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ABSTRACT: For blends of styrene—butadiene (SB) diblock copolymers in entangling, high-M homo-
polybutadiene (hB) matrices, two-step viscoelastic relaxation behavior found in a previous study
(Watanabe, H.; Kotaka. T. Macromolecules 1984, 17, 342) was reexamined to elucidate features of the
fast process on the basis of recently accumulated knowledge for relaxation of homopolymer blends. The
SB/hB blends contained spherical micelles with S cores and B corona. For the fast process, the micelles
exhibited nearly universal dependence of reduced moduli, G/* = [Mpe/cbeRT]G*sg, 0n reduced frequencies,
wt*, with cp,g and Myg being the concentration of the B blocks in the hB matrix and the B block molecular
weight, respectively, and * being the relaxation time of the fast process. Behavior of t* changed with
Mg, Coe, and the matrix molecular weight Myg. For dilute micelles with c,g < c. (entanglement threshold
for the B blocks), the B blocks were entangled only with the hB matrix and t* were found to be close to
constraint release (CR) relaxation times tcgr evaluated from data for star-hB blends. This result led us
to attribute the fast process of the dilute micelles to CR relaxation of the B blocks due to the matrix
motion. On the other hand, for concentrated micelles with cy,s > ¢., the B blocks were entangled with
both hB matrix chains and B blocks of neighboring micelles. For Mpg > Mg, 7™ conc Of the concentrated
micelles were longer than tcr and increased exponentially with cye. For those micelles, t*nc agreed well
with those in a nonentangling matrix. However, with increasing Mng — Mg, 7™ conc beCcame insensitive to
coe and approached zcr. These results for the concentrated micelles were similar to those for homopolymer
blends, suggesting that the CR mechanism affected the fast process of those micelles in the following
way: For Myg > Mpg, the CR relaxation was rapid and entanglement between the matrix and the B
blocks did not survive at time scales of .. Thus, at those time scales, the hB matrix behaved just as
a diluent and the B blocks relaxed with a starlike (arm retraction) mechanism similar to that in the
nonentangling matrix. On the other hand, for large Mg, the CR relaxation was retarded and the
entanglement with the matrix still survived at time scales of 7*n.. For this case, the CR relaxation
became a rate-determining step for the B block relaxation and led to the c,g-insensitive ™ (= 7cr).

Table 1. Characteristics of SB and hB Samples

In part 1 of this series of papers,! we have reexamined code® 10~°Ms 10~°Ms Mw/Mn
previous viscoelastic data of Watanabe and Kotaka? for SB Diblock Copolymer®
blends of styrene—butadiene (SB) diblock copolymers in SB 32-102 32 102 1.07
a short homopolybutadiene (hB) matrix. The blends (SB3)
contained spherical micelles with S cores and B corona. SB 32-160 32 160 1.08
Those blends exhibited f d slow relaxati - (B4)
ose blends exhibited fast and slow relaxation proc SB 32-262 32 262 1.10
esses. Comparing features of the fast process with those (SB5)
for relaxation of star chains, we attributed this process hB Matrixb
to starlike, arm retraction of entangled B blocks that hB—28 27.6 1.05
was retarded by the S cores behaving as an impene- (hB1)
trable wall for the B blocks.! hB—61 60.7 1.05
In the blends examined in part 1, the short chB-2 (hB2)
matrix (M = 2K) provided no entanglement effect for PhBB;W 177 1.06

the B block relaxation. This effect is naturally expected
for the SB micelles in long hB matrices. More than ten
years ago, Watanabe and Kotaka® also studied visco-
elastic behavior of SB blends in such long, entangling
hB matrices. These blends exhibited fast and slow
relaxation processes, as similar to the blends in the
short, nonentangling matrix. Watanabe and Kotaka3
focused their attention to the terminal relaxation (slow
process) and did not specify features of the fast process
in the entangling matrices. On the basis of data for
entanglement relaxation of homopolymer blends*~17
accumulated mostly in the past ten years, we can now
specify those features and examine mechanisms for the
fast process of the SB blends in the entangling hB
matrices. From this point of view, we have reanalyzed

® Abstract published in Advance ACS Abstracts, December 1,
1995.
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a Parentheses indicate the previously used sample code.3 ? 1,2-
Vinyl:1,4-cis:1,4-trans = 10:40:50 for the B blocks and hB matrices.

the previous data® for the SB blends. This paper
presents the results, placing emphasis on features of
the fast process.

