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ABSTRACT: Viscoelastic properties of three poly(styrene-d8-block-isoprene)s in dioctyl phthalate are measured

under oscillatory and steady shear flows in the disordered state, to examine the fluctuation effects on zero shear viscos-

ity �0 and steady state compliance Je based on the effective interaction parameter ð�NÞeff . Flow-induced microphase

separation is not observed when ð�NÞeff is lower than 9.9. Enhancement of �0 and Je due to the fluctuation effects,

which is more obvious for Je, are observed in oscillatory flow, while suppression of the fluctuation effects are observed

in steady shear flow, which is confirmed by small angle neutron scattering measurements. Comparing these results with

those for poly(styrene-block-2-vinylpyridine)s (SP), it is concluded that the viscosity enhancement due to the fluctua-

tion effects slightly depend on component viscosities. When viscosity ratio of components is close to 1 (i.e., SP), the

viscosity enhancement is negligible. On the other hand, enhancement of reduced steady state compliance JeR seems to

be insensitive to the viscosity ratio of components. [doi:10.1295/polymj.PJ2006157]
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In previous papers,1–5 we studied flow-induced
structures and related viscoelastic properties of lamel-
lae-forming diblock copolymers, that is, poly(styrene-
block-2-vinylpyridine)s (SP) and poly(styrene-d8-
block-2-vinylpyridine)s (DP) in a common good sol-
vent, �-chloronaphtharene (�-CN) and poly(styrene-
block-isoprene)s (SI) and poly(styrene-d8-block-iso-
prene)s (DI) in dioctyl phthalate (DOP) near the
order-disorder transition (ODT) under shear flows. A
characteristic feature of SPs and DPs compared with
SIs and DIs, and also with other common diblock
copolymers is that the two component polymers have
quite similar viscoelastic properties.6

Flow-induced alignments of lamellae for the DP
and DI solutions are examined by small angle neutron
scattering under steady shear flow (flow-SANS) at
almost the same experimental conditions.5 For the
DI solutions, it is observed that parallel and perpen-
dicular alignments of lamellae, in which lamellar nor-
mals are parallel to shear gradient and vorticity direc-
tions, respectively, coexist at low shear rates ( _��) and
the latter become dominant at high _��. These results
are qualitatively consistent with those reported in lit-
eratures.7–13 For the DP solutions, coexistence of the
parallel and perpendicular alignments is only ob-
served at low _�� for relatively high polymer concentra-
tion (C) above the quiescent ODT concentration,
CODT,

2 while only the perpendicular alignment was

observed at lower C near the CODT.
3–5 It was conclud-

ed that the degree of perpendicular alignment is pri-
marily determined by experimentally determined val-
ues of �N, ð�NÞeff , and reduced shear rate _��= _���. Here,
� and N are the Flory-Huggins interaction parameter
and the number of statistical segments per copolymer
molecules, respectively, and _��� is the characteristic _��
for non-Newtonian behavior.5 At the same ð�NÞeff
value, the ratio of perpendicular/parallel alignments
is higher for the samples whose viscosity ratio of com-
ponent is close to 1.
In the disordered states close to the ODT (CODT >

C � CODT �1:5wt%), flow-induced ordering with
the perpendicularly aligned lamellae are observed
for the DI solutions,5 whereas no flow-induced order-
ing but suppression of fluctuation effects is observed
for a DP solution only 0.5wt% below the CODT.

4

The difference can be attributed to the difference in
the magnitude of fluctuation effects. That is, ð�NÞeff
for the tested DP solution is slightly lower than that
for DI solutions. Actually, suppression of fluctuation
is also observed for DI solution having almost the
same ð�NÞeff value as the above mentioned DP solu-
tion, though the 2 dimensional scattering pattern of
flow-SANS was still slightly anisotropic.5

It was pointed out from the rheological measure-
ments1,4 that the first normal stress difference N1 of
diblock copolymer solutions in the ordered states are
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proportional to _�� in low _�� regime. In relatively high
_�� regime, where the lamellae are well aligned, shear
stress � and N1 are proportional to _�� and _��2, respec-
tively, so that zero shear viscosity �0 and steady state
compliance Je can be obtained by ordinary methods.
The values of �0 and Je for DP and SP solutions thus
obtained4 are practically the same as those of corre-
sponding component homopolymers.6

