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1. INTRODUCTION

For atactic (noncrystalline) homopolymers, the local motion,
or the “segmental” motion, is activated on an increase of
temperature T above the glass transition temperature Tg. Thus,
the segmental dynamics is intimately related to the glass transi-
tion and has been investigated extensively from both experi-
mental and theoretical aspects.1�21 In the current molecular
picture, the repeating units of polymers exhibit both inter- and
intrachain cooperative motion and the glass transition occurs
when a length scale of this cooperativity increases above a
threshold value on a decrease of T. Although the cooperative
region corresponding to this length scale has not been detected
with direct methods such as scattering,13 this molecular picture is
in harmony with the viscoelastic (mechanical), dielectric, NMR,

and thermal data so far accumulated: The mode broadening of
the segmental relaxation process (thermo-rheological complex-
ity) in a close vicinity of Tg, noted in the viscoelastic, dielectric,
and NMR measurements,1�4,7�12,17,18,20,21 can be attributed to
changes of the cooperativity length scale and the dynamic
heterogeneity21 with T (that result in a change of the motional
modes of the repeating units). The aging/rejuvenation14�16

detected with the dielectric and other methods can be related
to a time evolution of this scale in a nonequilibrium state.
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ABSTRACT: Atactic polystyrene (PS) has the type-B dipole perpendicular to
the chain backbone so that its local, segmental motion activates the dielectric
relaxation. For monodisperse oligostyrene (OS) and PS samples of various
molecular weights M, details of this motion were examined at temperatures T
well above Tg through comparison of the complex modulus, G* = G0 þ iG00,
and the complex dielectric permittivity, ε* =ε0 � iε00, measured as functions of
the angular frequency ω. For the OS samples, G*(ω) and ε*(ω) fully relaxed
through the segmental dynamics thereby exhibiting respective terminal
relaxation tails (low-frequency tails), G0(ω) � ω2, G00(ω) � ω, Δε0(ω) �
ε0(0) � ε0(ω)� ω2, and ε00(ω) � ω, at ω below the segmental relaxation
frequency ωs. For the PS samples, G*(ω) relaxed partly through the segmental dynamics and then exhibited the polymeric full
relaxation characterized by the Rouse-like behavior followed by the terminal flow behavior (with/without intermediate
entanglement plateau depending on M). In contrast, ε*(ω) of the PS samples still relaxed completely through the segmental
dynamics. For respective samples, theG*(ω) and ε*(ω) data in the segmental relaxation zone exhibited very similar relaxation mode
distribution and had the same time�temperature shift factor. Nevertheless, a ratio of the dielectrically and viscoelastically detected
segmental relaxation times, r(M) = ωs,G/ωs,ε, and the dielectric relaxation intensity, Δε(M), decreased with increasing M up to
M* = 2 � 103 and then became insensitive to M on a further increase of M. The viscoelastic segmental relaxation reflects the
cooperative torsion of the repeating units along the molecular backbone (as noted from rheo-optical data), while the dielectric
segmental relaxation detects reorientational motion of those units affected by both intra- and intermolecular cooperativity (as noted
from the basic dielectric expression). The observed decreases of r(M) andΔε(M) suggested that the dimension ξm of the whole OS
molecule (over which the cooperative torsion occurs) is smaller than the length scale ξc for the intermolecular cooperative motion
and that ξm approaches ξc on an increase of M up to M*. Consequently, the high-M PS molecules having ξm > ξc exhibited the
M-insensitive r(M) andΔε(M). Thus, theM value for the crossover between these two regimes,M*= 2� 103, can be taken as the
molecular weight of the cooperative sequence along the PS backbone. Furthermore, the quantitative similarity of the viscoelastic and
dielectric mode distributions suggests that the cooperative torsion of the repeating units along the molecular backbone is governed
by the cross-correlation of the units belonging to different molecules.
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The broadening of the segmental dynamics explained above is
observed only in the close vicinity of Tg and vanishes at T well
above Tg.

21 The segmental relaxation process becomes thermo-
rheologically simple to have a T-insensitive mode distribution at
such high T, and the time�temperature shift factor aT of this
process approaches aT for the terminal relaxation process,2,11,12,20

the latter reflecting the globalmotion of the polymer chains over a
length scale comparable to the chain dimension. In this high-T
zone, the spatial scale of the motional cooperativity of the
repeating units becomes insensitive to T thereby giving this
simplicity. The segmental relaxation is believed to correspond
to the cooperative, torsional motion of a sequence of ∼10
repeating units in the chain backbone. Nevertheless, to the best
knowledge of the authors, no quantitative experimental test has
been made for this hypothesis at T well above Tg.

Thus, we attempted to make this test through comparison of
linear viscoelastic and dielectric data of atactic polystyrene (PS)
samples of various molecular weightsM (including oligomers with
M < 3000). PS has the type-B dipole12,22,23 perpendicular to the
chain backbone so that its segmental motion activates the dielectric
relaxation. The comparison revealed that a ratio of the dielectrically
and viscoelastically detected segmental relaxation times, r(M) =
τs
[ε]/τs

