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ABSTRACT: For blends of styrene-butadiene (SB) diblock copolymers in a nonentangling homopolyb-
utadiene (hB) matrix, viscoelastic data obtained in a previous study (Watanabe, H.; Kotaka, T.
Macromolecules 1983, 16, 769) were reexamined to elucidate features of relaxation of individual B blocks.
The blends contained spherical micelles with S cores and B corona, and two-step relaxation composed of
fast and slow processes was observed. This study mainly examined features of the fast process that
were not specified in the previous study. When the neighboring micelles were entangled through their
corona blocks, a nearly universal relationship was found between reduced moduli for the fast process,
Gr* ) [MbB/cbBRT]G*, and reduced frequencies, ωτ*, with cbB and MbB being the concentration of the B
blocks in the hB matrix and B block molecular weight, respectively, and τ* being the relaxation time for
the fast process. In addition, τ* was found to increase exponentially with MbB/Me, with Me being the
entanglement spacing. These features of the fast process were qualitatively the same as those for
relaxation of entangled star chains, strongly suggesting that the fast process corresponded to star-like
relaxation (arm-retraction) of entangled B blocks being tethered on the S cores. Quantitatively, τ* for
the B blocks were 3-4 orders of magnitude longer than the relaxation times of corresponding star hB
chains. This difference was related to effects of the S cores that worked as an impenetrable wall and
constrained the B block relaxation. For the slow relaxation process of the SB micellar blends, the
relaxation times τs were compared with characteristic times for Stokes-Einstein (SE) diffusion of the
micelles τSE ) πRmηeffδ2/kT, with Rm and δ being the micelle radius and diffusion distance, respectively,
and ηeff being an effective viscosity for micelle diffusion. For concentrated micelles being entangled through
their B blocks, τs were close to τSE with δ and ηeff being taken as the micelle diameter (2Rm) and a viscosity
ηfast for the fast process of the micelles (relaxation of individual B blocks). This result strongly suggested
that the slow process for those entangled micelles corresponded to the SE diffusion of micelles, being in
harmony with the previous assignment. However, for dilute, nonentangled micelles, τs were significantly
shorter than τSE. This result suggested changes in the molecular mechanism for the slow process with
the extent of entanglements between the micelles.

I. Introduction

Rheological properties of block copolymers are strongly
influenced by microdomain structures. These structures
are in turn determined by the block composition and
architecture, temperature (or segregation power), and
concentration and solvent quality (for the cases of
copolymer solutions).1 Thus, block copolymers offer a
rich field in rheology, and extensive studies have been
carried out to elucidate effects of structures on dynamic
properties of the copolymer systems.2-23

More than ten years ago, Watanabe et al.9-15 focused
their attention to diblock copolymer solutions in selective
solvents and carried out systematic studies for the
structure-rheology relationships. For styrene-buta-
diene (SB) diblock copolymers being dissolved in a
B-selective solvent (n-tetradecane) and forming spheri-
cal micelles with S cores and B corona, Watanabe et al.
found that plasticity emerges when the micelles form a
so-called macrolattice having a long-range order.9 The
macrolattice formation was considered to result from
balance of contradicting thermodynamic requirements
for the corona B blocks, an osmotic requirement of
uniform distribution of the B segments in the corona
phase and an elastic requirement of randomized B block
conformation. This hypothesis was evidenced from
several experimental facts,10-13 including a fact that
blends of SB copolymers in a B-selective, polymeric
solvent, homopolybutadiene (hB), contain randomly

dispersed micelles (no macrolattice) and exhibit no
plasticity.11,12 Since the hB molecules work as a buffer
preserving uniform B segment distribution in the corona
phase, the B blocks can take randomized conformation
without violating the osmotic requirement and thus the
driving force for the macrolattice formation vanishes.
The SB/hB blends have no plasticity and relax vis-

coelastically (unless the SB content is large). Watanabe
et al.11,14,15 found that the blends relax in two steps and
the slow relaxation process is many orders of magni-
tudes slower than the relaxation process expected for
individual B blocks. They attributed this extraordinar-
ily slow process to diffusion of micelles. However, they
did not specify features of the fast process.
The micellar diffusion considered by Watanabe et al.

is a collective mode of motion for the copolymer chains.
We naturally expect that relaxation of individual chains
would have taken place at shorter time scales and may
have corresponded to the fast process observed for the
SB/hB blends. For related systems, binary homopoly-
mer blends24-37 and entangled star chains,38-48 exten-
sive viscoelastic data have been accumulated in par-
ticular for these ten years, and we can now examine this
expectation on the basis of those data.
From this point of view, we have reanalyzed the

previous data14,15 for the SB/hB blends and examined
viscoelastic features of the blends in particular for their
fast relaxation process. The results are presented in
this series of papers. Part 1 (this paper) examines the
viscoelastic behavior of the SB micelles in a nonentan-
gling, low molecular weight hB matrix. Specifically,
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relaxation times and mode distribution for the fast
process of the blends are compared with those for star
hB chains.42-44 Part 2 (following paper) specifies the
behavior of the micelles in entangling, high molecular
weight hB matrices. Data for entangled homopolymer
blends are used to discuss constraint release
relaxation25-37 for the micelles.

