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ABSTRACT: The effect of solvent quality on shear-induced structures in semidilute polystyrene solutions
are investigated by using light-scattering and rheological methods. We found that the shear-induced
structures are universally formed in various solvents employed in this experiment. We especially focus
on a critical shear rate γ̆cx, at which the light scattering intensity starts to increase in our experimental
geometry, and on a critical shear stress, σxy,cx, at γ̆ ) γ̆cx. We found that γ̆cx is not well correlated with ø
but rather that σxy,cx is better correlated with ø, where ø is the Flory-Huggins interaction parameter
between polystyrene and solvents. σxy,cx increases with decreasing ø. This indicates that the structure
formation is strongly affected by solvent quality, mainly through the thermodynamic state of the solution.
We also analyzed the solvent quality dependence of γ̆cx in the context of Onuki’s linear theory, and found
that γ̆cx can be scaled by Kos/η0, where Kos is the osmotic modulus and η0 the zero-shear viscosity.

1. Introduction

Shear-induced enhancement of concentration fluctua-
tions and/or phase separation in semidilute polymer
solution is now one of many intriguing phenomena not
only in the field of polymer science but also in the field
of nonequilibrium statistical mechanics with regard to
phase transition. So far, a number of experimental and
theoretical efforts have been devoted to gain an insight
into the physics underlying this phenomenon.

A key concept to understand this phenomenon lies in
“dynamical coupling between stress and diffusion”.1 This
arises when the respective components of a binary
mixture are dynamically very different, a typical ex-
ample of which is a semidilute polymer solution in which
polymers and solvents have slow and fast dynamics,
respectively. In a semidilute polymer solution where
polymers are entangled, the concentration fluctuations
developed by thermal activation disturb the conforma-
tion of polymer molecules, and as a result generate local
stress, because the time scale and spatial scale of the
concentration fluctuations are comparable to those of
the entangled polymer molecules. This local stress in
turn affects the dynamics of the concentration fluctua-
tions, triggering some interesting phenomena in semi-
dilute polymer solutions such as the nonexponential
time correlation function of the concentration fluctua-
tions in a single phase as observed by dynamic light
scattering,2 and the viscoelastic phase separation in the
thermodynamically unstable region,3-5 as well as the
shear-induced concentration fluctuations and/or phase
separation of our interest in this work.6-8

In the case of a system subjected to shear flow, a key
physical factor is the relaxation process of the spatially
inhomogeneous stress induced by an externally applied
shear flow. When the shear rate γ̆ is smaller than the
terminal relaxation rate τm

-1 (γ̆ < τm
-1), the local stress

is relaxed via disentanglement processes of entangled

polymers, and hence no enhancement of the concentra-
tion fluctuations is expected under this situation. When
γ̆ > τm

-1, on the other hand, the local stress, caused by
the local variation of the concentration fluctuations and
the concentration-dependent viscosity, is released by
squeezing solvents from the regions having more en-
tanglement points and hence larger stress. This process
accompanies a further enhancement of concentration
fluctuations. As γ̆ is increased further, the shear-
induced phase separation is eventually brought about.

In experimental studies, semidilute solutions of poly-
styrene in dioctyl phthalate (PS/DOP) have been exclu-
sively employed,6-8 because this system has the follow-
ing advantages in conducting experiments: DOP is a
nonvolatile solvent and PS/DOP has a phase boundary
at around the room temperature. However, of course,
this phenomenon should not be limited to PS/DOP.
Theories9-11 indicate that this phenomenon emerges
irrespective of systems if some thermodynamic and
viscoelastic conditions are satisfied as discussed later.
In this study, to check universality of this phenomenon
and explore the effect of the solvent quality on the
structure formation, we experimentally investigated the
shear-induced structure formation in semidilute poly-
styrene solutions with various solvents by conducting
light-scattering and rheological experiments.

There are two characteristic shear rates regarding the
shear-induced structure formation observed in the qx -
qz plane as a function of γ̆.12 One is γ̆cx, at which the
light-scattering intensity along the flow direction (qx)
starts to increase in the qx - qz plane. Here q is the
amplitude of the scattering wave vector defined as q )
|q| ) (4π/λ) sin(θ/2), where λ is the wavelength of the
incident beam and θ is the scattering angle in medium.
The x, y, and z axes indicate, respectively, the flow
direction, the velocity gradient direction, and the neutral
direction, and qx, qy, and qz are the respective compo-
nents of q. γ̆cx is a shear rate from which the nonlinear
enhancement of the concentration fluctuations starts to
occur,12 a basis of which is that the structure factor at
γ̆ > γ̆cx cannot be described by a linearized time-

* To whom correspondence should be addressed.
† Present address: Tsukuba Research Laboratory, Sumitomo

Chemical Co., Ltd., Ibaraki, Tsukuba, 300-3294, Japan.