[G], and the dielectric relaxation intensity, Δε(M), de-
creased with increasing M up to M* = 2 � 103 and then became
insensitive to M on a further increase of M. The viscoelastic
segmental relaxation detects cooperative, intramolecular torsion
of the repeating units along the molecular backbone24�26 while the
dielectric segmental relaxation reflects reorientational motion of
those units affected by both intra- and intermolecular
cooperativity.12,22,23,27�30 Considering this molecular origin of
the viscoelastic and dielectric relaxation, we may relate the
decreases of r(M) and Δε(M) seen forM <M* to a situation that
the molecular size is smaller than the length scale ξc for the
intermolecular cooperativity, and the M-insensitive r(M) and
Δε(M) forM > M*, to the opposite situation. Thus,M* = 2 � 103

can be taken as the molecular weight of the cooperative sequence
having strong cross-correlation in the backbone of the polymeric
molecule (PS). Furthermore, the similarity of the viscoelastic and
dielectricmode distributions suggests that the cooperative torsional
dynamics is essentially determined by the cross-correlation of the
repeating units belonging to different molecules. Details of these
results are presented in this paper.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercially available oligostyrene (OS) and
polystyrene (PS) samples (TSK’s, Tosoh Co.) were utilized. Table 1
summarizes molecular characteristics of these samples. The sample code
number indicates the molecular weight in unit of 1000. All samples, in

particular those with M g 2.6� 103, had a narrow molecular weight
distribution.

The samples were subjected to dielectric and viscoelastic measure-
ments. For removal of ionic impurities, each sample was dissolved in
cyclohexane (guaranteed grade, Wako Co.) at a concentration of
∼0.2 wt % and kept quiescently overnight in a glass beaker that was
freshly cleaned with a phosphorus-free alkaline detergent (Scat 20X-PF,
Nacalai Tesque Co.), thoroughly rinsed with distilled and ion-exchanged
water, and dried (baked) at∼120 �C for 4 h and then cooled just prior to
use. After this overnight storing, the solution was slowly sucked out from
the beaker into a freshly cleaned and baked eggplant glass flask and
concentrated up to 10�30 wt % under reduced pressure. Finally, the
concentrated solution was transferred to another freshly cleaned and
baked glass beaker and freeze-dried in vacuum at room temperature and
then thoroughly dried in high vacuum at ∼90 �C. The OS and PS
samples purified in this way exhibited very low direct current (dc)
conduction even at high T (>100 �C) possibly because most of ionic
impurities were adsorbed on the clean glass wall of the beaker and
eggplant flask. Those samples exhibited the terminal dielectric relaxation
behavior at intermediate to high frequencies without being disturbed by
the dc conduction, as shown later in Figures 2 and 3.
2.1. Measurements. For the OS and PS bulk samples listed in

Table 1, differential scanning calorimetric (DSC) measurements were
conducted with a laboratory calorimeter (Q20; TA Instruments). The
results are shown in Figure 1. The heating rate was 10 �C min�1. In this
study, the glass transition temperature Tg was evaluated as the tempera-
ture at the onset of endothermic behavior. The Tg values thus obtained
are summarized in Table 1.

Table 1. Characteristics of Samplesa

sample code 10�3Mw Mw/Mn Tg/�Cb

OS-0.5 0.495 1.14 �44

OS-1 1.05 1.13 7

OS-3 2.63 1.05 58

PS-6 5.97 1.02 80

PS-10 9.50 1.02 90

PS-96 96.4 1.05 92
a Supplied from Tosoh. bTemperature at the onset of endothermic
behavior determined with DSC.

Figure 1. DSC traces of OS and PS samples as indicated.

Figure 2. Dielectric behavior of PS-96 sample at 130 �C.
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Dynamic viscoelastic and dielectric measurements were conducted for
those samples with a laboratory rheometer (ARES; TA Instruments) and
an impedance analyzer/dielectric interface system (1260 and 1296,
Solartron), respectively. A parallel-plate fixture (diameter = 4 mm) and
a parallel-plate dielectric cell with a guard electrode (vacant capacitance =
20 pF) were utilized in respective measurements. For each sample, the
measurement was made at temperatures T > Tgþ 5 (mainly in a range of
Tg þ 10 < T < Tg þ 30). The viscoelastically and dielectrically detected
segmental relaxation process was thermo-rheologically simple at those T.

3. RESULTS

3.1. Overview of Viscoelastic and Dielectric Behavior. For
the OS and PS samples listed in Table 1, the dielectric measure-
ments were conducted at several temperatures T/�C > Tg þ 5
without being too much disturbed by the dc conduction. As an
example, Figures 2 and 3 show the angular frequency (ω)
dependence of the dynamic dielectric constant ε0(ω), its de-
crease from the static dielectric constant, Δε0(ω) � ε0(0) �
ε0(ω), and the dielectric loss ε00(ω), measured for the PS-96 and
OS-0.5 samples (the highest-M and lowest-M samples examined)
atþ130 and�20 �C, respectively. The dielectric relaxation seen
for these samples is attributed to the segmental dynamics that
activates fluctuation of the type-B dipoles.
Within the framework of the linear stimulus-response theory,

Δε0(ω) and ε00(ω) are expressed in terms of the dielectric
relaxation spectrum {gp,τε,p} as

23,31,32

Δε0ðωÞ ¼ Δε∑
p
gp

ω2τε, p2

1þω2τε, p2

ε00ðωÞ ¼ Δε∑
p
gp

ωτε, p
1þω2τε, p2

ð1aÞ

with

∑
p
gp ¼ 1 ð1bÞ

Here, τε,p and gp indicate the characteristic time and normalized
intensity of pth dielectric relaxation mode, and Δε is the total
dielectric relaxation intensity. As noted from eq 1a, completion of
the relaxation at ω < 1/τε,1 (with τε,1 = longest dielectric

relaxation time) is unequivocally characterized by the power-
law type terminal relaxation tails (low-frequency tails) ofΔε0(ω)
and ε00(ω),