II. Experimental Section
II.1. Materials. Table 1 summarizes the molecular char-

acteristics of the styrene-butadiene (SB) diblock copolymers
and homopolybutadiene (hB) samples used in a previous
study.14 The SB samples were anionically synthesized in
benzene, and their B blocks had the typical microstructure 1,2-
vinyl:1,4-cis:1,4-trans = 10:40:50. For the chB-2 sample (a
commercially available sample; PB 2000 obtained from Nisseki
Co.), the content of the 1,2-linkage was reported to be more
than 70%.49 In this study, the microstructure of chB-2 was
quantified from 1H NMR. The result was 1,2-vinyl:1,4-cis/
trans ) 83:17.
II.2. Correction of Segmental Friction. The previous

study examined viscoelastic behavior of blends of the SB
copolymers in chB-2.14 The blends contained spherical micelles
with S cores and B corona, and the B blocks were not very
concentrated in the corona phase (less than 10 vol % for most
cases). Thus, the segmental friction ú of the 1,4-rich B blocks
was essentially determined by the 1,2-rich chB-2 matrix, as
evidenced from the coincidence of the time-temperature shift
factors aT for the blends and chB-2.14
This study compares the relaxation behavior of the 1,4-B

blocks in chB-2 with the behavior of bulk star 1,4-hB chains,
the latter being reported in literature.42-44 Since ú changes
with the content of 1,2-linkage, this comparison requires a
correction for ú in chB-2. For this purpose, we measured
storage and loss moduli, G′ and G′′, for blends of monodisperse
linear 1,4-hB chains in chB-2 with RMS 650 (Rheometrics) at
25 °C, a reference temperature previously used for the SB/
chB-2 blends.14 Those hB chains were synthesized in a recent
study50 and hadMhB ) 39K, 76K, and 152K (1,2-vinyl:1,4-cis:
1,4-trans = 10:40:50). The hB volume fraction in the blends,
φhB, were 6 and 12 vol % (for MhB ) 39K), 4 vol % (for Mhb )
76K), and 2 vol % (for MhB ) 152K). At these φhB, the hB
chains were not entangled among themselves and exhibited
Rouse-like behavior. (The matrix chB-2 chains were suf-
ficiently short and not entangled with the hB chains.) ú for
those dilute hB chains was essentially determined by the
matrix chB-2, as was the case also for the previously examined
SB/chB-2 blends.
The above measurements used the chB-2 sample that has

been stabilized with an antioxidant (2,6-di-tert-butyl-4-meth-
ylphenol), sealed from air, and stored in a freezer for more
than ten years (after one of the authors used it in the previous
study14). For testing the quality of this sample, G* was
measured in this study also for this chB-2 sample. The result

was in very good agreement (within a few percent) with the
previous data, indicating that the chB-2 sample has been
stored without degradation.
From G′ and G′′ of the hB/chB-2 blends, we subtracted

contributions of the chB-2 matrix and evaluated viscosity ηhB

and compliance JhB of the dilute hB chains. In Figure 1, the
relaxation time and reduced viscosity of those hB chains in
chB-2 at 25 °C, JhBηhB and ηhB/φhB, are multiplied by a factor
of 0.1 and plotted against MhB (open circles). The filled
symbols indicate the viscosity η and relaxation time Jη of bulk,
linear 1,4-hB chains50,51 reduced at 27 °C, a reference temper-
ature for star 1,4-hB chains used by Roovers et al.43,44
In Figure 1, WLF analysis was carried out for bulk 1,4-hB

chains of MhB < 9K to correct their ú.50,51 Thus, those low-M
chains exhibit the well-known Rouse behavior, η ∝ M and Jη
∝ M2. The data for the 1,4-hB chains in chB-2 (open circles)
are described by the dashed lines that represent extrapolation
of this Rouse behavior. This result means that úin-chB for the
1,4-hB chains in chB-2 at 25 °C is larger by a factor of 10 than
úbulk-1,4 for bulk 1,4-hB at 27 °C. In addition, close coincidence
of the data forM ) 39K at φhB ) 6 and 12 vol % indicates that
úin-chB is insensitive to φhB in a range of φhB e 12 vol %. For
the previously examined SB/chB-2 blends,14 φbB of the B blocks
in the corona phase were mostly in this range. Thus, in the
remaining part of this paper, the previous data14 for the SB/
chB-2 blends are corrected with a factor úin-chB/úbulk-1,4 ) 10 and
compared at an iso-ú state with the data for bulk 1,4-hB
stars42-44 at 27 °C.