7692 Macromolecules 2002, 35, 7692-7699

10.1021/ma0203389 CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/24/2002



dependent Ginzburg-Landau type dynamical equation
based on a theory proposed by Helfand and Fredrick-
son,9 Milner10 and Onuki.11 Another is γ̆cz, at which the
light-scattering intensity along qz starts to increase. γ̆cz
is believed to be a shear rate from which the shear-
induced demixing starts to occur.13,14 The characteristic
shear rate concerned in this study is the former one,
i.e., γ̆cx. In our previous study,12 we have already
elucidated the temperature and concentration depend-
ence of γ̆cx for a given solvent. The present paper would
complement ref 12 with a study of the solvent quality
dependence of γ̆cx and the shear stress at γ̆cx (defined
hereafter critical shear stress σxy,cx), which is analyzed
in conjunction with the Flory-Huggins interaction
parameter ø. The results are also compared with a
linearized theory proposed by Onuki.11

Before getting into the main part of this work, it
would be worthy to think about how and why the solvent
quality affects γ̆cx. As spelled out in ref 12, γ̆cx strongly
depends on both the thermodynamic property, which
determines the nature of the concentration fluctuations
in the quiescent state, and the viscoelastic property,
which determines whether the stress is relaxed by
disentanglement or squeezing of solvents. Thus let us
briefly think about how the solvent quality affects the
thermodynamic and viscoelastic properties of a solution
in order to gain insight on how it affects the shear-
induced structure formation. Below we first discuss the
effect of the solvent quality on the thermodynamic
property and then on the viscoelastic property.

The nature of the concentration fluctuations in the
quiescent state is characterized by the mean-squared
amplitude 〈(∆φ)2〉, the correlation length ê, and the
lifetime of the concentration fluctuations having a
wavelength ê, τê, which are determined by the position
of the solution in a phase diagram shown in Figure 1,
where the spinodal line of the solution to be dealt with
in this study is drawn, with ø as a vertical axis and φ
as a horizontal axis (ø and φ will be defined later), based

on the Flory-Huggins theory.

Here f is the free energy density of mixing of polymers
and solvents, kB is the Boltzmann constant, v0 the
volume of a monomeric unit, φ the volume fraction of
polymer, N the degree of polymerization of polymer, and
ø the Flory-Huggins interaction parameter between
polymer and solvent. The spinodal line at which 〈(∆φ)2〉,
ê, and τê diverge is obtained from the condition of (∂2f
/∂φ2) ≡ r0 ) 0, where

In the above equation, only ø depends on the solvent
quality. The value of ø increases and that of r0 decreases,
as the solvent quality becomes poorer (corresponding
to a shift toward the spinodal line in Figure 1 in the
single phase solution) at a given polymer concentration
φ, resulting in increases in 〈(∆φ)2〉, ê and τê, since 〈(∆φ)2〉

Figure 1. Phase diagram of the polystyrene solution used in
this experiment in the parameter space of ø (Flory-Huggins
interaction parameter between polymer and solvent), defined
in eq 6 and listed in Table 2 of text, as a vertical axis and φ
(volume fraction of polymer in the solution) as a horizontal
axis. The solid line indicates the spinodal curve calculated by
the Flory-Huggins theory. The calculated critical volume
fraction φc is equal to 0.0043. The circles indicate the points
at which the experiments were conducted. At nearly same
values of φ ()0.46-0.61), M ) 5.48 × 106 and T ()27-50 °C)
employed in this experiment, as ø increases, 〈(∆φ)2〉, ê and τê
are expected to increase, while η0/ηs may not change much as
discussed in the text.

Figure 2. Scattering patterns from the semidilute solutions
of polystyrene in various solvents subjected to shear flow with
flow axis along horizontal direction. Bars in parts a-c repre-
sent q ) 1.0 µm-1, while that for part d represents q ) 0.5
µm-1. Key: (a) PS/CH at 35 °C and at γ̆ ) 1 s-1; (b) PS/DBP
at 27 °C and at γ̆ ) 316 s-1; (c) PS/DEM at 50 °C and at γ̆ )
100 s-1; (d) PS/TCP at 27 °C and at γ̆ ) 316 s-1. In each figure
is shown only half of the pattern, because each pattern is
symmetric with respect to the qx - qy plane.

f )
kBT
v0

[φNln φ + (1 - φ)ln(1 - φ) + øφ(1 - φ)] (1)

=
kBT
v0

[φNlnφ + (12- ø)φ2 +1
6
φ

3] (2)

r0 )
kBT
v0

[ 1
Nφ

+ (1 - 2ø) + φ] (3)
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∼ r0
-1, ê ) xC/r0 with C being constant independent of

the solvent quality as defined later, and τê ) ê2/D ∼ ê3

with D being the diffusion constant, according to the
mean-field theory. We shall discuss later how the values
of ø in Figure 1 are evaluated.