Δε0ðωÞ � ω2, ε00ðωÞ � ω ðat ω < 1=τε, 1Þ ð2Þ
These tails are clearly observed in Figures 2 and 3. (The terminal
relaxation tail of ε00(ω) is noted also for a remarkable set of
dielectric data for PS as well as polydimethylsiloxane reported by
Hintermeyer and co-workers.33) The terminal dielectric relaxa-
tion time (second-moment average relaxation time), Æτεæ, is
evaluated from the Δε0(ω) and ε00(ω) data in the terminal tail
regime as23

Æτεæ �
∑
p
gpτε, p2

∑
p
gpτε, p

¼ Δε0

ωε00

� �
ω f 0

ð3Þ

Here, we should point out that the dc conduction due to ionic
impurities often disturbs the observation of the terminal relaxation

Figure 3. Dielectric behavior of OS-0.5 sample at �20 �C.

Figure 4. Master curves of the viscoelastic and dielectric data for OS
samples withM < 3� 103. The dielectricΔε0 and ε00 data are multiplied
by a factor of 106. The arrows attached to the dielectric data indicates the
relaxation frequency 1/Æτεæ evaluated from the terminal relaxation tails
of those data, and the solid curves, Δε0 and ε0 0 recalculated from the
KWW fitting function. For further details, see text.
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tails of Δε0(ω) and ε00(ω) at high T. In fact, the dc conduction
characterized by a relationship, ε00 �ω�1 at lowω, is noted for the
PS-96 sample at 130 �C; see Figure 2. However, this conduction is
rather minor and does not disturb the detection of the terminal
relaxation tail of ε00(ω) at intermediate to high ω because this
sample was purified with the method explained earlier. For the
other samples having lower M, the dc conduction was even less
significant and the terminal relaxation tails of Δε0(ω) and ε00(ω)
were observed more clearly; cf. Figure 3. In this paper, we utilize
the raw dielectric data in a range of ω where the dc contribution
negligibly contributes to the data (such as those shown with large
circles in the bottom panel of Figure 2), analyze those data, and
discuss the features of the segmental relaxation.
For theOS and PS samples withM < 3� 103 andM > 5� 103,

respectively, Figures 4 and 5 examine the time�temperature
superposability of the viscoelastic and dielectric data at T > Tgþ
5 (mostly at T > Tg þ 10). The arrows attached to the Δε0(ω)
and ε00(ω) data denote the dielectric relaxation frequency 1/Æτεæ
(cf. eq 3) determined from the terminal relaxation tails of those
data, and the solid curves show Δε0(ω) and ε00(ω) recalculated
from the Kohlrausch�Williams�Watts (KWW) fitting function
explained later. For respective samples, the reference tempera-
ture Tr was chosen to be around Tgþ20 �C. The corresponding
shift factors are summarized in Figures 6 and 7.

All samples have only type-B dipoles and thus their dielectric
relaxation detects only the segmental dynamics, not the global
chain dynamics. For this reason, the dielectric data are satisfacto-
rily time�temperature superposed in the entire range of ω, as
noted in Figures 4 and 5. Note that the failure of superposition
due to the mode broadening, known to occur in a close vicinity of
Tg (and often represented as a change of the Kohlrausch�
Williams�Watts parameter β with T),2,3,7,21,28,30 was not signifi-
cant at the temperatures examined in this study.
The viscoelastic data are contributed not only from the

segmental dynamics but also from the global dynamics given that
themolecules in the sample have the polymeric flexibility. For the
low-M OS-0.5 and OS-1 samples, the viscoelastic segmental
relaxation is directly followed by the terminal flow behavior
characterized by the relationship, G0 � ω2 and G00 � ω; see
Figures 4a and 4b. Thus, the molecules in these samples hardly
have the polymeric flexibility, and their viscoelastic data in the
entire range of ω are dominated by the segmental dynamics
thereby obeying the superposition. Correspondingly, in the
range of T examined (>Tg þ 10 in most cases), the shift factors
for the viscoelastic and dielectric data, aT,G and aT,ε, agree with
each other; cf. Figure 6, parts a and b.
In contrast, for higher M samples, the viscoelastic segmental

relaxation is followed by the Rouse-like relaxation, and further by
the entanglement relaxation in the case of M . entanglement
molecular weight Me; see Figures 4c and 5a�c. The Rouse-like
and entanglement relaxation processes result from the polymeric
(global) dynamics.24�26 Since the shift factors for the segmental
and polymeric dynamics are close but not in perfect agreement,
the viscoelastic data of high-M samples cannot be superposed at
intermediate ω where the segmental and polymeric dynamics
contribute comparably to the modulus data. In Figures 4c and

Figure 5. Master curves of the viscoelastic and dielectric data for PS
samples withM > 5� 103. The dielectricΔε0 and ε0 0 data are multiplied
by a factor of 106. The arrows attached to the dielectric data indicates the
relaxation frequency 1/Æτεæ evaluated from the terminal relaxation tails
of those data, and the solid curves, Δε0 and ε0 0 recalculated from the
KWW fitting function. For further details, see text.