III. Results
III.1. Relaxation Mode Distribution. Figure 2

shows representative G′ and G′′ data obtained in a
previous study14 for SB 20-46/chB-2 blends of various
SB content cSB. Spherical micelles with S cores and B
corona are formed in the blends.14 As seen in Figure 2,
the blends with large cSB exhibit fast and slow relaxation

Table 1. Characteristics of SB and hB Samples

codea 10-3MS 10-3MB MW/Mn

SB Diblock Copolymerb
SB 20-46 20 46 1.06
(SB1)
SB 20-97 20 97 1.07
(SB2)
SB 32-102 32 102 1.07
(SB3)
SB 32-160 32 160 1.08
(SB4)
SB 32-262 32 262 1.10
(SB5)

hB Matrix
chB-2c 2 2
(chB)
a Parentheses indicate the previously used sample code.14 b 1,2-

Vinyl:1,4-cis:1,4-trans = 10:40:50 for B blocks. c 1,2-Vinyl:1,4-cis/
trans ) 83:17.

Figure 1. Molecular weight dependence of relaxation time
Jη and viscosity η for bulk, linear 1,4-hB chains at 27 °C.
Correction for monomeric friction, ú, is carried out for low-M
chains. Filled squares and triangles indicate the data reported
by Watanabe et al.50b and Colby et al.51 The unfilled circles
indicate the relaxation time JhBηhB and reduced viscosity ηhB/
φhB for dilute 1,4-hB chains in chB-2 at 25 °C, both being
multiplied by a factor of 0.1 as the ú correction.
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processes (indicated with the diamonds and arrows,
respectively). The previous study14 attributed the slow
process to micelle diffusion but did not specify features
of the fast process. At ω examined here, the chB-2
matrix barely contributes to G* of the blends with large
cSB while the rigid S cores lead to no appreciable
relaxation. Thus, we may relate the fast process to
relaxation of individual B blocks tethered on the S cores.
In the remaining part of this paper, we mostly focus our
attention to the fast process and test this molecular
picture.
In Figure 2, we note that the fast process is shifted

to the lower-ω side with increasing cSB g 10 wt %. For
these cSB, the B block concentration cbB in the corona
phase is well above the entanglement threshold ce )
ρbulkMe

0/MbB, with ρbulk and Me
0 being the density and

entanglement spacing for bulk 1,4-hB and MbB being
the B block molecular weight. Thus, the shifts seen for
cSB g 10 wt % are related to entanglement between the
B blocks of neighboring micelles. (The short chB-2
matrix chains are not entangled with the B blocks.)
Since the B blocks are tethered on the rigid S cores, we
expect similarities in the relaxation behavior for the B
blocks and multiarm star hB chains.
In the terminal relaxation zone, entangled star chains

exhibit a nearly universal relationship between reduced
moduli Gr* ) [Ma/cRT]G* and reduced frequency ωτ,
with Ma, c, RT, and τ being the arm molecular weight,
concentration, thermal energy, and relaxation time.42
This means that the terminal relaxation mode distribu-
tion (observed as shape of G*(ω) curves in double-
logarithmic scales) is nearly universal for the entangled

star chains. Thus, it is informative to examine whether
the fast relaxation of the blends exhibits similar uni-
versality for Gr* ) [MbB/cbBRT]G*. (At the frequencies
examined here, G* of the blends with large cSB have
negligible contribution from the short chB-2 matrix and
are very close to G*SB of the SB copolymers.)
Figure 3 compares the Gr* curves for the entangled

SB 20-46/chB-2 blends (cbB > ce). The curves are
shifted along the ω axis by factors τ* so that they are
best superposed with each other in the fast relaxation
regime at around ωτ* ) 1. We note good superposition
for Gr′ at ωτ* g 1. Since contribution of very rapid
relaxation at ωτ* g 100 is much larger for Gr′′ than for
Gr′, poorer superposition is observed for Gr′′. However,
subtraction of this contribution improved the superposi-
tion forGr′′. These results demonstrate nearly identical
shape of the Gr* curves (nearly universal mode distribu-
tion) for the fast process of the SB 20-46 micelles of
various cSB (g 10 wt %).
In Figure 3, the Gr* data for the SB 20-46 blends

are also compared with those for bulk, 4-arm star 1,4-
hB examined by Raju et al.42 This entangled star hB
has Ma () 48K) being close to MbB () 46K) for the SB
20-46 copolymer, and its Gr* were found to be =20
times larger in magnitude than Gr* of the SB 20-46
blends. At this moment, no clear explanation is found
for this difference in the magnitude ofGr*. Keeping this
puzzling difference in mind, we indicated Gr*/20 vs ωτ
plots for the star hB with the dashed curves in Figure
3, where τ () Jη) is the terminal relaxation time of the
star hB (at 27 °C).42 Comparison with these curves is
sufficient for examining relative distribution of vis-
coelastic modes for the SB micelles. Clearly, the Gr*
curves of the blends are close to the dashed curves. This

Figure 2. Frequency dependence of G′ (top) and G′′ (bottom)
for SB 20-46/chB-2 blends14 reduced at an iso-ú state for bulk
1,4-hB (27 °C). Diamonds and arrows indicate characteristic
frequencies, τ*-1 and τs-1, for the fast and slow processes,
respectively.