On the other hand, as for the viscoelastic property,
the slow mechanical relaxation process is important in
the shear-induced structure formation. The maximum
relaxation time τm and the zero-shear viscosity η0
characterize this process. Although the scaling laws of
η0 and τm for semidilute solutions with respect to the
concentration φ or c (g/mL) and the molecular weight
M for both good and Θ solvents are available from the
extensive literature, the data on how η0 and τm change
with the solvent quality at a given c, M, and T are quite
limited. It was reported,15,16 however, that at higher
concentrations the polystyrene solutions with Θ solvents
give higher relative viscosity η0/ηs (with ηs being the
solvent viscosity) than those with good solvents, while
at lower concentrations the formers give lower η0/ηs than
the latters, and the crossover concentration exists in the
range c/c* ) 2.2-4.7 where c* is the overlap concentra-
tion as will be defined in section 2.1 below. It follows
that η0/ηs of the solutions with Θ solvents is almost the
same or slightly higher than those with good solvents
at the concentration of our interest (c/c* ) 5.1-7.4). In
the following discussion, η0/ηs may be assumed to be
almost independent of the solvent quality. More rigor-
ously, the viscoelastic properties will be later shown in
Figure 4.

2. Experimental Method
2.1. Samples. Samples employed in this study were semi-

dilute polystyrene (PS) solutions with a given molecular weight
and concentration but with various solvents. The weight
average molecular weight of PS was 5.48 × 106, and the
heterogeneity index for the molecular weight distribution was
1.15. The concentration of PS prepared was 6.0 wt % for all
the solutions. The solvents used were dioctyl phthalate (DOP,
Θ solvent for PS at 22 °C), cyclohexane (CH, Θ solvent for PS
at 35 °C), diethyl malonate (DEM, Θ solvent for PS at 35 °C),
dibutyl phthalate (DBP, good solvent for PS), and tricresyl

phosphate (TCP, good solvent for PS).17 The c* value was
calculated using c* ) 3Mw/(4πRg

3NA) with an assumption of
Rg given by Rg ) b(Nw/6)0.5, where Rg, NA, b, and Nw are,
respectively, the radius of gyration of a single polymer
molecule, Avogadro’s number, the statistical segmental length
(6.7 Å), and the weight average degree of polymerization. Then
c/c* values of each solution at 25 °C were 6.7 for PS/DOP, 5.1
for PS/CH, 6.9 for PS/DEM, 6.8 for DBP, and 7.4 for TCP. Thus
the c/c* covered in this work is approximately in the range
5-7.

2.2. Light Scattering. Two apparatuses were used to
measure the light scattering intensity distribution under shear
flow. One is to obtain scattering profiles as a function of qx

and qz by using photodiode array. The details of this apparatus
have been described elsewhere.18 Another is to obtain the two-
dimensional scattering patterns in the qx - qz plane by using
a CCD camera, as detailed elsewhere.19 Both use a He-Ne
laser having a wavelength of 632.8 nm as an incident beam
source. The shear cell used was the same for both apparatus,
a transparent cone-and-plate type shear cell made of quartz
with 80 mm diameter and 1° cone angle.

2.3. Rheology. Measurements of steady-state viscosity η
as a function of shear rate γ̆ were carried out with RMS-800
and ARES-FS (Rheometric Scientific Co. Ltd.) by using cone-
plate fixtures.

3. Results
3.1. Scattering Patterns. Figure 2 shows two-

dimensional scattering patterns from semidilute solu-

Figure 3. Normalized integrated intensities along the qx and
qz, Ix(γ̆)/Ix(γ̆ ) 0), and Iz(γ̆)/Iz(γ̆ ) 0) plots, respectively, as a
function of γ̆ in double logarithmic scale. Critical shear rates
γ̆cx (γ̆cz) are determined as the value at which the two straight
lines fitted to the data points of Ix(γ̆)/Ix(γ̆ ) 0) (Iz(γ̆)/Iz(γ̆ )
0)) intersect as shown in the figure.