In the disordered states of SP and DP solutions, �0

data are also practically the same as those of corre-
sponding components, implying that enhancement of
viscosity due to fluctuation effects is negligible for
these samples. On the other hand, Je obtained by
dynamic viscoelastic measurements are higher than
those of corresponding components due to the fluctu-
ation effects, but the Je data become almost the same
as those of components under steady shear flow be-
cause of suppression of the fluctuation effects, con-
firmed by flow-SANS measurements.4

Rather strong fluctuation effects are reported for
poly(ethylenepropyrene-block-ethylethyrene)14 and
SI,15 in which storage modulus is much affected than
loss modulus. Thus, above mentioned differences in
�0 and Je for SP and DP is qualitatively consistent
with those studies, though the viscosity enhancement
is not observed even in oscillatory flow measurement.
In this study, we further examine fluctuation effects

on �0 and Je and their suppressions under steady shear
flow. The data for three different DI sample solutions
in the disordered states measured under oscillatory
and steady shear flow are compared. Flow-SANS
measurements are also carried out for a few selected
conditions to examine the structure.

EXPERIMENTAL

Diblock copolymer samples used are three different
poly(styrene-d8-block-isoprene)s (DI) prepared by
anionic polymerization method. Number-averaged
molecular weight, Mn, weight-averaged molecular
weight, Mw, molecular weight distribution index,
Mw=Mn, and volume fraction of styrene-d8, �PS,
are determined by combination of osmotic pressure,
1H NMR and GPC measurements as in the previous
paper.5 Molecular characteristics of the samples are
tabulated in Table I. The solvent used is DOP and
all the measurements mentioned below are carried
out at 27:0� 0:5 �C.

To obtain interaction parameters and to examine the
structure, ordinary SANS and flow-SANS measure-
ments are carried out by SANS-U spectrometer at
the Neutron Scattering Laboratory of the ISSP, The
University of Tokyo in Tokai, Ibaraki, Japan. The
wavelength � and beam size of the incident neutrons
are 0.7 nm and 3mm�, respectively. Sample to detec-
tor distance is 4m. Ordinary quartz cell with sample
thickness of 2mm is used to determine the ODT con-
dition and ð�NÞeff , while a couette type flow cell16 is
used for flow-SANS measurements. Through view
configuration, in which the incident neutron beam is
in the direction normal to the surface of the center part
of couette cell (along the shear gradient direction)
is employed in the flow-SANS measurements. The
SANS data are corrected for the incoherent scattering
of the solvent and the empty cell. Circularly averaged
intensities IðqÞ are obtained as a function of wave vec-
tor, q, defined by q ¼ 4� sinð	=2Þ=� , where 	 is scat-
tering angle. Note that the flow-SANS data are also
discussed by IðqÞ since the scattering pattern was
always isotropic.
Rheological measurements are performed with

Rheometrics mechanical spectrometer RMS-800. A
cone-plate geometry of 5 cm diameter and 0.04 rad
cone-angle was used. Both dynamic and steady shear
measurements are carried out for solutions with rela-
tively higher concentrations, while only the former
is carried out for the rest of solutions to obtain �0.

RESULTS AND DISCUSSIONS

As already discussed in the previous work,5 peak
intensity of SANS measurements depends on the
alignment of lamellae in the ordered states so that
the full width at half maximum values of IðqÞ vs. q
plots are used to determine CODT for DI-10. In this
work too, CODT for DI-15 is determined by the same
method. CODT at 27 �C for these samples are also
shown in Table I. It is expected that CODT for DI-55
at 27 �C is close to bulk state since its molecular
weight is very low. Thus, it is only confirmed by
SANS pattern that DI-55 is in the disordered state at
70wt%, much higher than the concentrations for the
viscoelastic measurements.
Further, the SANS data for DI-15 obtained in the

disordered states are fitted to the theoretical function
of Leibler17 by the same method as in the previous
works4,5,18 to obtain ð�NÞeff . Figure 1 shows plots of
ð�NÞeff vs. C/CODT. The arrow in the figure indicate
the highest concentration (22wt%) where flow-
induced microphase separation was not observed for
DI-10 in the previous work.5 It is expected that the
flow-induced microphase separation does not occur
for the samples with lower ð�NÞeff values than the