Figure 3. Plots of reduced moduli Gr* ) [MbB/cbBRT]G*
against reduced frequenciesωτ* for the SB 20-46/chB-2 blends
containing micelles entangled through the corona B blocks.
The dashed curves indicate reduced moduli for entangled
4-arm star 1,4-hB (Ma ) 48K)42 being multiplied by a factor
of 1/20 and plotted against ωτ (τ ) star relaxation time).
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result means that the relative mode distribution is
nearly the same for the terminal relaxation of the star
hB and the fast process of the blends.
Figure 4 compares representative Gr* data14 for

entangled micellar blends (cbB > ce) of various MbB (cf.
Table 1). As in Figure 3, the Gr* curves were shifted
along the ω axis by factors τ* to achieve the best
superposition at around ωτ* ) 1. Magnitudes of Gr*
were nearly the same for the SB 20-46, 20-97, and
32-102 copolymers having relatively large S content
(φS) but were larger for SB 32-160 and 32-262 with
smaller φS. Again, no clear explanation is found for this
difference. In Figure 4, Gr* for the last two cpolymers
were multiplied by factors of 0.8 and 0.2, respectively,
and only the relative distribution of the viscoelastic
modes is compared for the five copolymers. The dashed
curves are the same as those in Figure 3.
As seen in Figure 4, reasonably good superposition

is achieved for the Gr′ curves at ωτ* g 1 for the
entangled micelles of various MbB and the star hB
(dashed curves). (The superposition for Gr′′ was im-
proved by subtraction of the contribution from very
rapid relaxation, as was the case also for Figure 3.)
Thus, the relative distribution of the viscoelastic modes
for the fast process appears to be insensitive toMbB and
cbB and close to that for the star-hB. This result and
those seen in Figure 3 indicate that the fast process due
to entanglement relaxation of individual B blocks is
similar in nature to relaxation of entangled star chains.
In Figures 3 and 4, we also note that the Gr* curves

are not universally superposed at ωτ* < 1 where the
slow process is observed. This result suggests that the

fast and slow processes have different relaxation mech-
anisms, as discussed later in more detail.
III.2. Relaxation Time for Fast Process. In

Figures 3 and 4, ω for the star hB is scaled with the
relaxation time, τ ) Jstarηstar. Thus, the superposition
of the Gr* curves for the blends and star hB on the ωτ
and ωτ* scales means that τ* can be used as the
relaxation time for the fast process of the blends. In
fact, characteristic frequencies 1/τ* (diamonds in Figure
2) are located at around the low-ω end of the fast
process. In general, it is not very easy to accurately
determine a characteristic time for a relaxation process
being followed by slower processes, and τ* determined
in Figures 3 and 4 may contain uncertainties as large
as ∆ log τ* ) 0.3. However, those τ* data are still
sufficient for the following argument.
For blends containing micelles being entangled through

the B blocks (cbB > ce), Figure 5 shows semilogarithmic
plots of τ* against the B block concentration, cbB. We
note that τ* increases exponentially with cbB, but the
increasing rate is different for micelles of differentMbB.
The exponential c dependence of the relaxation time

is characteristic to relaxation of entangled star chains:
Extensive τ data accumulated for well-entangled star
chains38-44,46,48 are summarized as

with ν′ being a constant somewhat smaller than unity.
(A weaklyMa-dependent prefactor is neglected in eq 1.)
For entangled solutions of star chains,Me scales as c-â

with â being a constant close to (or a little larger than)
unity. This leads to the exponential c dependence of τ,
as should be the case also for τ* of the micellar blends
(Figure 5).
Equation 1 indicates that τ for entangled star chains

of various c andMa are (almost) universally dependent
on the Ma/Me ratio. For testing this universality for
entangled micellar blends, Figure 6 examines MbB/Me
dependence of their τ*. Here, Me for the B blocks in
the chB-2 matrix was estimated as Me ) Me

0ρbulk/cbB.
For blends of the SB 20-46, 20-97, and 32-102
copolymers having relatively large S content φS, τ*
appears to universally depend on MbB/Me and this
dependence can be approximated as an exponential
dependence for large MbB/Me. Thus, those blends ex-

Figure 4. Comparison of reduced moduli Gr* ) [MbB/cbBRT]-
G* plotted against reduced frequencies ωτ* for various SB/
chB-2 blends as indicated. The blends contained micelles
being entangled through the B blocks. For SB 32-160 and
32-262 copolymers having small S content, Gr* are multiplied
by factors of 0.8 and 0.2, respectively. The dashed curves are
the same as in Figure 3.

Figure 5. Dependence of the relaxation time τ* for the fast
process of SB/chB-2 micellar blends on the B block concentra-
tion cbB in the matrix phase. The τ* data are reduced at an
iso-ú state for bulk 1,4-hB (27 °C).