Figure 4. Steady-state shear viscosity η (a) and shear stress
σxy (b) as a function of shear rate for semidilute solutions of
polystyrene (with the given molecular weight and at the fixed
concentration as indicated in the text) in various solvents. Solid
and broken arrows in part a denote γ̆cx and τm

-1 of each
solution, respectively.
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tions with various solvents under steady state shear.
In the quiescent state, the scattering pattern is isotropic
and the intensity is very weak. Under shear flow, the
scattering intensity is highly enhanced and the scat-
tering excess to that from quiescent solution gives the
patterns as shown in Figure 2. The scattering patten
becomes anisotropic with two lobes of high intensity
along the flow direction (parallel to qx), which is called
“butterfly”, provided that the shear rate is higher than
a certain critical shear rate γ̆cx which depends on the
solvent used. The butterfly pattern is a characteristic
of the shear-induced enhancement of concentration
fluctuations and/or phase separation. It should be
stressed in this figure that the butterfly patterns are
observed for all the solutions, irrespective of the solvent
species, although the temperature and shear rate
required are different.17 This indicates that the shear-
induced structure formation is a universal phenomenon
for semidilute polystyrene solutions.

3.2. Determination of Critical Shear Rate. To
determine the critical shear rate γ̆cx, we introduce an
integrated intensity along qx as follows:

Here I(qx;γ̆) is the scattering intensity distribution along
qx at a given γ̆, qx,min ()3.17 × 10-4 nm-1) and qx,max
()3.68 × 10-3 nm-1) are the lower and upper limits of
the experimental q window along qx. The integrated
intensity along qz, Iz, was also introduced in order to
determine the critical shear rate γ̆cz by replacing qx,min
and qx,max with qz,min ()3.26 × 10-4 nm-1) and qz,max
()3.58 × 10-3 nm-1), respectively, and qx with qz in eq
4. Figure 3 shows a typical example of the double
logarithmic plot of Ix and Iz as a function of γ̆ obtained
for PS/DBP solution at 27 °C, where Ix and Iz are
normalized with respect to those in the quiescent state,
i.e., Ix(γ̆ ) 0) and Iz(γ̆ ) 0), respectively. Ix and Iz
dramatically increase when γ̆ is increased above the
critical shear rate, indicated by the vertical arrows
marked by γ̆cx and γ̆cz, respectively. The critical shear
rate along qx (qz), defined as γ̆cx (γ̆cz), is assessed as γ̆
above which Ix/Ix(γ̆ ) 0) (Iz/Iz(γ̆ ) 0)) starts to deviate
from unity. More precisely, γ̆cx (γ̆cz) is determined as the
value at which the two straight lines intersect each
other as shown in Figure 3. All other PS solutions with
different solvents and at different temperatures had
similar γ̆ dependence of Ix and Iz, enabling the deter-
mination of γ̆cx and γ̆cz with almost same accuracy. In
this work, however, we focuses only on γ̆cx and σxy,cx. γ̆cx
values thus determined are summarized in Table 1.

3.3. Determination of Zero-Shear Viscosity and
Maximum Relaxation Time. Figure 4a shows the
steady shear viscosity η as a function of γ̆ for the
systems for which the shear-light-scattering experi-
ments were performed. Data for PS/DOP at 25 °C are

presented instead of those at 27 °C, at which the light-
scattering experiment was carried out. The zero-shear
viscosity η0 and the maximum relaxation time τm were
obtained by fitting the following Carreau function to η:20

Here a is the shear-thinning exponent. η0 and τm
obtained as fitting parameters are also summarized in
Table 1 along with the critical shear stress at γ̆cx, σxy,cx,
and the shear stress at τm

-1, σxy(γ̆ ) τm
-1). The broken

arrows in part a indicate the value γ̆ corresponding to
the value τm

-1 evaluated by the fitting of η vs γ̆ with eq
5, while the solid arrows indicate γ̆cx which was defined
in section 3.2. The viscoelastic data for PS/DOP at 27
°C in Table 1 were obtained as interpolated values of
the viscoelastic data measured from 20 to 50 °C by 5 °C
steps.12 Data for PS/CH were evaluated by using scaling
relations on η0 and τm at 35 °C with respect to concen-
tration and molecular weight investigated by Adam and
Delsanti.21 Figure 4b shows the shear stress σxy as a
function of γ̆. Arrows in Figure 4b denote γ̆cx of each
solution. Figure 5 represents a master curve of η/η0 vs
γ̆aT at 27 °C for PS/DOP which was evaluated by the
time-temperature superposition principle22 (a) and the
corresponding shift factor aT as a function of reciprocal
temperature (b) in which data at temperatures other
than 25, 35, and 50 °C is presented.