Il. Experimental Section

Table 1 summarizes the molecular characteristics of the
styrene—butadiene (SB) diblock copolymers and homopoly-
butadiene (hB) matrices used in a previous study.® They were
anionically synthesized in benzene, and the B blocks and hB
matrices had the typical microstructure, 1,2-vinyl: 1,4-cis:1,4-
trans = 10:40:50. The hB matrices had Mg well above the
characteristic molecular weight for entanglement, M® = 6K.
These matrices were entangled with the B blocks irrespective
of the SB content.

For SB/hB blends containing spherical micelles with S cores
and B corona, viscoelastic data were obtained in the previous

© 1996 American Chemical Society
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Figure 1. Frequency dependence of G' and G" for SB 32—
262/hB-28 blends® at 27 °C. Diamonds and arrows indicate
characteristic frequencies, 7> and 757, for the fast and slow
processes, respectively.

study.® Differing from the chB-2 matrix examined in part 1,
the high-Mng hB matrices used here were 1,4-rich hB chains.
Thus, the data for the SB/hB blends at 27 °C3 can be directly
compared with data (at 27 °C) obtained by Roovers?!’ for blends
of 1,4-hB star chains in 1,4-hB linear matrices. The data for
the SB/hB blends were compared also with the data for the
SB/chB-2 blends?! that were reduced at an isofrictional state.

I1l. Results and Discussion

111.1. Overview. Figure 1 shows representative G’
and G" data at 27 °C obtained in a previous study? for
SB 32—-262/hB-28 blends containing randomly dispersed
spherical micelles with S cores and B corona. The
corona B blocks are entangled with the matrix hB
chains irrespective of the SB content csg. For csg = 4
wt %, the B block concentration cpg in the hB matrix
phase is well above the entanglement threshold c, =
bulkMe%Mpg, With gpuik and MP being the density and
entanglement spacing for bulk hB and Mg being the B
block molecular weight. Thus, for csg = 4 wt %,
neighboring micelles are entangled through their corona
B blocks.
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As seen in Figure 1, the SB 32—262/hB-28 blends
exhibit fast and slow relaxation processes. Both proc-
esses are retarded as the neighboring micelles are more
heavily entangled (with increasing csg = 4 wt %).
Similar results were found in part 1 also for blends in
the nonentangling matrix.!

As done for homopolymer blends,”~12 contribution of
the SB micelles to G*,eng Of the blends is evaluated as

G*sg(@) = G*pjena(@) — ¢reG*ne(w) 1)

with ¢ng and G*,g being the volume fraction and
dynamic moduli for the matrix hB in the blends. For
the blends containing rather small amount of the SB
copolymers, the matrix behavior in the blends is hardly
affected by the SB micelles. Thus, we replaced G*,g in
eq 1 by the moduli for pure matrix (cf. dashed curves in
Figure 1) and evaluated the SB contribution, G*sg(w).
For all blends examined, G*sg exhibited fast and slow
relaxation processes. Both processes are attributed to
relaxation of the SB micelles.

In previous studies,?3 the slow process was attributed
to diffusion of the micelles but the molecular mechanism
of the fast process was not specified. As in part 1,1 we
may relate the fast process to relaxation of individual
B blocks tethered on the S cores. However, differing
from blends examined in part 1, entanglements between
the matrices and the corona B blocks should have effects
on the fast process of the blends examined here. The
remaining part of this paper mainly examines these
effects on the basis of knowledge accumulated for
entangled homopolymer blends.47

I11.2. Mode Distribution for Fast Process. In
part 1, the relative distribution of viscoelastic modes
was found to be nearly universal for the fast process of
the SB micelles in the nonentangling chB-2 matrix.! For
the micelles in the entangling hB matrices, we examined
whether a similar universality is observed for the
reduced moduli, G* = [Mps/cosRT]G*sg (cf. eq 1).
Typical results are shown in Figures 2 and 3.