τ ) Jη ∝ exp(ν′Ma/Me) (1)
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hibit features characteristic to entangled star chains.
However, τ* becomes smaller for the SB 32-160 and
32-262 copolymers having smaller φS. This break of
the universal MbB/Me dependence of τ* may be related
to effects of S cores, as discussed later in section IV.1.
In Figure 6, the filled symbols indicate τstar data

(reduced at 27 °C) reported by Raju et al.42 (for 4-arm
star hB) and by Roovers et al.43,44 (for 4- and 18-arm
star hB). Clearly, τ* for the B blocks are 3-4 orders of
magnitude larger than τstar. This fact indicates that the
relaxation mechanism is similar but not completely the
same for the B blocks and star hB.

IV. Discussion

IV.1. Fast Relaxation of SB/chB Blends. In the
previous section, we found similarities for the entangled
micelles with large φS and star hB, nearly universal Gr*
curves being scaled with a factor ofMbB/cbBRT (Figures
3 and 4) and nearly exponential dependence of τ* on
MbB/Me (Figure 6). From these similarities, we can
attribute the fast relaxation process of those micelles
to starlike relaxation of entangled B blocks tethered on
the S cores. However, for the micelles and star hB, we
also found quantitative differences of τ*SB and τstar
(Figure 6). In addition, the above universalities vanish
for small φS. These results suggest that the S cores (not
existing for star hB) have important effects on the B
block relaxation and the effects change with the core
size. A previous analysis14,15 did not consider those
effects and was incomplete. We here consider the effects
of the S cores within a context of the tube model,52-54

and reexamine the relaxation mechanism for the B
blocks.
Tube Model for B Blocks. For entangled star

chains, the tube model considers that the star arm
trapped in a tube relaxes when it retracts along the
tube.52-54 The retraction leads to a decrease in confor-
mational entropy that provides an activation barrier for
the arm relaxation. The barrier U(L) increases with
decreasing contour length L of the arm measured along
the tube, and the relaxation time τ is essentially scaled
as exp[∆U(ê)/kT].52-54 Here, ∆U(L) ) U(L) - U(Leq),
Leq is an equilibrium L value, and ê indicates a small,
characteristic contour length to which the arm has to
retract for complete escape from the tube. This escape

length, ê, should be close to the size of an entanglement
segment, a ) νbne1/2, where ν, ne, and b denote a
numerical constant close to unity, the number of mon-
omeric segments between entanglements, and the step
length of those segments, respectively.
For a star arm composed of na monomeric segments,

the Doi-Kuzuu (DK)53 and Pearson-Helfand (PH)54
models assume a quadratic U0 having the minimum at
L ) Leq0,

Here, the equilibrium Leq0 is given by

For U0 given in eq 2, the DK and PH models predict
that τ and η of well-entangled star chains increase
exponentially withMa/Me (cf. eq 1) while J increases in
proportion to Ma/Me.52-54 (In these models, ê is much
smaller than Leq0 and ∆U(ê)/kT is proportional to na/ne
) Ma/Me.) These predictions are in good agreement
with experiments.43,44,46,48,54 In addition, the PH model
excellently describes the viscoelastic mode distribution
(shape of G* curves).54 For 1,4-hB star chains, Roovers
et al.43,44 reported agreements between experiments and
the PH prediction with a parameter ν′ ) 3ν2/2 ) 0.5. A
difference between this ν′ value and the value originally
expected for Leq0, ν′ = 1.5 (for ν = 1), may be related to
significant constraint release effects existing even for
well-entangled star chains.32,55 Except this point, the
tube models have been successfully used for describing
the relaxation of entangled star chains.
Now, we note an important difference between the B

blocks of the SBmicelles and the star arm. The entropic
barrier for the latter (eq 2) is obtained from a Gaussian
distribution function Ψ0(L) as

Here, Feq is a fictitious force53 that is adjusted to locate
the minimum of U0(L) at L ) Leq0. The function Ψ0(L)
is in turn obtained for an end-grafted chain having no
impenetrable domain. Since the micelle S cores are
impenetrable for the B blocks, the distribution function
Ψ(L) for the B blocks should be different from Ψ0(L).
We here consider micelles having S cores and B

corona layers of comparable size. For these micelles,
the effects of the S cores on Ψ would not be significant
unless the B block trapped in a tube retracts to a vicinity
of the core. Thus, for large L, the entropic barrier U(L)
for the B block would not be very different from U0(L)
for the star arm. However, for small L, the S cores can
be regarded as a flat, impenetrable wall for the B block
and Ψ(L) would be approximated by a standard distri-
bution function for a chain tethered on an infinitely
large, flat wall,56

Considering the wall effects,56 we may approximate Leq
as 21/2Leq0 ) 21/2νbna/ne1/2. Then, from eq 5, we can

Figure 6. Dependence of the relaxation time τ* for the fast
process of SB/chB-2 micellar blends on MbB/Me ratio (unfilled
symbols). The filled circles and squares indicate τ data
reduced at 27 °C for entangled 4-arm42,43 and 18-arm44 star
1,4-hB. The τ* data for the blends are compared with those τ
data at the iso-ú state.