3.4. Relationship between γ3 cx and τm
-1. To clarify

the relationship between γ̆cx and τm
-1, γ̆cx in Table 1 is

plotted as a function of τm
-1 in Figure 6. The charac-

teristic rates are clearly correlated in such a way that
γ̆cx increases with increasing τm

-1. γ̆cx may obey a power
law of γ̆cx ∼ (τm

-1)R with an exponent of R = 2. It is also
worth noting that γ̆cx lies in γ̆cx > τm

-1, indicating that
the shear-induced structure formation starts to occur
after the nonlinearity of the viscoelastic behavior be-
comes remarkable. The relation between τm

-1 and γ̆cx

Table 1. Values of γ3 cx, τm, τm
-1, η0, σxy,cx, σxy(γ3 ) τm

-1) of the Semidilute Solutions of Polystyrene in Various Solvents

solvent γ̆cx (s-1) τm (s-1) τm
-1 (s-1) η0 (Pa‚s) σxy,cx (Pa) σxy(γ̆ ) τm

-1) (Pa)

DOP (27 °C) 3.56 × 10-2 4.80 × 101 2.08 × 10-2 8.57 × 102 2.04 × 101 1.45 × 101

DOP (35 °C) 8.98 × 10-2 2.48 × 101 4.03 × 10-2 4.53 × 102 2.42 × 101 1.49 × 101

DOP (50 °C) 5.01 × 10-1 8.58 1.17 × 10-1 1.78 × 102 3.71 × 101 1.69 × 101

CH (35 °C) 5.62 × 10-1 3.49 × 10-2 a 2.87a 3.73 × 101 a

DEM (50 °C) 5.01 3.96 2.53 × 10-1 4.03 × 101 7.07 × 101 9.03
TCP (27 °C) 1.78 × 10-1 3.02 × 101 3.32 × 10-2 2.65 × 103 1.26 × 102 6.72 × 101

DBP (27 °C) 1.78 1.78 × 101 5.61 × 10-2 7.88 × 102 2.32 × 102 3.70 × 101

a Obtained from ref 21.

Ix(γ̆) ) ∫qx,min

qx,max I(qx;γ̆) dqx (4)

Figure 5. Master curve of η/η0 vs γ̆aT for PS/DOP at 27 °C
obtained by time-temperature superposition of η vs γ̆ in
Figure 4a (a) and temperature dependence of the shift factor
aT (b).

η ) η0[1 + (γ̆τm)2]-a (5)
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was represented by means of the broken and solid
arrows in Figure 4.

3.5. Relationship between σxy,cx and σxy(γ3 ) τm
-1).

To clarify the relationship between σxy,cx and σxy(γ̆ )
τm

-1), σxy,cx in Table 1 is plotted as a function of σxy(γ̆ )
τm

-1) in Figure 7. Though σxy,cx increases with increasing
σxy(γ̆ ) τm

-1), a systematic correlation between them
cannot be discerned, indicating that the critical stress
for the structure formation is not necessarily related
fully to the rheological critical stress. All the data points
satisfy σxy,cx > σxy(γ̆ ) τm

-1), also indicating that the
shear-induced structure formation starts to occur after
the onset of nonlinearity in the viscoelastic behavior.

4. Discussion

It would be intuitively obvious that the shear-induced
structure should depend on solvent quality, simply
because solvent quality affects amplitude, correlation
length and lifetime of thermal concentration fluctua-
tions. We already discussed in detail some anticipated
effects of solvent quality on shear-induced structure in
section 1. To qualitatively check our intuition concerning
the effects, we shall discuss correlation between seg-
mental interaction ø and γ̆cx in section 4.2 and correla-
tion between ø and σxy,cx in section 4.3, both free from
any models or theories. A more elaborated analysis of

γ̆ and σxy,cx, based upon a theoretical model, shall be
discussed in section 5.

4.1. Evaluation of ø. To find a systematic correlation
between the shear-induced structure formation and the
solvent quality, we focus on the ø parameter between
polystyrene and solvent. It should be noted, however,
that ø reflects only the thermodynamic aspect of a
solution, though ø, together with the viscoelastic proper-
ties, should play an important role on the shear-induced
structure formation on a quantitative basis as will be
discussed in section 5.

ø is given as follows:

Here øH and øS are the enthalpic and entropic compo-
nents of the thermodynamic interactions.