In Figure 2, the G/* curves of the concentrated SB
32—-262/hB-28 blends (cps > ce) are shifted along the w
axis by factors 7* so that they are best superposed at
around wt* = 1. Good superposition is seen for G, at
wt* = 1, while G, exhibits poorer superposition because
of contribution of very rapid relaxation (at wt* > 100).
Subtraction of this contribution improved the super-
position for G,". Although not shown here, G/* curves
for concentrated blends of the other SB copolymers
(Table 1) are also superimposed on the curves shown
in Figure 2, and the quality of superposition was similar
to that found in Figure 4 of part 1.1 In the entangling
hB matrices, magnitudes of G/* of those copolymers
coincided with each other and no adjustment of the
magnitudes was required for the superposition of the
G* curves. This result is different from those found in
part 1 for the SB micelles in the short, nonentangling
chB-2 matrix. At this moment, no clear explanation is
found for this difference.

In Figure 3, the G, curves are shifted along the w
axis for dilute blends (cps < ce) in various hB matrices.
As done in Figure 2, the shift factors > were chosen so
that the curves were best superposed at around wt* =
1. We note that the superposition is well achieved for
wt* = 1 (for the fast process) but scatter becomes
prominent for wt* < 1. This scatter is due to the low-w
tails of the G,' curves observed most clearly for the SB
32—-102 and 32—160 blends (squares and triangles).
These low-w tails correspond to the slow relaxation
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Figure 2. Plots of reduced moduli G/* = [Mpg/ChsRT]G*ss
against reduced frequencies wt* for concentrated SB 32—262
micelles in the hB-28 matrix. Those micelles are entangled
with each other through their B blocks as well as with the
matrix hB-28. The dashed curves indicate reduced moduli for
entangled 4-arm star hB (M, = 48K),'8 G/* = [MJ/cCRT]G*star,
being plotted against wt (v = star relaxation time).
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Figure 3. Plots of reduced moduli G/* = [Myg/coeRT]G*ss
against reduced frequencies wt* for dilute SB micelles in
various matrices as indicated. The micelles are entangled only
with the matrix hB. The dashed curve is the same as that
shown in Figure 2.

process of the dilute micelles (that is less prominent for
SB 32—262 having larger Mpg).

The above results demonstrates nearly universal
mode distribution (nearly identical shape of the G/*
curves) for the fast relaxation process of the micelles in
the entangling hB matrices. This distribution is further
compared with the terminal mode distribution for a
4-arm star hB (of arm molecular weight M, = 48K)
reported by Raju et al.’® In a wide range of concentra-
tion including both nonentangled and entangled re-
gimes, this star hB exhibits (almost) identical shape of
the G* curve at low w (cf. Figure 12 of ref 18). Thus,
the G* curve of the star hB in the entangled bulk state
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can be commonly compared with the curves for the
dilute and concentrated micelles. For the star hB, plots
of the reduced moduli G/* = [M./cCRT]G* against wt are
shown with the dashed curves in Figures 2 and 3, where
7 (= Jn) is the terminal relaxation time of the star hB
at 27 °C. The G/* curves were similar in magnitude
for the star hB and the SB micelles in the entangling
hB matrices, and no adjustment of the magnitude was
carried out for the G/* curve of the star hB. (In part 1,
the adjustment was required because of puzzling dif-
ferences in the G* magnitudes for the star hB and the
SB micelles in the short chB-2 matrix.)

As seen in Figures 2 and 3, the G* curves of the
concentrated as well as dilute micelles are close to the
dashed curves at wt* = 1. Thus, the mode distribution
for the fast process of these micelles is similar to that
for the star hB, suggesting that this process is attributed
to starlike relaxation of the B blocks irrespective of the
micelle concentration.

I11.3. Relaxation Time for Fast Process. In
Figures 2 and 3, the relaxation time 7 was used as the
frequency shift factor for the G* curve of the star hB.
The superposition on this curve achieved for the SB
micelles means that the shift factor t* gives the relax-
ation time for the fast process of the micelles. In fact,
characteristic frequencies 7*~1 (cf. diamonds in Figure
1) specify well the low-w end of the fast process. As
explained in part 1, 7 may contain uncertainties as
large as A log * = 0.3. However, those t* data are still
sufficient for the argument in this paper.