U0(L) ) RkT[1 - (L/Leq
0)]2 + U0(Leq

0),

R ) (3ν2/2)(na/ne) (2)

Leq
0 ) νbna/ne

1/2 (3)

U0(L) ) -kT ln Ψ0(L) - FeqL, Ψ0(L) ∝
exp[-3L2/2nab

2] (4)

Ψ(L) ∝ L exp[-3L2/2nab
2] for small L (5)
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estimate U(L) for small L as

Here, Feq is adjusted to locate the minimum of U(L) at
L ) Leq, as done in the DK model.53 Equation 6
indicates that the wall effect leads to logarithmic
divergence of U(L) for L f 0.
As can be noted from eqs 2 and 6,U(L) is significantly

larger than U0(L) for small L. Since τ is essentially
scaled as exp[∆U(ê)/kT] with ê being the small escape
length, this difference between U and U0 suggests that
τ is significantly longer for the chain tethered on the
flat, impenetrable wall than for the end-grafted chain
having no impenetrable domain.
Comparison with Tube Model. Table 2 sum-

marizes the diameter of the S cores and the unperturbed
end-to-end distance of the B blocks, dS and RB,θ, for the
micelles of the five SB copolymers (cf. Table 1). For 10
wt % micellar solutions of these SB copolymers in a
B-selective solvent, n-tetradecane (C14), dS was deter-
mined at 25 °C (at strongly segregated state) from SAXS
measurements.10 Those dS values were consistent with
dS data for bulk SB copolymers of smaller M.57 Thus,
in Table 2, we used the dS for the 10 wt % SB/C14
systems as dS for the SB/chB-2 blends.
For the SB 20-46, 20-97, and 32-102 micelles

having relatively large S content (φS), dS is comparable
with RB,θ (Table 2) and the argument for the tethered
chains on the flat, impenetrable wall (eqs 5 and 6)
appears to be valid. Thus, the differences between τ*
of these micelles and the star hB (Figure 6) would be
due to the S cores that behave as the flat wall and
constrain the B block relaxation at small L. On the
other hand, dS is considerably smaller than RB,θ for the
SB 32-160 and 32-262 micelles with smaller φS. For
these micelles, the S cores would not behave as the flat
wall and eqs 5 and 6 would not be valid. In other words,
the constraint from the S cores for the B block relaxation
is weaker for these micelles than for the above micelles
having dS = RB,θ. This would have led to the break of
the universality of τ* at small φS (Figure 6). (The
difference in the constraint from the S cores might also
have led to the differences in magnitudes ofGr* (Figures
3 and 4), but it is not clearly understood yet how the
strength of the contraint affects the Gr* magnitude.)
Rigorous calculation of the viscoelastic quantities for

the B block requires us to solve a time evolution
equation for a probability density of tube survival.54
However,U(L) to be incorporated in this equation is not
known for the SB copolymers with small φS, and even
for large φS an approximate U(L) (eq 6) is found only
for small L. Thus, in this paper, we analyze the
relaxation time τ* only in an approximate way.

In this analysis, we compared ∆U(L) and ∆U0(L) for
the B block and the star arm having the same na.
Figure 7 shows an example for R ) ν′na/ne ) 2 (ν′ )
3ν2/2; cf. eqs 2 and 6). As seen there, ∆U(L) (circle) is
larger than ∆U0(L) (dashed curve) in the entire range
of L. However, in a range ê < L < Leq with the escape
length being taken as ê ) a ) νbne1/2 (indicated with
the arrow), ∆U(L) can be approximated by a quadratic
function of L/Leq (solid curve). This function is written
in terms of ∆U0(L) as (ν′eff/ν′)∆U0(L) ) ν′effkT(na/ne)[1
- (L/Leq0)]2, with ν′eff being an effective ν′ value for the
approximate ∆U(L) at ê < L < Leq. For other R values,
∆U(L) was also approximated by the quadratic function,
(ν′eff/ν′)∆U0(L), and the ν′eff/ν′ ratio monotonically de-
creased with increasing R (Figure 8).
From the results of Figures 7 and 8, we expect that

τ*SB for the entangled B blocks is approximately pro-
portional to exp[(ν′eff/ν′)∆U0(ê)/kT] and thus the depen-
dence of τ*SB on ν′effMbB/Me is close to the dependence
of τstar on ν′Ma/Me (cf. eq 2). This expectation is
examined in Figure 9 where τ*SB and τstar are plotted

Table 2. Comparison of dS of the S Cores and RB,θ of the
B Block for SB Micelles

SB dS (Å) RB,θ (Å)

SB 20-46 206 196
SB 20-97 208 284
SB 32-102 250 291
SB 32-160 260 365
SB 32-262 270 467

U(L) ) -kT ln Ψ(L) - FeqL

) 2RkT[1 - (L/Leq)]
2 + kT[(L/Leq) -

1 - ln(L/Leq)] + U(Leq), R ) (3ν2/2)(na/ne) (6)

Figure 7. Entropic barrier for escape of a chain (with R )
ν′na/ne ) 2) being trapped in a tube. The circles indicate ∆U(L)
for the chain tethered on a flat, impenetrable wall, and the
dashed curve denotes ∆U0(L) for the end-grafted chain having
no impenetrable domain. The solid curve represents a qua-
dratic function, (ν′eff/ν′)∆U0(L). The arrow indicates a reduced
escape length, ê/Leq ) a/Leq.