Figure 6. Shift factors aT,G and aT,ε for the viscoelastic and dielectric
data of OS samples as indicated.
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5a�c, the low-ω part of the G00 data at respective temperature
was utilized as a guide for the superposition, and this method of
superposition gave branches in the G0 plots. (This type of failure
of the superposition of the moduli data is well-known.11,24�26

Rheo-optical analysis enables separation of those data into
the segmental and polymeric contributions, although some

controversy may remain for the method of analysis based on
the additivity of the stress and/or strain.24�26,34�36) Corre-
spondingly, the difference of the shift factors for the segmental
and polymeric dynamics is noted for the aT,ε and aT,G data in
Figure 7, most clearly for the data of PS-96 (Figure 7c): The
dielectric aT,ε is exclusively related to the segmental dynamics,
while the viscoelastic aT,G is contributed from both segmental
and polymeric dynamics, with the former contribution over-
whelming the latter at low T. Thus, the aT,ε and aT,G data are
close to each other at low T where the segmental dynamics
governs both dielectric and viscoelastic data, while a deviation
between aT,ε and aT,G is magnified at higher T where the
viscoelastic data becomes dominated by the polymeric dynamics.
In the remaining part of this paper, we limit ourselves to the

behavior in the segmental relaxation zone at low T (mainly
betweenTgþ 10 andTgþ 30) and at highωwhere the dielectric
Δε*(ω) (=ε*(0) � ε*(ω)) and viscoelastic G*(ω) data obey
the time�temperature superposition with the same aT. Direct
comparison of these Δε*(ω) and G*(ω) data enables us
to examine some details of the segmental dynamics,37 as
discussed below.
3.2. Viscoelastic and Dielectric Mode Distributions for the

Segmental Relaxation. The viscoelastic and dielectric relaxa-
tionmode distributions of theOS and PS samples are observed as
the ω dependence of the G0, G00, Δε0, and ε00 data. In both
Figures 8 and 9, these data in the segmental relaxation zone
(mainly at T between Tg þ 10 and Tg þ 30) are plotted against
the reduced angular frequency ω/ωc, where ωc is the frequency
at which theG0 andG00 curves and/or theΔε0 and ε00 curves cross
each other. (The ωc value is larger for the viscoelastic data than
for the dielectric data, as clearly noted in Figures 4 and 5.)

Figure 8. Comparison of the dielectric data (top panel) and viscoelastic
data (bottom panel) for the segmental relaxation of OS and PS samples
as indicated.

Figure 7. Shift factors aT,G and aT,ε for the viscoelastic and dielectric
data of PS samples as indicated.

Figure 9. Comparison of the viscoelastic and dielectric mode distribu-
tions for the segmental relaxation of respective samples as indicated.
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Changes of the mode distribution with the sample molecular
weightM are examined in Figure 8 where theΔε* andG* data are
separately plotted against ω/ωc. (For the clearest comparison,
the OS-0.5 sample was chosen as a reference and theΔε* and G*
data of the other samples were shifted vertically in the double
�logarithmic scale tomatch the high-ω values ofΔε0 andG0 with
those of the OS-0.5 sample.) For each sample, the viscoelastic
and dielectric mode distributions are directly compared in
Figure 9 where the G0 and G00 data of respective samples are
vertically shifted in the double�logarithmic scale to avoid heavy
overlapping of the data points and theΔε0 and ε00 data are further
shifted to match the high-ω value of Δε0 with that of G0.
In the top panel of Figure 8, we note that dielectric mode

distribution becomes a little narrower with increasing M; com-
pare the data for OS-0.5 and PS-96, for example. However, this
change of the mode distribution with M is minor, thereby
allowing all samples to exhibit the terminal relaxation tails (cf.
eq 2). The changes of the viscoelastic mode distribution are also
minor, as noted in the bottom panel. Thus, in the segmental
relaxation zone at the temperatures examined (mainly between
Tg þ 10 and Tg þ 30), the dielectric and viscoelastic mode
distributions change only a little on the significant increase ofM
(from 5.0� 102 to 9.6 � 104).
For each OS and PS sample, the viscoelastic and dielectric

mode distributions in the segmental relaxation zone almost
coincide with each other; see Figure 9. This quantitative simi-
larity of the viscoelastic and dielectric mode distributions is not
limited to OS and PS examined in this study but found also for
the other polymer species. As an example, Figure 10 shows the
plots of the literature data for the other type-B polymers, poly-
(p-tert-butylstyrene) (PtBS; M = 348� 103, 180 �C)40 and
poly(lactic acid) (PLA; M = 20 � 103, 48.5 �C),41 reduced in
the same way as in Figure 9. (PLA has both type-A and type-B
dipoles, but the contribution from the former is negligible in the
range of ω shown in the bottom panel of Figure 10.) The
similarity of the viscoelastic and dielectric segmental mode
distributions is confirmed for PtBS and PLA. The similarity

was noted also for poly(vinyl ethylene) in the early work by
Colmenero et al.19

The quantitative similarity of the viscoelastic and dielectric
mode distributions is not a general feature but specific to the
segmental relaxation process, as can be easily noted from a
significant difference of these distributions for the global relaxa-
tion of polyisoprene having the type-A dipole (the mode
distribution is narrower for the dielectric data than for the
viscoelastic data).42�44 The similarity observed for the segmental
relaxation process is discussed later in relation to the motional
cooperativity of the segments.
In literature, the dielectric (and viscoelastic) segmental relaxa-

tion mode distribution is often fitted by empirical/theoretical
equations. For example, theHavriliak�Negami (HN) equation,45