The values of ø were obtained from the literature as
follows:

(1) For PS/DOP, Nicolai and Brown23 have studied ø
as a function of concentration and temperature by static
light scattering. We rearranged their data to plot ø as
a function of the reciprocal temperature T-1, and found
ø linearly depends on T-1 as ø ) 0.277 + 67.8/T for 6.0
wt % in the temperature range from 10 to 50 °C, which
corresponds to the range of our experiment.

(2) For PS/DEM, Song and Torkelson24 have obtained
a cloud point curve. The PS used has Mw of 2.9 × 105

and Mw/Mn e 1.06. By regarding it as a binodal curve
and neglecting the concentration dependence of ø, we
obtained ø as a function of temperature as ø ) - 0.898
+ 420/T.

(3) For PS/TCP and PS/DBP, the experimental ø
values are not available. We therefore use øH evaluated
below instead of ø, but this is quite problematic, since
øS cannot be neglected for almost all the pairs of polymer
and solvent.

øH is given as follows:25

Here Vs is the molar volume of the solvent, R is the gas
constant, and δp and δs are the solubility parameters of
polymer and solvent, respectively. Calculations of øH
were done using δi (i ) p (polymer) or i ) s (solvent))
calculated by the group contribution method, as detailed
in Appendix. δs, (δs - δp)2, and øH thus calculated are
tabulated in Table 2.

4.2. γ3 cx and ø. In Figure 8, γ̆cx is plotted as a function
of ø. At a first glance γ̆cx is not well correlated with ø as
typically shown for the set of data for the DOP solutions
at 27, 35, and 50 °C as well as that for DEM (50 °C).
For them the γ̆cx values vary despite the fact that the ø
values are approximately identical. For these solvents
with nearly constant ø values, γ̆cx seems to increase with
decreasing η0 as found in Table 1. It means that the

Figure 6. γ̆cx as a function of reciprocal maximum relaxation
rate τm

-1. The dotted line indicates γ̆cx ) τm
-1.

Figure 7. Critical shear stress at γ̆cx, σxy,cx, as a function of
shear stress at τm

-1, σxy(γ̆ ) τm
-1). The dotted line indicates

σxy,cx ) σxy(γ̆ ) τm
-1).

Table 2. Values of ø Obtained from Literatures, Kos and
Kos/η0 for Semidulute Solutions of Polystyrene in Various

Solvents

solvent ø Kos (Pa) Kos/η0 (s-1)

DOP (27 °C) 0.503 3.73 × 103 4.35
DOP (35 °C) 0.497 4.76 × 103 1.05 × 101

DOP (50 °C) 0.487 6.61 × 103 3.71 × 101

DEM (50 °C) 0.404 2.01 × 104 4.99 × 102

TCP (27 °C) 0.179 (øH) 5.26 × 104 1.98 × 101

DBP (27 °C) 0.0457 (øH) 7.28 × 104 9.23 × 101

ø ) øH + øS (6)

øH )
Vs

RT
(δs - δp)

2 (7)
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shear-induced structure formation occurs at a higher
shear rate for the solvent giving rise to a lower value of
η0, if the solvents under consideration have nearly
identical ø values. Thus the stress levels seem to be
an important parameter for the shear-induced struc-
ture formations for these systems. However the three
data at 27 °C (data for DBP(27 °C), TCP(27 °C), and
DOP(27 °C)) indicate that γ̆cx tends to systematically
decrease with increasing ø. This trend is reasonable,
since the poorer the solvent quality (the higher the value
of ø), the larger and longer the spatial and time scale of
the concentration fluctuations, respectively, and hence
the more the stress-diffusion coupling or the resulting
solvent squeezing process, required for the shear-
induced structure formation, becomes effective at a
lower shear rate.

Let us further compare the data of γ̆cx of DBP, TCP
and DOP solutions at 27 °C. Note that these are the
data obtained at the same concentration, molecular
weight and temperature. At γ̆ ) 3.56 × 10-2 s-1 (which
corresponds to γ̆cx for the DOP solution at 27 °C), the
stress level of DBP and TCP solutions are higher than
that of DOP (as seen in Figure 4(b), for example). Thus
if the average stress level 〈σxy〉 is crucial for the shear-
induced fluctuations, the shear-induced structure should
be already formed at this shear rate in the DBP and
TCP solutions. This is because the shear stresses of the
DBP and TCP solutions at γ̆ ) γ̆cx(DOP, 27°C) ) 3.56 ×
10-2 s-1 are higher than that of DOP solution. However,
the experimental results reveal that the DBP and TCP
solutions do not still have the shear-induced structures
and that γ̆cx for the TCP and DBP solutions are higher
than that of the DOP solution. This indicates that at a
given c, M, and T, what is important for the onset of
the shear-induced structure formation is not the average
stress level 〈σxy〉, but rather the nature of the concentra-
tion fluctuations and the resulting local stress variations
∇ σxy. In the DBP and TCP solutions at γ̆ ) γ̆cx(DOP,
27°C), the stress level is higher than that for DOP (27
°C), but the local stress variations may not be large
enough to develop the shear-induced fluctuations. Thus
a higher shear rate and a higher shear stress level are
required for these solutions. In this way the critical
shear rate and critical shear stress themselves depend
on solvent quality or ø. As 〈(∆φ)2〉, ê, and τê increase (i.e.,
as ø increases along the arrow in Figure 1), the solution
becomes sensitive to the local stress buildup and its
spatial variation, which further trigger the shear-
induced fluctuations via the stress relaxation induced