Figure 8. Dependence of the ν′eff/ν′ coefficient for an ap-
proximate ∆U(L) on R ) ν′na/ne.
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against ν′effMbB/Me and ν′Ma/Me, respectively. The
symbols are the same as in Figure 6. The ν′eff values
for τ*SB were evaluated from Figure 8.
As explained for Table 2, the S cores can be regarded

as the flat, impenetrable wall for the B blocks only when
dS is comparable with (or larger than) RB,θ. Thus, the
above approximation (being valid for large S cores),
∆U(L) = (ν′eff/ν′)∆U0(L), should lead to over-reduction
of τ*SB when dS is considerably smaller than RB,θ. This
over-reduction is seen in Figure 9 for SB 32-262 with
dS = 0.6RB,θ (squares with pips). On the other hand,
for the entangled micelles with dS = RB,θ, the differences
seen in Figure 6 for τstar and τ*SB are largely reduced in
Figure 9. This result qualitatively supports the above
expectation, suggesting that the differences between the
SB micelles and star hB are essentially due to the
constraint from the S cores.
However, in Figure 9, we also note nontrivial differ-

ences between τstar and τ*SB even for the micelles with
dS = RB,θ. These differences might be partly related to
uncertainties in the escape length, ê: For example, the
differences almost disappeared when we assumed a
smaller ê of 0.5νbne1/2 and evaluated ν′eff accordingly (cf.
Figures 7 and 8). More importantly, the analysis for
the B blocks (eqs 5 and 6) does not consider effects of S
cores of neighboring micelles. Incorporation of these
effects in the analysis may also reduce the differences
of τstar and τ*SB noted in Figure 9. Thus, it is desired to
derive a complete expression of U(L), formulate a tube
model for the B block that is constrained by this U(L),
and compare the resulting viscoelastic quantities of the
B blocks with those of entangled star chains. This
rigorous calculation is considered as interesting future
work.
IV.2. Slow Relaxation of SB/chB Blends. In the

Gr* vs ωτ* plots shown in Figures 3 and 4, the fast
relaxation process of the SB micellar blends exhibits
nearly universal mode distribution while the slow
process does not. This result suggests differences in the
relaxation mechanism for the two processes. In the
previous work, the slow process for the entangled blends
was attributed to diffusion of the micelles:14 Spatial
distribution of the micelles becomes anisotropic, gener-
ating stress when the blends are deformed, and the
micelle diffusion is required to recover the isotropic
distribution and induce stress relaxation. We here
reexamine this molecular picture.
If the slow process of the blends is governed by the

simplest Stokes-Einstein (SE) diffusion mechanism, the

relaxation time of this process τs should be close to the
SE diffusion time,

Here, δ is a diffusion distance required for the recovery
of isotropic distribution of the micelles, Rm is the micelle
radius, and ηeff is an effective viscosity for the micelle
diffusion. Rm was evaluated to be 0.5dS + 21/2RB,θ (cf.
Table 2), with the factor 21/2 accounting for the effects
of impenetrable S cores on the B block conformation.
For simplicity, δ was taken to be the micelle diameter,
2Rm.
Estimation of ηeff is carried out in the following way.

For concentrated micelles being entangled through their
B blocks, the micelle diffusion would take place only
after individual B blocks relax. In other words, the
micelle diffusion rate would be determined by the
relaxation of the B blocks observed as the fast process
of the blends, suggesting that ηeff is given by a viscosity
ηfast associated to this process. For the entangled SB
micelles, Figures 3 and 4 indicate that the Gr* curves
in the fast relaxation regime are close to the adequately
scaled Gr* curves (dashed curves) of the entangled star
hB of Ma ) 48K. Thus, for those micelles, we deter-
mined the ηfast values from the known viscosity of the
star hB and evaluated τSE from eq 7 with ηeff ) ηfast.
On the other hand, diffusion of dilute and nonover-

lapping SB micelles would not necessarily require
complete relaxation of individual corona B blocks, as
noted from an example that diffusion takes place even
for the dilute micelles having rubbery and nonrelaxing
corona layers. Thus, in general, ηeff for the dilute SB
micelles would have a value between ηfast for the B block
relaxation and ηmat of the pure matrix. However, as an
extreme case, we here assume ηeff ) ηfast and evaluate
τSE from eq 7 also for the dilute, nonentangled micelles
(e.g, those with cSB ) 4 and 6 wt % in Figure 2). For
those micelles, the B block relaxation was not observed
in our experimental window (cf. Figure 2). Thus, we
assumed the B blocks to behave as tethered Rouse
chains and estimated their viscosity, ηfast, from the η
data for low-M linear hB chains (Figure 1).
In Figure 10, the SE diffusion time τSE (for ηeff ) ηfast)