ε*(ω) = ε0(ω)� iε00(ω) = ε0(¥)þ Δε{1þ (iωτHN)
R}�β with

i = (�1)1/2, R and β = constants between 0 and 1, and τHN = an
average characteristic time for intensive relaxation modes, is often
utilized to describe the dielectric data in the segmental relaxation
zone.12 However, this equation gives the fractional power-law
behavior Δε0 = ε00/tan(πR/2) � ωR at low ω and Æτεæ = ¥ (cf.
eq 3), which is a contradiction to the experimental observation of
the terminal relaxation tails (eq 2) unless R = 1. In addition, the
fractional power-law behavior associated by the infinite Æτεæ is
conceptually invalid for our materials (OS, PS) that are in the
liquid state and exhibit the full relaxation within a finite time.
Thus, the HN equation with R 6¼ 1 (and other similar equations)
giving the fractional power-law behavior is just an empirical
equation applicable to the data only at around the ε00-peak
frequency ωpeak and at higher ω. (This behavior is analogous to
the behavior of the viscoelastic modulus of critical gels46 that does
not fully relax even at infinitely long time.)
The other equation utilized frequently in literature is the

Kohlrausch�Williams�Watts (KWW) equation28,30,47,48 for
the dielectric relaxation function ε(t)

εKWWðtÞ ¼ Δεexp � t
τKWW

� �β
( )

ð4Þ

The dynamic dielectric data are given by the Fourier transformation

Δε0ðωÞ þ iε00ðωÞ ¼ iω
Z ¥

0
εðtÞ expð�iωtÞ dt ð5Þ

The KWW function (eq 4) reproduces the observed terminal
relaxation behavior of Δε0(ω) and ε00(ω) irrespective of the β
value, as noted from the low-ω asymptotes analytically calculated
from eqs 4 and 5,Δε0 =ω2Δε

R
0
¥exp{�(t/(τKWW))

β}t dt � ω2

and ε00 =ωΔε
R
0
¥exp{�(t/(τKWW))

β}t dt�ω.48,49 In Figure 11,
the circles show the ε(t) data of the OS and PS samples, ε(t) = Σp

gp exp(�t/τε,p) with the spectrum {gp,τε,p} obtained from
the Δε0(ω) and ε00(ω) data (Figures 4 and 5) with the aid of
the previously reported iteration method.43 The curves indicate
the results of fitting with eq 4. Good fitting was achieved for the
dominant part of the relaxation at long t for all OS and PS samples
(but not necessarily at short t for some samples). Correspond-
ingly, the Δε0 and ε00 recalculated from the fitted KWW function
(with the aid of eq 5) agreed with the Δε0 and ε00 data in the
dominant part of relaxation, as shown with the solid curves in
Figures 4 and 5. Consequently, the dielectric mode distribution
observed for the OS and PS samples is of the KWW-type: This
KWW-type mode distribution is often related to a basic, single-τ

Figure 10. Comparison of the viscoelastic and dielectric mode dis-
tributions for the segmental relaxation of PtBS and PLA samples as
indicated. Large circles and squares indicate the viscoelastic data, and the
small plus and asterisk symbols, the dielectric data.
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relaxation process broadened by the intermolecular coupling/
correlation as well as the dynamic heterogeneity.21,28,30

The KWW parameter representing the mode broadness, β
obtained from the fitting in Figure 11, increased a little (from
0.39 to 0.46) with increasing M. Thus, the dielectric mode
distribution narrows a little with increasing M, as already
explained for Figure 8. However, the change of β is rather minor,
confirming that the dielectric mode distribution for the seg-
mental relaxation is rather insensitive toM. (The β values for the
PtBS and PLA samples examined in Figure 10, β = 0.5, were
close to those for the PS samples.)
The parameter β is often discussed in relation to the inter-

molecular cooperativity:2�4,7,9,13,21,28,30 Stronger cooperativity
results in smaller β and broader mode distribution. However, in
this study, we do not place our focus on the β value because the
main finding of this study is the quantitative similarity of the
dielectric and viscoelastic mode distributions for the segmental
relaxation (Figures 9 and 10). The β value itself does not tell us
too much about the molecular origin of this similarity. The
similarity of the dielectric and viscoelastic mode distributions is
later discussed on the basis of the molecular expressions of the
viscoelastic and dielectric relaxation functions.
3.3. Segmental Relaxation Time and Relaxation Intensity.

For all OS and PS samples, the terminal relaxation tails of the
Δε0(ω) and ε00(ω) data were observed (cf. Figures 4, 5, and 8),
and the relaxation time Æτεæ (eq 3) was unequivocally evaluated
from those tails with uncertainty less than 40% (which is
comparable to usual uncertainty for viscoelastic relaxation time).

This Æτεæ was close, though not identical, to a characteristic time
τs
[ε] � 1/ωc,ε defined in terms of the angular frequency ωc,ε for

the crossing of the Δε0 and ε00 curves, as can be clearly noted in
Figures 4 and 5; compare ωc,ε and 1/Æτεæ, the latter shown with
the arrows. In fact, the Æτεæ/τs[ε] ratio (= 2.5) was insensitive to
the sample molecular weight M, because the dielectric mode
distribution determining this ratio hardly changed withM (cf. top
panel of Figure 8). This feature, enabling us to utilize τs

[ε] as a
measure for the terminal dielectric relaxation time consistently for
all samples, is very useful for comparison of the dielectric and
viscoelastic segmental relaxation times, as explained below.
For the low-M OS-0.5 and OS-1 samples, the moduli G0(ω)

and G00(ω) were dominated by the segmental dynamics
(negligible polymeric contribution) and thus the terminal relaxa-
tion tails of the moduli (G0 � ω2 and G00 � ω) were observed
immediately after the viscoelastic segmental relaxation process;
see Figures 4a and 4b. For these samples, the terminal viscoelastic
time of this process was directly evaluated from those tails as42

ÆτGæ = [G0/ωG00]ωf0 (in a way similar to that for Æτεæ). The ÆτGæ
thus obtained was close, though not identical, to the time τs

