ

-
φPIIe
bT

0 GPI, bulk�ðωQ 2:33=λPI;Tr, bulkÞ ðB1Þ

Here, bT0 (= Tr,bulk/T) gives the intensity correction between
temperatures T and Tr,bulk, Ie (= {aPI

bulk/a}2 = 0.88; cf. eq 3)
represents the decrease of the entanglement plateau modulusGN

on blending of PI and PtBS, φPI (= 0.59) is the PI volume fraction
in the blend, Q is a factor specifying an increase of τε of PI in the
blend due to restriction of DTD/CR, and λPI is a ratio of the
dielectric relaxation time of bulk PI53 at Tr,bulk to that of PI53 in
the blend at T. In eq B1, we have neglected a contribution of the

minority PI53 in the PI53/PtBS42 blend to the PI modulus
because the minority is rather dilute in the blend (as noted from
just a weak thermo-rheological complexity of the ε00 data of the
blend; cf. Figure 4). The correction forGN through the factor Ie is
minor in a numerical sense and was neglected in the previous
work.26 However, this correction has been incorporated in eq B1
for conceptual completeness.
TheQ factor appearing in eq B1 was determined from the τG/

τε ratios measured for the blend and bulk PI53, as explained
previously.26 The λPI value was directly obtained from the ε00 peak
frequencies for the blend atT and bulk PI53 atTr,bulk. (The τε data of
the blend, being evaluated from the low-ω tails of theΔε0 and ε00 data
(cf. eq 1), were affected by the minority PI53. For this reason, we
utilized theωpeak data to evaluate λPI.) Thus, all parameters appearing
in eq B1 were experimentally obtained, which enabled us to evaluate
GPtBS*(ω,T) of PtBS42 in the PI53/PtBS42 blend. The viscoelastic
relaxation time τG of PtBS42 in the blend was evaluated from those
GPtBS* data obtainedwith the aid of eq B1 (that is valid in a range ofω
where the entanglement segment is internally equilibrated andG0 does
not exceed the entanglement plateau modulus35). τG of PI53 in the
blend was evaluated from the {φPIIe/bT0}GPI,bulk*(ωQ

2.33/λPI;Tr,bulk)
data utilized in eq B1. These τG data are shown in Figure 10.
We tested the time-temperature superposability of the PtBS

modulus data obtained above by utilizing the low-ω GPtBS
00 data

as a guide for the superposition. The results are shown in the top
panel of Figure 15, where GPtBS*(ω,T) at respective T is reduced
by the intensity factor bT = T/Tr (with Tr = 293 K) and plotted

Figure 15. Test of the time-temperature superposability for the
viscoelastic modulus data of the PtBS42 chain in the PI53/PtBS42
blend (top panel) and in the PI20/PtBS42 blend51 (bottom panel).
The reference temperature is Tr = 20 �C. The data are reduced by the
intensity factor, bT = T/Tr (with Tr = 293 K), and superposed by
utilizing the low-ω GPtBS

00 data as a guide. The G00 data are multiplied
by a factor of 10 to avoid heavy overlapping with the G0 data. For
further details, see text.
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against a reduced frequency ωaT,G. The superposition fails
moderately, possibly because of a change of the motional mode
of the PtBS42 chain with T: PtBS42 relaxes much more slowly
compared to PI53 at low T, but this difference of the relaxation
rates decreases with increasing T to enhance the topological
effect of PI53 on the PtBS relaxation and induce this change of
the motional mode. (This situation is qualitatively similar to that
for the moderate thermo-rheological complexity of theG* data of
the PI-PtBS copolymer; cf. Figure 11).
From this mechanism of the complexity of the PtBS42

modulus, we naturally expect that the GPtBS*(ω,T) data obey
the time-temperature superposition in a range of T where the PI
motion is sufficiently faster than the PtBS42 motion. In fact, this
situation is realized in a wide range of T if the PtBS42 chain is
blended with lower-M (faster) PI. As an example, the bottom panel
of Figure 15 demonstrates good superposability of the GPtBS* data
recently obtained for the PtBS42 chain blended with lower-M PI20
chain (M= 19.9� 103) at the samewPI (=55.7 wt%).

51 (Evenmore
excellent superposition was achieved for the relaxation modulus
GPtBS(t) of the PtBS chain because a relative contribution from the
fast Rouse equilibration mode to GPtBS(t), if any, exponentially
decays with t and vanishes in the terminal relaxation regime of our
interest.51) Since PI20 relaxed much faster than PtBS42 in the range
of T, those GPtBS* data obtained with the aid of eq B1 were almost
indistinguishable from the raw G* data of the blend and exhibited
excellent superposition.51 This was the case also for the previously
examined low-M PI/PtBS blends.25,26

The excellent superposition seen for the PI20/PtBS42 blend
indicates that the motional mode of the PtBS42 chain therein
hardly changes with T. Standard WLF analysis of the shift factor
aT,G for those data gave the iso-τs temperature for the Rouse
segment of PtBS in the blend,Tiso-PtBS = 25�C that corresponded
to the reference temperature of bulk PtBS, Tr,bulk = 180�C.51 For
the other PI20/PtBS70 blend (MPtBS = 69.5�10

3) with the same
wPI (= 55.7 wt %) exhibiting equally good superposition, the
analysis again gave Tiso-PtBS = 25�C.51 In Figure 16, the aT,G data
for these blends defined with respect to this Tiso-PtBS is plotted
against T- Tiso-PtBS (cf. large circle and square).