by squeezing of solvents. This effect lowers γ̆cx, explain-
ing the trend in Figure 8 for the three solvents.

4.3. Critical Shear Stress, σxy,cx, and ø. In Figure
9, σxy,cx is plotted as a function of ø. σxy,cx tends to
decrease with increasing ø, indicating that the higher
critical stress level is needed as the solvent quality
becomes better. The change in σxy,cx with ø is more
systematic than that in γ̆cx with ø in Figure 8, because
the data points obtained at approximately equal ø
values are collapsed nearly at the same value of σxy,cx.
This result is consistent with the solvent-squeezing
model introduced in section 1. As ø increases, 〈(∆φ)2〉,
ê, and τê increase, giving rise to the higher local
variation of the stress or the higher imbalance in the
stress. The local stress buildup or the stress imbalance
tends to be relaxed by the solvent-squeezing, which
enhances the concentration fluctuations. This enhance-
ment occurs at a lower γ̆ and hence at a lower stress,
as ø increases. It should be noted that σxy,cx is detected
as a spatially averaged value of this locally fluctuating
stress.

4.4. σxy,cx and γ3 cx. In Figure 10, σxy,cx is plotted as a
function of γ̆cx for DOP (27 °C), TCP (27 °C), DBP (27
°C), DOP (35 °C), DOP (50 °C), and DEM (50 °C). It is
qualitatively concluded that σxy,cx increases with in-
creasing γ̆cx from the data obtained for different solvents
at a given temperature, e.g., a set of data for DOP (27
°C), TCP (27 °C), and DBP (27 °C) or a set of data for
DOP (50 °C) and DEM (50 °C). This trend may be best

Figure 8. γ̆cx as a function of ø. Figure 9. σxy,cx ) σxy(γ̆ ) γ̆cx) as a function of ø.

Figure 10. σxy,cx as a function of γ̆cx for DOP (27 °C), TCP (27
°C), DBP (27 °C), DOP (35 °C), DOP (50 °C), and DEM (50
°C).
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interpreted as a consequence of the fact that the better
the solvent, the larger the values of γ̆cx and the larger
the values of σxy,cx.

5. Comparison with Theory

5.1. Theory. At this stage, we try to analyze γ̆cx in a
more quantitative way than in the previous section.
Helfand-Fredrickson, Milner, and Onuki proposed a
dynamical equation in order to account for the shear-
induced enhancement of concentration fluctuations
based on a two-fluid model (HFMO theory).9-11 The
HFMO theory provides γ̆cx within a linear approxima-
tion. In this section, we briefly introduce Onuki’s
theory11 and theoretically derive γ̆cx.

According to the HFMO theory, the dynamics of the
concentration fluctuations is described by the following
time-dependent Ginzburg-Landau type equation where
the coupling between stress and diffusion is included:

Here v is the average velocity of the polymer and the
solvent, φ the volume fraction of polymer, L the Onsager
coefficient, F the free energy functional, σ(n) the stress
tensor on the entangled network, and θφ the thermal
noise contribution. On the assumption that σ(n) is
expressed by the deviatopic part of the mechanical
stress tensor derived for the Newtonian fluids, we can
establish a linear equation for the Fourier components
φq

where r0 is defined in eq 3, C, the coefficient for the term
accounting for the energy cost of concentration in-
homogeneity (concentration gradient), is given by the
random-phase approximation, θq is the contribution of
the thermal noise of the q Fourier mode satisfying the
fluctuation-dissipation theorem, and η′0 ) ∂η0/∂φ.
Leff(q) is the q-dependent Onsager coefficient, given by
Leff(q) ) L/(1 + q2êve

2), where êve is the viscoelastic
length representing the strength of coupling between
stress and diffusion:1 êve ) (4Lη0/3φ 2)0.5 ) (4Dcoη0/
3Kos)0.5, where Dco and Kos are, respectively, the co-
operative diffusion constant and the osmotic modulus,
though the detail of êve is not important in this work.