Extensive experiments for homopolymer blends>—17
indicate that dilute probe chains being entangled only
with much shorter matrix chains relax via a constraint
release (CR) mechanism.1®~21 For blends of dilute star
hB chains in linear hB matrices, Roovers!’ reported data
for the CR relaxation time tcgr (at 27 °C). Regarding
the B blocks of the SB micelles as an arm for star hB,
we interpolated his data (Figure 7 of ref 17) to estimate
7cr for the B blocks. (Roovers!’ defined his relaxation
time as a reciprocal frequency at which dynamic compli-
ance decreased to 90% of its low-w asymptotic value,
while our relaxation time is defined as the product Jy
often referred to as a weight-average relaxation time.
We evaluated ratios of the two differently defined
relaxation times for the data of Roovers!” and used the
ratios to estimate tcr according to our definition.)

In Figure 4, the estimated tcr is compared with *
for dilute micelles having B blocks entangled only with
the matrix hB (cf. Figure 3). Clearly, * is proportional
to rcr. In addition, 7* is close to rcr in magnitude.
These results strongly suggest that the fast process for
the dilute micelles is attributed to the CR relaxation of
individual B blocks that is induced by the matrix
motion.

For concentrated blends in which neighboring mi-
celles are entangled through their B blocks, Figure 5
shows semilogarithmic plots of 7 for the fast process
against the B block concentration cyg in the matrix
phase. The unfilled and filled symbols indicate t*conc
for the micelles in the entangling hB and nonentangling
chB-2 matrices, respectively. (The t*,n data in the
chB-2 matrix! are compared at an isofrictional state).
The horizontal dashed lines indicate 7*g; for the dilute
micelles examined in Figure 4.

In Figure 5, we first note that t*.n. is almost the same
in the hB-28 and chB-2 matrices, the former being
entangled with the B blocks while the latter forms no
entanglements (cf. circles and squares). Thus, entangle-
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Figure 4. Comparison of the relaxation time t* for the fast
process of dilute micelles with the constraint release relaxation
time tcr for B blocks. tcr was estimated from the data of
Roovers'’ for dilute star hB chains in linear hB matrices.
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Figure 5. Dependence of the relaxation time * for the fast
process of concentrated SB micelles on the B block concentra-
tion cyg in the entangling hB matrices (unfilled symbols).
Those micelles are entangled with each other through their B
blocks. The filled squares indicate the t* data for the
concentrated micelles in the nonentangling chB-2 matrix*
reduced at the isofrictional state. The horizontal lines repre-
sent the 7* data for dilute micelles (cf. Figure 4).

ments due to hB-28 appears to have no effect for t*nc.
However, in longer hB-61 and hB-177 matrices, t*conc
becomes longer and its c,g dependence becomes weaker.
In particular, in the hB-177 matrix (cf. triangles), 7™conc
is almost independent of cy,g and close to t*g4j and thus
to zcr in the entire range of cp,g examined. Knowledge
accumulated for homopolymer blends>~12 enables us to
understand these results in the following way.

In the concentrated blends, each B block has two
types of entanglements, one with the matrix hB and the
other with B blocks of neighboring micelles. Thus,
relaxation of the B block is achieved only when both
types of entanglements become ineffective. For this
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relaxation, the following three modes are potentially
available, (1) retarded Rouse-like CR relaxation due to
the matrix motion, (2) starlike arm retraction of the B
block trapped in a sparse entanglement mesh formed
only by B blocks of neighboring micelles, and (3) the arm
retraction in a denser, bulk entanglement mesh formed
by both matrix and B blocks of neighboring micelles.
Obviously, the arm retraction in the sparse mesh can
take place only after the entanglement due to the matrix
becomes ineffective via the CR mode (1). Thus, the arm
retraction mode (2) determines the relaxation rate of
the B blocks only when this mode is much slower than
the CR mode. This criterion is satisfied only for B blocks
being entangled with sufficiently shorter matrix. For
this case, the matrix behaves just as a diluent at time
scales of t™*,ne and the terminal relaxation of the B
blocks is governed by the arm retraction in the sparse
mesh. This leads to Mpg-independent t*n that in-
creases exponentially with cpg (like 7 for entangled star
chains?), being in harmony with the result found for the
SB micelles in hB-28 and chB-2 (cf. circles and squares
in Figure 5).