51 The plots are
excellently described by theWLF equation for bulk PtBS (eq A2)

with Tr,bulk = Tiso-PtBS = 180 �C (solid curve), indicating the
reliability of the WLF analysis. (For the PtBS42 chain in the
PI53/PtBS42 blend, the superposition failed moderately; cf. top
panel of Figure 15. Nevertheless, its aT,G factor was rather close
to the WLF description, as shown with the small triangle in
Figure 16. For this blend, the approximate superposition utilizing
the low-ω GPtBS

00 data as a guide may have reflected the correct
Tiso-PtBS with a rather small uncertainty.)
Since the friction coefficient of the Rouse segment is determined

locally by the composition, the Tiso-PtBS value obtained above
should be common for the PI/PtBS blends and PI53-PtBS42
copolymer having the same wPI (= 55.7 wt %). Thus, the Rouse
segments of PtBS in the blends and copolymer at T are in the
iso-τs state with respect to the segment in PtBS bulk at T00 = T-
ΔTiso-PtBS = T þ 155.
We also note that the corresponding, effective Tg of the

Rouse segments in the blends/copolymer, Tg,PtBS
eff = Tg,PtBS

bulk þ
ΔTiso-PtBS =-8�C, is located at the high-T edge of the broad glass
transition of the blend/copolymer, as shown with the thick
dotted arrows in Figure 1. This behavior can be related to the
difference between the Rouse segment and the monomeric
segment, the latter being responsible for the thermally observed
transition, as explained for Figure 1.

’APPENDIX C. TERMINAL RELAXATION TIMES OF
BULK PI AND BULK PTBS

The PI53 block of the PI53-PtBS42 copolymer is expected
to essentially behave as the arm of star chain at low T and as
a portion of a free, nontethered linear chain at high T, as
discussed in the text. A test of this molecular picture requires us
to evaluate the relaxation time of these equivalent star/linear
PI chains. Literature data31 enabling this evaluation are sum-
marized below.

C1. Dielectric Relaxation Time of PI. The data for the
terminal dielectric relaxation time, τε defined by eq 1, are
available for a series of entangled 6-arm star PI and linear PI in
bulk state at 40�C.31 These τε data were reduced to 30�Cwith the
aid of the WLF equation for bulk PI (eq A1) and plotted against
the span molecular weight 2Marm (for star PI) and/or the total
molecular weightM (for linear PI) in Figure 17. (The WLF shift
is identical for the star and linear PI.31) The plots in the range of
M, 2Marm > 50 � 103 (well entangled regime) are described by
empirical equations shown with the curves:

τε=s ¼ 2:0� 10- 10Marm
1:5

� expf1:4� 10- 4Marmg for star PI at 30 �C ðC1Þ

τε=s ¼ 7:9� 10- 19M3:5 for linear PI at 30 �C ðC2Þ
These equations are utilized to evaluate τε of the equivalent star
and linear PI in the iso-τe and iso-τR

chain states, respectively, as
explained in the text.

C2. Viscoelastic Relaxation Times of PI and PtBS. We can
utilize the data for the terminal viscoelastic relaxation time τG

bulk

(defined by eq 1) of monodisperse bulk PI and PtBS to evaluate the
ratio of the friction coefficients of the entanglement segments of
the PtBS and PI blocks at a given T, L = ζe

PtBS block(T)/ζe
PI block

(T). As an example, the top panel of Figure 18 shows the τG
bulk data

for bulk PI29-31 at Tiso-PI
bulk = 90�C and bulk PtBS55 at Tiso-PtBS

bulk =
275�C plotted against theM/Me

bulk ratio (unfilled symbols). These

Figure 16. Shift factor aT,G utilized for the PtBS42 modulus in the
PI53/PtBS42 and PI20/PtBS42 blends (examined in Figure 15) and for
the PtBS70 modulus in the PI20/PtBS70 blend.51 All these blends have
the same composition, wPI = 55.7 wt %. (For the PI20/PtBS42 and
PI20/PtBS70 blends examined previously,51 the viscoelastic response
was dominated by PtBS chains and aT,G agreed with the shift factor for
the modulus of the blend as a whole.) The solid curve indicates theWLF
equation (eq A2) for PtBS with respect to the iso-τs temperature,
Tiso-PtBS = 25 �C for PtBS in the blends and Tr,bulk = 180 �C for bulk
PtBS42. For further details, see Appendix B.