Table I. Molecular Characteristics of DI Samples

Sample 10�4 Mw Mw=Mn �PS CODT (wt%)

DI-55 1.46 1.04 0.5 >70

DI-15 3.99 1.05 0.5 50

DI-10 11.5 1.09 0.5 27.5
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datum indicated by the arrow.
To confirm the above speculation, flow-SANS

measurements are performed for DI-15 solutions at
10 s�1 for the highest two concentrations. Since the
scattering data are isotropic, circularly averaged inten-
sities IðqÞ are obtained. Figure 2 shows plots of IðqÞ
vs. q for DI-15, 40wt% solution. The profile with
and without shear are almost the same, but the peak
intensity under the flow became about 10% lower than
that at rest, indicating suppression of the fluctuations
by the steady shear flow. Qualitatively the same re-
sults are observed for the other solution. We could
not test at different _�� due to limited beam time. How-
ever, the tested _�� is about 3 order higher than the _��
used for DI-10, 26wt%, in which flow induced micro-
phase separation was observed,5 so that the above ex-

periments are enough to conclude that flow-induced
ordering does not occur at ð�NÞeff < 9:9.
Figure 3 shows examples of double logarithmic

plots of storage (G0) and loss (G00) moduli vs. frequen-
cy (!) and shear stress � and first normal stress differ-
ence N1 vs. shear rate _��. It is clear that G0 and G00 are
proportional to !2 and !, respectively, at the lower
frequency regime. It is also clear that � and N1 are
proportional to _�� and _��2, respectively. From these
data, we obtained zero shear viscosity �0 and steady
state compliance Je by the ordinary methods.
Figure 4 shows double logarithmic plots of �0 vs.

C. The data obtained by oscillatory flow measure-
ments for DI-10, 26 and 22wt% solutions and DI-
15, 40wt% solution are slightly higher than those ob-
tained by steady flow measurements. Flow-induced
ordering was observed for DI-10, 26wt% solution,5

whereas flow suppression of fluctuation effects was
observed for other two solutions (Figure 2). Thus,
we conclude that the higher values of �0 obtained
by oscillatory flow measurements are due to the fluc-
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Figure 1. Plots of ð�NÞeff vs. C=CODT for DI/DOP solutions

in the disordered state. Solid line represents the data for DP/�-

CN solutions.5 Symbols are denoted in the figure. Allow indicates

the highest concentration (22wt%) where flow-induced micro-

phase separation was not observed for DI-10 in the previous

study.5

Figure 2. Plots of IðqÞ vs. q for DI-10, 40wt% solution. Filled

symbol denotes the data for quiescent state while open symbol

denote the data under the flow ( _�� ¼ 10 s�1).
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Figure 3. Double logarithmic plots of G0 and G00 vs. ! (top)

and � and N1 vs. _�� (bottom) for DI-15, 40wt% solution. Solid

and broken lines denote slopes of 1 and 2, respectively. Symbols

are denoted in the figure.
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tuation effects. The difference between oscillatory and
steady shear flow behaviors will be discussed later
together with that of Je.
For the rest of DI solutions, there is no apparent

difference between the data obtained from dynamic
and steady flow measurements, implying that the fluc-
tuation is not affective for those low C solutions. The
data obtained by steady flow measurements and dy-
namic measurements at lower concentrations compose
respective straight lines. The slope is about 5, which is
intermediate value for the concentration dependence
of homopolymers in good and 	 solvents19,20 and close
to that for SP diblock copolymers in a selective sol-
vent.21 Since DOP is a 	 solvent for polystyrenes at
22 �C,20 it may be a selective solvent for SI and DI,
so that the observed C dependence of �0 may be rea-
sonable.
Figure 5 shows double logarithmic plots of reduced