is compared with characteristic time τs for the slow
process of the blends. The unfilled and filled symbols
indicate the data for micelles having entangled (MbB/
Me > 2) and nonentangled (MbB/Me e 2) B blocks. As
done for homopolymer blends,27-32 τs were evaluated
from the G* data for the blends and pure chB-2 matrix
as

with

Here, φchB denotes the volume fraction of chB-2 in the
blends and ηSB and JSB represent viscosity and compli-
ance of the SB copolymers in the blends, respectively.
τs gives an average relaxation time (often referred to
as a weight-average relaxation time) that is close to the
longest relaxation time of the blends. In fact, charac-
teristic frequencies τs-1 (cf. arrows in Figure 2) specify

Figure 9. Plots of the relaxation time τ*SB for the fast process
of SB/chB-2 micellar blends against ν′effMbB/Me. The symbols
are the same as in Figure 6.

τSE ) δ2/6Dm, Dm ) kT/(6πRmηeff) (7)

τs ) JSBηSB (8)

ηSB ) [G′′blend - φchBG′′chB
ω ]

ωf0
and JSB ) 1

ηSB
2

[G′blend - φchBG′chB
ω2 ]

ωf0
(9)
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well the low-ω end of the fast process. (The τs values
obtained from eqs 8 and 9 were close to the values
previously evaluated for numerically calculated relax-
ation spectra of the blends.14)
In Figure 10, we note that a relationship between τs

and τSE changes with the extent of entanglement: For
the nonentangled micelles (filled symbols), τs is consid-
erably smaller than τSE and exhibits weak dependence
on τSE (thick dashed line). This dependence becomes
stronger with increasing MbB/Me (with increasing τSE).
Finally, for well-entangled micelles of various cSB and
MbB (> 4Me), τs appears to be universally dependent on
τSE and collapsed around the thick solid line represent-
ing a relationship, τs ) τSE.
The results of Figure 10 strongly suggest that the slow

relaxation process of well-entangled micelles is at-
tributed to their SE diffusion (retarded by entangle-
ments between B blocks), being in harmony with the
previous argument.14 However, the results also indicate
that the slow relaxation mechanism may be different
for the entangled and nonentangled micelles.
Concerning this difference, one might expect that the

relationship τs ) τSE holds irrespective of the entangle-
ment between the micelles if the diffusion distance δ is
taken to be an intermicellar distance δm, not the micelle
diameter 2Rm. However, for the blends examined in
this paper, the difference in τs for the entangled and
nonentangled micelles wasmagnifiedwhen δm was used
as δ. Thus, the simple argument of diffusion over the
intermicellar distance fails to explain the features of the
slow process of the dilute micelles.
One might also expect that the diffusion rate for the

dilute micelles is determined by the matrix viscosity ηmat
and the SE diffusion time τSE° evaluated for ηeff ) ηmat
(cf. eq 7) agrees with τs for those micelles. This
expectation is examined in part 2 of this series of papers
for the dilute SB micelles in nonentangling and entan-
gling hB matrices. As shown there, τSE° is fairly close
to τs in the nonentangling chB-2 matrix examined here.
However, in the entangling high-M hB matrices, τSE°
is orders of magnitudes longer than τs. Thus, the slow

relaxation process of the dilute micelles might be
attributed to the SE diffusion for the limited case of the
nonentangling matrix but not for general cases. Fur-
ther studies are necessary for this problem.

V. Concluding Remarks

We have examined features of the fast relaxation
process for SB/chB-2 blends containing micelles with S
cores and B corona. When the S cores are comparable
in size with the B corona layers and neighboring
micelles are entangled through their B blocks, the fast
process exhibited characteristic features, a nearly uni-
versal mode distribution of Gr* scaled by a factor ofMbB/
cbBRT (Figures 3 and 4) and a nearly universalMbB/Me
dependence of τ* that can be approximated as an
exponential dependence (Figure 6). These features are
similar to those for entangled star chains, strongly
suggesting that the fast process corresponds to the
starlike relaxation (arm retraction) of the entangled B
blocks tethered on the S cores. Analyses in terms of
the tube model suggest that quantitative differences
found between τSB* and τstar are related to the effects of
the S cores that behave as an impenetrable wall and
constrain the B block relaxation (Figure 9).
For the slow process of the entangled micellar blends,

the relaxation time τs is found to be close to the Stokes-
Einstein (SE) diffusion time τSE evaluated for ηeff ) ηfast
(Figure 10). This result suggests that the slow processes
of those micelles correspond to their SE diffusion, being
in harmony with the previous assignment. However,
for dilute, nonentangled micelles, τs are significantly
shorter than τSE. This result may mean that the slow
relaxation mechanism changes with the extent of en-
tanglement between the micelles. This problem de-
serves further attention, and it is desired to compare τs
with independently measured diffusion times. This
comparison is considered as interesting future work.
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