1600 dx.doi.org/10.1021/ma102595f |Macromolecules 2011, 44, 1585–1602

Macromolecules ARTICLE

Tiso-PI
bulk and Tiso-PtBS

bulk are the iso-τs temperatures defined with respect
to the Rouse segments of the PI and PtBS blocks at T = 120�C.
The filled circles in the top panel of Figure 18 indicate the τG

bulk

PtBS(Tiso-PtBS
bulk ) data multiplied by 3.7 � 10-3. As noted from the

coincidence of those circles and squares (= τG
bulk PI(Tiso-PI

bulk )), the τG
data of bulk PI and PtBS exhibit very similarM dependence, τG�M2

forM/Me
bulk < 1 (unentangled behavior) and τG�M3.5 forM/Me

bulk

> 1 (entangled behavior). However, the magnitude of τG is different
for the bulk PI and PtBS having the same M/Me

bulk value, which
essentially reflects the difference of ζe

bulk PI(Tiso-PI
bulk ) and ζe

bulk PtBS(Tiso-
PtBS

bulk). This difference of τG can be utilized to evaluate the ζe
PtBS

block(T)/ζe
PI block(T) ratio for thePtBS andPI blocks of the copolymer

at T, as explained below.
The τG data of unentangled bulk PI and PtBS at T can be

expressed in the Rouse form

τG ¼ G0

ωG}

� �
ωf0

¼ fabulkX g2ζbulk X
e ðTÞ

90kBT
M

Mbulk X
e

 !2

ðX ¼ PI, PtBSÞ ðC3Þ

where ζe
bulk X(T) (�NR

bulk X� {aX
bulk}2) is the friction coefficient of

the entanglement segment of the size aX
bulk in the bulk X system at

T. (Considering the relationships for the chain friction coefficient
ζchain = ζe

bulk XM/Me
bulk and for the chain size ÆR2æ = {aX

bulk}2M/
Me

bulk, we can rewrite the usual Rouse expression of τG into the
formof eqC3.) Thus, for the bulk PI and PtBS having the sameM/
Me

bulk ratio, eq C3 gives

τbulk PtBS
G ðTbulk

iso-PtBSÞ
τbulk PI
G ðTbulk

iso-PIÞ
¼ Tbulk

iso-PIfabulkPtBSg2
Tbulk
iso-PtBSfabulkPI g2

ζbulk PtBS
e ðTbulk

iso-PtBSÞ
ζbulk PI
e ðTbulk

iso-PIÞ

¼ fabulkPtBSg4
fabulkPI g4

ζPtBS block
e ðTÞ
ζPI blocke ðTÞ ðC4Þ

In derivation of eq C4, we have considered the following iso-τs
relationship for the X block and bulk X (cf. eq 4):

ζbulk X
e ðTbulk

iso-XÞ
Tbulk
iso-X

¼ ζbulk X
s ðTbulk

iso-XÞ
Tbulk
iso-X

Nbulk X
R

¼ ζX block
s ðTÞ

T
Nbulk X
R

¼ NX block
R ζX block

s ðTÞ
T

Nbulk X
R

NX block
R

 !

¼ ζX block
e ðTÞ

T
abulkX

a

 !2
ðC5Þ

Equation C4 allows us to evaluate the ζe
PtBS block(T)/ζe

PI

block(T) ratio for the entanglement segments of the PtBS and
PI blocks from the data for the τG

bulk PtBS(Tiso-PtBS
bulk )/τG

bulk PI(Tiso-

PI
bulk) and aPtBS

bulk /aPI
bulk ratios: For example, the data in the top

panel of Figure 18 give ζe
PtBS block(T)/ζe

PI block(T) = 16.3 at T =
120 �C. The bottom panel shows plots of the ζe

PtBS block(T)/ζe
PI

block(T) ratio thus obtained. This ratio changes with T according
to the WLF feature of τG

bulk X (X = PI, PtBS) described by the
eqs A1 and A2. The iso-τR

chain state of the PI-PtBS copolymer is
specified with the aid of the ζe

PtBS block/ζe
PI block ratio, as explained

for eqs 8-10 in the text.
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Figure 18. Top panel: Comparison of viscoelastic τG for bulk PI
29-31

at 90 �C (unfilled squares) and bulk PtBS55 at 275 �C (unfilled
circles). These temperatures are the iso-τs temperatures for the
Rouse segments of PI and PtBS in the PI/PtBS blend (and
copolymer) at T = 120 �C. The filled circles indicate the τG data
for bulk PtBS multiplied by a factor of 3.7 � 10-3. Bottom panel: A
ratio of the friction coefficients of the entanglement segments of the
PtBS and PI blocks, ζe

PtBS block(T)/ζe
PI block(T), evaluated from the τG

data of bulk PI and PtBS. This ratio is plotted against T. For further
details, see Appendix C.

Figure 17. Plots of the dielectric relaxation time data31 for 6-arm star PI
(squares) and linear PI (circles) at 30 �C against the span molecular
weight 2Marm (for star PI) and total molecular weightM (for linear PI).
The dashed curve and solid line, respectively, indicate empirical
equations for star and linear PI (eqs C1 and C2) in the well-entangled
regime (M, 2Marm > 50 � 103).
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