steady state compliance JeRð¼ JeCRT=MWÞ½�0=ð�0 �
�sÞ�2) vs. CMW for DI solutions. It is clear that the data
for DI-10 and DI-15 obtained by oscillatory flow are
always higher than those obtained by steady flow
due to the fluctuation effects, while the data for DI-
55 obtained by the different measurements are almost
the same and close to the data of linear homopolymer
systems22 since these solutions are far from the ODT.
The data obtained by steady shear flow for DI-10 and
DI-15 solutions are close to those of DI-55, indicating
suppression of the fluctuation effects.
Bates et al.14 and Jin and Lodge15 studied fluctua-

tion effects on G0 and G00 for diblock copolymer melts
and high molecular weight diblock copolymer solu-
tions in the disordered states, respectively. They re-
ported that G0 and G00 become almost one order and
about 30% higher than the respective (estimated)
non-fluctuating values near the ODT. They pointed
out that the observed terminal region behaviors are

qualitatively consistent with but higher than the theo-
retical calculation of Fredrickson and Larson,23 in
which slowing down of the longest relaxation time
due to the potential barrier created by fluctuating pat-
tern similar with microphase separated structure in the
ordered states is taken into account. Since the tested !
range in this study is limited in a relatively lower
range, no obvious shifts of G0 and G00 (appearance
of shoulder for G0) reported for diblock melts14 is
observed in this study. However, it is clear that the
degree of enhancements observed for �0 and Je are
qualitatively consistent with above studies.
In the case of SPs and DPs,4 the fluctuation effects

was only observed for Je but not for �
0 at the similar

values of ð�NÞeff . We speculate that the difference in
two different block copolymers can be attributed to
the differences in the viscoelastic properties of com-
ponents; since the viscoelastic properties of compo-
nents are almost the same for SPs and DPs, existing
fluctuation patterns have almost uniform viscoelastic
proerties so that the barrier may become weaker in
a dynamic scenes for SPs and DPs than for other
diblock copolymers.
One may expect that �0 obtained by oscillatory and

steady shear flow measurements become the same
since both data clearly show linear region behavior
(Figure 3), however small differences are observed
between the data near the ODT. Theoretical study
has been further developed by Onuki,24 in which
steady shear flow behaviors at finite _�� are included.
It was pointed out that proportionality factor for _��
arising from deformation of fluctuations are different
for viscosity and N1 so that viscosity enhancements
rapidly decrease even in the linear region for bare
viscoelastic properties of copolymers. As a result,
the Cox-Mertz law25 does not hold for diblocks in
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Figure 4. Double logarithmic plots of �0 vs. C for DI/DOP
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the disordered states near the ODT. Above result for
viscosity behavior is qualitatively consistent with this
prediction.
Finally, we compare the JeR data for different di-

block copolymers. Figure 6 shows semilogarithmic
plots of JeR vs. ð�NÞeff for DP-20, DI-10, and DI-15.
The data are scarce and somewhat scattered but we
can point out that JeR gradually increase with increase
of ð�NÞeff . There is no apparent difference between
two samples in contrast to the viscosity behavior.
From above results, we conclude that the viscosity

enhancement due to the fluctuation effects slightly de-
pend on component viscosities; when viscosity ratio
of components is close to 1, the viscosity enhance-
ment is negligible. On the other hand, enhancement
of JeR seems to be insensitive to the viscosity ratio
of components.

CONCLUSION

Viscoelastic properties of poly(styrene-d8-block-
isoprene)s in DOP are measured under oscillatory
and steady shear flow for three different molecular
weight samples in the disordered states. Flow-induced
microphase separation is not observed when effective
interaction parameter ð�NÞeff is lower than 9.9. En-
hancement of �0 and Je due to the fluctuation effects,
which is more obvious for Je, is observed in oscillato-
ry flow while suppression of fluctuation effects is ob-
served in steady shear flow, confirmed by flow-SANS
measurements. Comparing these results with those for
poly(styrene-block-2-vinylpyridine)s, it is concluded
that the viscosity enhancement due to the fluctuation
effects slightly depend on component viscosities.
When viscosity ratio of components is close to 1,

the viscosity enhancement is negligible. On the other
hand, enhancement of JeR seems to be insensitive to
the viscosity ratio of components.
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