[G]�
1/ωc,G evaluated from the crossing frequencyωc,G for theG0, and
G00 curves, and the ÆτGæ/τs[G] ratio (=2.5) agreed well with the
dielectric Æτεæ/τs[ε] ratio (because of the viscoelastic and di-
electric mode distributions determining the viscoelastic and
dielectric ratios were close to each other; cf. Figure 9). In
contrast, for the higher-M samples, the contribution from the
polymeric relaxation to the modulus becomes significant so that
the terminal relaxation tails of the moduli due only to the
segmental relaxation were masked by the polymeric contribution
and not accurately resolved; see Figures 4c and 5a�c. However,
the viscoelastic mode distribution for the segmental relaxation is
similar for the high-M and low-M samples; cf. bottom panel of
Figure 8. Because of this similarity, τs

[G] evaluated from the
crossing frequency ωc,G can be utilized as a measure of the
viscoelastic segmental relaxation time consistently for both high-
M and low-M samples; τs

[G] = ÆτGæ/2.5 as noted for the low-M
samples. τs

[ε] is utilized as themeasure of the dielectric segmental
relaxation time in the same sense, as explained earlier. Thus, a
difference of the viscoelastic and dielectric segmental relaxation
times can bemost conveniently/clearly examined for a τs

[ε]/τs
[G]

ratio: This ratio is equivalent to the Æτεæ/ÆτGæ ratio for the
segmental relaxation and is accurately evaluated from the cross-
ing frequenciesωc,ε andωc,G (with uncertainties less than 20%).
For all OS and PS samples, Figure 12 shows double�logarithmic

plots of the τs
[ε]/τs

[G] ratio against M. This ratio is affected
neither by T nor by Tg of the samples, as can be noted from the
coincidence of the viscoelastic and dielectric shift factors at low T
(cf. Figures 6 and 7). The τs

[ε]/τs
[G] ratio is much larger than

unity (ωc,ε , ωc,G) for small M, decreases significantly with
increasing M up to M* = 2 � 103, and then becomes indepen-
dent of M for larger M, as noted in Figure 12. The high-M
asymptotic value of the ratio is τs

[ε]/τs
[G] = 6.

This crossover behavior of the τs
[ε]/τs

[G] ratio is well corre-
lated with the behavior of the dielectric relaxation intensityΔε. In
the top panel of Figure 13, the Δε(Tr) data of the OS and PS
samples at respective Tr are semilogarithmically plotted against
M. SinceΔε is inversely proportional toTr, theΔε(Tr) data need
to be corrected for the difference of the Tr values of the samples.
The data after this correction, Δε(Tr

o) = {Tr/Tr
o}Δε(Tr) with

Tr
o = 373 K (100 �C), are shown in the bottom panel. In both

panels, we note that Δε decreases considerably with increasing
M up to the crossover molecular weight for the τs

[ε]/τs
[G] ratio,

Figure 11. Fitting of the dielectric relaxation function of OS and PS
samples (circles) with the KWW function (solid curves).
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M*= 2� 103, and then becomes independent ofM for largerM.
These crossover features of the τs

[ε]/τs
[G] and Δε data are

discussed below on the basis of the molecular expressions of
dielectric and viscoelastic relaxation functions.

4. DISCUSSION

4.1. Molecular Expressions of Dielectric and Viscoelastic
Relaxation Functions. Viscoelastically and dielectrically de-
tected segmental relaxation processes of the OS and PS samples
are to be discussed on the basis of the molecular expressions of
respective relaxation functions. For convenience of this discus-
sion, we introduce unit vectors n, u, and v for each styrene
monomer (repeating unit), as schematically shown in Figure 14:
n is parallel to the monomeric type-B dipole vector (essentially in
the direction of the rotational axis of the phenyl group), u is
parallel to the molecular backbone defined in the direction
perpendicular to n, and v is the normal of the monomeric plane
and defined as a vector product,v = u � n.
In the time scale longer than that for the electronic/atomic

polarization, the dielectric relaxation function ε(t) of OS and PS
is given by the autocorrelation of microscopic polarization, P(t) =
Σp μnp(t), where μ is the magnitude of type-B dipole and np(t)
is the unit vector of the pth monomer defined above.22,23,28�30

Since the motion of the monomers is considered to be coopera-
tive within a characteristic length ξc, the autocorrelation ÆP(t) 3
P(0)æ includes the cross-correlation of the monomers within a
cooperative volume∼ξc

3 (themonomers belonging to either the
same OS/PS molecule or different molecules) and ε(t) is
expressed as a product of the dielectric intensity Δε and the

normalized relaxation function Φ(t)22,23,28�30,50

εðtÞ ¼ ΔεΦðtÞ ð6Þ
with

Δε ¼ νgFμ2

3kBT
ð7Þ

and

ΦðtÞ ¼
∑
p, q

0Æneqp ðtÞ 3 neqq ð0Þæ

∑
p, q

0Æneqp ð0Þ 3 neqq ð0Þæ
ð8Þ

In eq 7, ν is the number density of the monomers, g is the
Kirkwood-Fr€ohlich factor representing the magnitude of motional
correlation of the monomeric units (each carrying the dipole), F is
a correction factor for the local electric field, kB is the Boltzmann
constant, and T is the absolute temperature. For nonpolar
molecules such as OS and PS, F can be expressed in the Onsager
form,30�32,51 F = (εs þ 2)2/9 with εs being the static dielectric
constant. In eq 8, the superscript “eq” stands for the unit vector at
equilibrium, the summation Σp,q