On the other hand, if the matrix becomes sufficiently
long, the CR mode becomes much slower than the arm
retraction mode in the sparse mesh. For this case, the
relaxation rate of the B blocks is determined by com-
petition of the CR mode (1) and the arm retraction mode
(3) in the dense mesh. Differing from star hB chains,
the B blocks are tethered on the impenetrable S cores
that constrain the B block relaxation.! Thus, the mode
(3) is tremendously slow for the B blocks, and the CR
mode becomes dominant for the B block relaxation. For
complete relaxation of the B blocks, the CR relaxation
of the entanglement due to the long matrices should
take place first and then the entanglement between the
B blocks should relax via the arm retraction in the
sparse mesh. However, this arm retraction time is
negligible as compared to the CR time in the long
matrices. Thus, the CR mode determines the B block
relaxation rate, thereby leading to the cpg-insensitive
T conc that is close to 7cgr (cf. triangles and dashed line
in Figure 5).

As explained above, the fast process of the SB micelles
in the entangling hB matrices is quite possibly due to
starlike relaxation of the B blocks, and the CR effects
on this relaxation change with cyg, Mpg, and Mpg.
Concerning this point, we also have to emphasize a
guantitative difference between the B blocks and
stars: The relaxation is significantly slower for the B
blocks tethered on the S cores than for corresponding
hB stars.! This difference can be related to effects of
the impenetrable S cores that constrain the retraction
of the B blocks.! This in turn means that the CR
relaxation is more easily realized for the B blocks than
for star hB, because the Rouse-like CR motion of the B
blocks would hardly be affected by the S cores and thus
easily overwhelm the constrained and retarded retrac-
tion of the B blocks.

111.4. Relaxation Time for Slow Processes. We
here examine the mechanim(s) for the slow relaxation
process of the SB micelles in the entangling hB matri-
ces. For the simplest case in which this process is
governed by the Stokes—Einstein (SE) diffusion of the
micelles, the relaxation times of the slow process, 7s,
should be close to the SE diffusion time discussed in
part 1,

Tog = TR o0 TKT 2)
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Figure 6. Plots of the relaxation time zs for the slow process
of the SB micelles in the entangling hB matrices against the
Stokes—Einstein diffusion time tsg evaluated for 7es = #fast
(large symbols). The small circles indicate the plots for the
micelles in the nonentangling chB-2 matrix at the isofrictional
state.! The thick solid line indicates the relationship 75 = 7sg.

Here, Ry, and 6 are the micelle radius and diffusion
distance, respectively, and 7. is an effective viscosity
for the micelle diffusion. The R, and ¢ values evaluated
in part 1 were used also for the micelles in the
entangling matrices examined here.

As in part 1, we replaced 7.s in eq 2 by the viscosities
nsast for the fast process of the micelles that reflects
relaxation of individual B blocks. In the entangling hB
matrices examined here, the fast process is observed in
our experimental window for both dilute and concen-
trated micelles and the G,/* curves for this process are
well superposed on the curve for the star hB of M, =
48K (cf. Figures 1—3). Thus, we evaluated 7,5t for both
cases from the known viscosity of the star hB.

As in part 1, 75 for the micelles in the entangling hB
matrices were evaluated from the low-w tails of G'sg and
G"sB,

7s = Jsglises Nse = [G''sglw], 0
Jsg = 773|372[G'S|3/602]wﬁ0 3

Characteristic frequencies, 7571, are well located at the
low-w end of the slow process (cf. arrows in Figure 1).
In Figure 6, those 7s data are compared with 7sg being
evaluated for #esr = #rast (large symbols). The small
symbols indicate the data for the micelles in the
nonentangling chB-2 matrix.! The thick solid line
represents the relationship 75 = 7sg.