0 is taken for the correlated mono-
mers, and <...> represents the ensemble average.
In the time scale of the segmental relaxation, the styrene

monomers behave more or less as planar (slab-like) objects
connected in series and the tensile relaxation modulus, E(t)
(=3G(t) withG(t) being the shear relaxation modulus), is mainly
contributed from the planar (or torsional) orientational anisotropy
of the monomers, as revealed from rheo-optical analysis.26 This
E(t) can be compactly expressed in a form,26

EðtÞ ¼ Q∑
p
ÆnpðtÞnpðtÞ � vpðtÞvpðtÞæzz ð9Þ

In eq 9,Q is an intensity factor representing an increase of the free
energy on the planar orientation, and np(t)np(t) and vp(t)vp(t)
indicate the dyadic of the unit vectors of pth monomer under the
tensile strain. The subscript zz indicates the diagonal component
of the dyadic in the tensile direction (z), and the summation Σp is
taken for all νmonomers in unit volume. It should be emphasized
that E(t) is determined by the orientational anisotropy of
individual monomers (represented by the Æ...æzz term) and detects
no cross-correlation of different monomers. This cross-correla-
tion affects the dynamics of np(t) and vp(t), thereby implicitly
contributing to E(t).
The unit vector vp(t) appearing in eq 9 is related to the other

vectors as vp(t) = up(t)� np(t). In the time scale of the segmental
relaxation, the motion of up(t) is essentially quenched (as noted
from the lack of relaxation of rheo-optically detected Æuuæ) so that

Figure 13. Semilogarithmic plots of the dielectric segmental relaxation
intensity against OS/PS molecular weight.

Figure 14. Schematic illustration of unit vectors for styrene monomer
in OS and/or PS molecules.

Figure 12. Double�logarithmic plots of the dielectric and viscoelastic
segmental relaxation time ratio against OS/PS molecular weight.
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eq 9 can be rewritten as

EðtÞ ¼ Q∑
p
ÆnpðtÞnpðtÞ � fup � npðtÞgfup � npðtÞgæzz

ð10Þ
Thus, the time evolution of E(t) is determined by the dynamics of
np(t), which is the case also forΦ(t). However, we should note an
important difference:Φ(t) is contributed from the cross-correla-
tion of np(t) and nq(t) of all pairs of different monomers within
the correlation volume ∼ξc

3, while this cross-correlation is not
explicitly included in E(t).
4.2. Length of Cooperative Sequence of Monomers. The

dielectric relaxation intensity Δε is influenced by the motional
correlation of the monomers in the cooperative volume ∼ξc

3, as
represented by the g factor in eq 7. Since the cooperative volume
would be very similar for theOS and PS samples at respectiveTr=
Tgþ 20, the g factor is expected to be insensitive to the molecular
weight M of the sample if the motional correlation is the same in
magnitude for the monomers belonging to the same and different
molecules. However, Δε (� g) considerably decreases with
increasing M up to M* = 2 � 103, as seen in Figure 13. This
fact strongly suggests that themagnitude of the cross-correlation is
different for the monomers in the same and different molecules, as
discussed below in more detail.
Since the cooperative volume would be essentially independent

of M, the total number of the pairs of the mutually correlated/
coupled monomers therein would be also insensitive to M.
However, within this volume, the pair number Nsame for the
monomers belonging to the samemolecule increases while the pair
number Ndiff for those in different molecules decreases with
increasing M given that the size of the molecule is smaller than
the cooperativity length ξc; see Figure 15where the circles indicate
the monomers and the connected solid lines show the molecular
backbones. Thus, the decrease of Δε (observed for M < M*)
suggests that the cross-correlation is stronger for the monomers in
different molecules than for the monomers in the same molecule.
This difference is probably attributed to the packing of the
monomers around a given monomer: Monomers belonging to
different molecules have a much higher freedom in their position/
orientation compared to the monomers adjacent to the given
monomer in the same molecule. Thus, the monomers belonging
to different molecules can be packed with the given monomer
more densely to exhibit stronger cross-correlation. On a further
increase ofM >M*, the size of the molecule exceeds ξc so that the
pair numbersNsame andNdiffwould become independent ofM; see
the bottom part in Figure 15. Then, Δε becomes independent of
M, as observed in Figure 13.52

From this argument, the cooperativity length, ξc= 3 nm, can be
estimated as the size of the OS molecule having M* = 2 � 103.
ThisM* can be regarded as the molecular weight of the coopera-
tive sequence of the monomers in a given molecule exhibiting the
torsional motion governed by the intermolecular cross-correla-
tions. We also note that theM* value corresponds to∼20 styrene
monomers, which is in harmony with the traditional molecular
picture that the segment of bulk PS corresponds to a sequence of
roughly 10 monomers.
A comment needs to be made for the above ξc value. Since the

dielectric and viscoelastic data in the segmental relaxation zone
were time�temperature superposed with the same shift factor
(cf. Figures 4-7), the ξc value deduced from those data is
insensitive to T in the range of T examined, mainly between

Tg þ 10 and Tg þ 30. This time�temperature superposability
corresponds to the T-insensitive β value of the KWW function
found at T well above Tg.