As found in part 1, 75 for the SB micelles in the
nonentangling chB-2 matrix increase with increasing
csg from the low-csg asymptotic values (thick dashed line
in Figure 6) to the high-csg asymptotic values being
close to 7sg (thick solid line). Figure 6 suggests a similar
behavior for respective series of the SB micelles in the
entangling hB matrices. Thus, in both nonentangling
and entangling matrices, the SE mechanism appears
to dominate the slow relaxation process of the concen-
trated micelles being entangled through their B blocks.
However, Figure 6 also indicates that the asymptotic
SE behavior is more difficult to be attained in longer
matrices. (For example, compare 75 for the SB 32—262
micelles in the three different hB matrices.) At this
moment, no explanation is found for this matrix effect.
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Figure 7. Plots of the relaxation time 7, for the slow process
of the dilute SB micelles in the entangling and nonentangling
hB matrices against the Stokes—Einstein diffusion time 7sg°
evaluated for et = ymat. The symbols are the same as in
Figure 6. The solid line indicates the relationship 7s = 7se°.

In Figure 6, we also note that zs for the dilute micelles
are significantly shorter than zsg evaluated for e =
Nrast.  The use of ysast iN the evaluation of tse corresponds
to a hypothesis that the diffusion of the micelles takes
place only after the relaxation of individual B blocks is
completed. This hypothesis can be justified for the
concentrated micelles entangled through their B blocks,
because the SE diffusion should be disturbed when the
B blocks have not yet relaxed and elastic forces are
acting between neighboring micelles through those B
blocks. However, the hypothesis is not necessarily valid
for dilute and nonoverlapping micelles that are not
subjected to those elastic forces. Thus, one might expect
that 7.t for the dilute micelles are given by the matrix
ViSCoSity 7mat, NOt by 7sast for relaxation of individual B
blocks, and that s is close to 7se® evaluated for e =
Hmat,

TSEQ = ﬂRm’?mat 52/kT (4)

This expectation is examined in Figure 7 where 75 for
the dilute micelles are plotted against tsg°. The solid
line represents the relationship zs = rsg®. The symbols
are the same as in Figure 6.

As seen in Figure 7, 75 is fairly close to zsg® for the
micelles in the nonentangling chB-2 matrix (cf. small
circles and solid line). This result appears to support
the above expectation. However, 75 is orders of magni-
tude shorter than zsg® for the micelles in the entangling
matrices (large symbols), meaning that some relaxation
mode much faster than the SE diffusion is available for
those micelles. It should be also noted that 75 is not
proportional to tsg® and thus not to ymae for a particular
SB micelle. (For example, compare the unfilled, half
filled, and fully filled large circles for the SB 32—262
micelle in the three hB matrices.) Thus, the slow
relaxation processes of the dilute micelles might be
attributed to their SE diffusion for the limited case of
the nonentangling matrix but not for general cases
including both entangled and nonentangled matrices.
The data seen in Figure 7 are not sufficient to judge
whether the slow relaxation mechanism for the dilute
micelles is common (and not of the SE nature) in both
matrices or the mechanism changes with the matrix
entanglements. Further studies are necessary for this
problem.

IV. Concluding Remarks

For the SB micelles in long hB matrices, we have
examined effects of entanglements between the matrix
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and B blocks on the fast relaxation process of the
micelles. For dilute micelles, this process is attributed
to the CR relaxation of the corona B blocks due to the
matrix motion (cf. Figure 4). For concentrated micelles
being entangled through the B blocks, the fast process
is still attributed to relaxation of individual B blocks
but the relaxation mechanism appears to change with
the matrix Mpg: In sufficiently short matrices, the
entanglements due to the matrices rapidly relax via the
CR mechanism and the B block appears to relax via the
starlike retraction in a sparse entanglement mesh
formed by neighboring B blocks. On the other hand, in
sufficiently long matrices, the CR relaxation becomes
dominant even for the B blocks of concentrated micelles.
These molecular pictures explain features of the fast
relaxation process (Figure 5). However, quantitative
differences exist for the relaxation times of the B blocks
and star hB.1 These differences, possibly reflecting the
effects of the S cores, deserve further attention.

For concentrated SB micelles in the relatively short
matrices, entanglements with the matrices barely affect
the slow relaxation mechanism: For those micelles, the
Stokes—Einstein diffusion appears to govern the slow
process. However, with increasing matrix length, the
SE behavior becomes more difficult to be attained. In
addition, for dilute micelles in nonentangling and
entangling matrices, the SE mechanism does not con-
sistently explain features of the slow process (Figure
7). Further studies are desired for the mechanism(s)
of the slow process.
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