21 At lower T in the close vicinity of Tg,
the superposability should vanish (as expected from a decrease of
the β value21) and ξc would increase accordingly. On the other
hand, ξc might gradually decrease (and βmight gradually increase)
in the high T limit (.Tg) where the intermolecular coupling could
become less important. No data are available at such high T, and a
further study is desired for ξc (and β) in this high-T limit.
Now, we focus on the relaxation times of the viscoelastic

E(t) and dielectricΦ(t). The cross correlation, <npnq> with p 6¼
q, is not explicitly involved in the molecular expression of E(t)
(eq 9) but affects the dynamics of np(t) thereby implicitly
contributing to E(t). In contrast, the cross-correlation is explicitly
included in the expression of Φ(t) (eq 8) as the main term.
Thus, Φ(t) would be more strongly influenced by the cross-
correlation compared to E(t). For a given monomer, the cross-
correlation with themonomers in different molecules (within the
cooperative volume ∼ ξc

3) is replaced by the weaker cross-
correlation in the samemolecule on the increase ofM up toM*=
2� 103, as suggested from the above argument forΔε. Thus, the
relaxation of Φ(t) dominated by the intermolecular cross-
correlation is expected to be accelerated, in a relative sense,
compared to the relaxation of E(t) thereby decreasing the
τs
[ε]/τs

[G] ratio on the increase of M up to M* = 2 � 103, and
this relative acceleration of Φ(t) would stop for larger M. This
expectation is in harmony with the data of the τs

[ε]/τs
[G] ratio

shown in Figure 12.50

In relation to the above results, we note that the asymptotic
value of this ratio, τs

[ε]/τs
[G] = 6 for M > M*, is larger than the

value expected for a rigid rod-like segment,39 τs
[ε]/τs

[G] = 3. This
result confirms that the cooperative sequence defined above is
not a rigid entity but represents the sequence that can change its
shape under the influence of the cross-correlation.
The above M* value is close to a critical M value, M1 = 1.8�

103, found for a change of the M dependence of Tg of OS/PS
reported by Hintermeyer and co-workers.33 They assigned this
M1 as a critical molecular weight for a crossover from the simple
liquid behavior forM<M1 to the Rouse behavior forM>M1 (the
crossover not detected for the fragility parameter).33 The Rouse
behavior would emerge only when several torsional cooperative
sequences (each having the molecular weightM*) are connected

Figure 15. Schematic illustration of cooperative length ξc and molec-
ular size. The circles indicate the monomers and the connected solid
lines show the molecular backbones.
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in series in the molecule. In this sense, there might be an indirect
correspondence between their M1 and our M* (although M
should be much larger than M* for the Rouse behavior to be
observed in a wide range of ω.)
4.3. Similarity of Viscoelastic and Dielectric Mode Distri-

bution of Segmental Relaxation. The cross-correlation of
different monomers is explicitly included in the molecular
expression forΦ(t) (eq 8) but not for E(t) (eq 10). Thus, there
is no universal/unique relationship between Φ(t) and E(t).
However, for respective OS and PS samples, the relaxation mode
distributions ofΦ(t) and E(t) are close to each other, as revealed
in Figure 9. This fact indicates thatΦ(t) and E(t) of the OS/PS
samples satisfy a specific relationship, d ln Φ(t)/dt = r�1 d[ln
E(t)]/dt with r = τs

[ε]/τs
[G].

With the aid of eqs 8 and 10, this relationship can be rewritten
in a form that characterizes the dynamics of np. However, this
rewritten form is obtained for the averaged quantities such as
Ænpeq(t) 3 nq

eq(0)æ and Ænp(t)np(t)æzz and, unfortunately, no ex-
plicit Langevin equation of np(t) is deduced from the above
relationship. Nevertheless, the quantitative similarity of the
viscoelastic and dielectric mode distributions could reflect the
coherence of the monomeric motion in the cooperative volume,
as expected from analogy with the eigenmode analysis for the
global chain motion.44,53 This coherent motion, including the
cooperative torsion of the monomers along the molecular back-
bone, could be essentially determined by the strong cross-
correlation of the monomers belonging to different molecules.
(In fact, preliminary experimental results (not shown here)
indicated that the viscoelastic mode distribution broadens on
dilution of PSwith a solvent54 to deviate from the dielectricmode
distribution: This deviation possibly reflects weakening of the
intermolecular cross-correlation on dilation and the correspond-
ing reduction of the coherence of motion.) A theoretical
study is desired for the similarity of the viscoelastic and dielectric
mode distributions for the segmental relaxation in bulk PS as
well as for the segmental relaxation time ratio, τs

[ε]/τs
[G]= 6 for

high-M PS.

5. CONCLUDING REMARKS

We have examined the viscoelastic and dielectric behavior of
OS and PS samples in the segmental relaxation regime. A ratio of
the dielectrically and viscoelastically detected segmental relaxa-
tion times, r(M) = τs

[ε]/τs
[G], and the dielectric relaxation

intensity, Δε(M), were found to decrease with increasing M up
toM* = 2 � 103 and then became insensitive toM on a further
increase of M. This crossover appears to occur when the
molecular size exceeds the length scale for the intermolecular
cooperative motion of the monomers, andM*= 2� 103 can be
assigned as the molecular weight of the cooperative sequence of
the monomers along the PS backbone. Furthermore, the quanti-
tative similarity of the viscoelastic and dielectric mode distribu-
tions suggests that the cooperative torsional dynamics of the
monomers (corresponding to the viscoelastic segmental re-
laxation) is essentially determined by the cross-correlation of
the monomers belonging to different molecules. This molecular
picture of dominance of the interchain cross-correlation is
expected to be valid also for bulk polymers other than PS, but
the characteristic M* (and the corresponding cooperativity
length) may differ from system to system. At this moment, no
data are available for the polymers other than PS. A test of this
expectation is an interesting subject of our future work.
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