From eq 9, we obtain the following relaxation rate of
the concentration fluctuation at a given q-mode:

Here r0 is positive for metastable or stable solutions
above the spinodal point. When Γeff < 0, the sheared
solution becomes thermodynamically unstable and the
steady-state structure factor cannot be obtained. Hence,
Γeff ) 0 at small q yields a stability limit. Under the
condition of qx ) qy ) q/x2, for example, the critical
shear rate γ̆c for the shear-induced instability is given
by

where Kos(≡ φ(∂π/∂φ) ) φ2r0) is the osmotic modulus. In
this work, we asuume that this critical shear rate γ̆c
obtained in this theory is propotional to that obtained
in this experiment γ̆cx, i.e., γ̆cx ∝ γ̆c, though the critical
shear rate in our experiment may reflect the shear rate
above which the nonlinear enhancement of the concen-
tration fluctuations starts to occur.12 On this assump-
tion, γ̆cx is proportional to Kos/η0, surely reflecting the
expectation discussed in section 1 that the shear-
induced structure formation depends on both the ther-
modynamic (Kos) and the viscoelastic (η0) properties.

Here we have to stress that eq 11 is derived on the
special assumption, regarding viscoelasticity, such that
the solution is a Newtonian fluid and N1 ) 0 over all
the shear rates covered. This assumption is problematic
since γ̆cx > τm

-1 as shown in Figure 4 and N1 cannot be
negligible at γ̆cx. Hereafter we continue our analysis
using eq 11 despite this problem, because eq 11 is
reasonable and useful when comparing the experimen-
tal results with a theory.

5.2. Determination of Kos. To estimate γ̆c in eq 11
experimentally, we have to evaluate the values of Kos.
Kos for a semidilute solution is given by11

where Nn is the number average polymerization index
and ø is the segmental interaction parameter given by
eq 6 and tabulated in Table 2 for the system studied in
this work. The values of Kos and Kos/η0 thus obtained
are also summarized in Table 2.

It is ideal to actually measure Kos using light scat-
tering and compare the measured values with those
estimated here. However accurate determination of Kos
for the semidilute solutions with the large molecular
weight in our studies, espescially for good solvents such
as TCP and DBP, simply because they yield scattering
intensity much weaker than DOP as expected from
Figure 1. Thus we would like to leave this measurement
for future works.

5.3. γ3 cx as a Function of Kos/η0. Figure 11 shows a
double logarithmic plot of γ̆cx against Kos/η0 where γ̆cx
increases with increasing Kos/η0 according to a power
law with an exponent of unity. This is in excellent
agreement with eq 11, indicating that the shear-induced
enhancement of concentration fluctuation depends on
both the thermodynamic and viscoelastic properties.
Despite the serious assumption on ø mentioned in the
previous section, the data points of DBP (27 °C) and
TCP (27 °C) are roughly on the dotted line with a slope
of unity. This may be due to the fact that the contribu-
tion of øS on Kos is insensitive concerning this plot.
However it should be noted that the absolute values of
γ̆cx are systematically lower than those of γ̆c in eq 11 by
a factor of about 10.

Thus we have found that Onuki’s linear theory can
describe not only the temperature and concentration
dependence of γ̆cx, as studied in our previous paper,12

but also the dependence of γ̆cx on the solvent quality.
The parameter that remains to be studied is the
molecular weight. The molecular weight dependence of
γ̆cx would be also reduced by Kos/η0 as far as c > c*,

( ∂∂t
+ v·∇)φ ) ∇·L[∇δF

δφ
- 1

φ
∇·σ(n)] + θφ (8)

( ∂

∂t
- γ̆qx

∂

qy
)φq )

- Leff(q)[q2(r0 + Cq2) -
2η′0
φ

γ̆qxqy]φq + θq (9)

Γeff(q) ) L[q2(r0 + Cq2) -
2η′0
φ

γ̆qxqy]/[1 + êve
2q2] (10)

γ̆c =
r0φ

η′0
)

φ
2r0

5η0
)

Kos

5η0
(11)

Kos ) (kBT
v0

)φ2[φ + (1 - 2ø) + 1
Nnφ], (12)
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which is required to hold the thermodynamic and
viscoelastic relations of a semidilute solution.

6. Summary

We have investigated the effect of solvent quality on
the shear-induced structure formation in semidilute
polystyrene solutions. We have found out that this
phenomenon is common for polystyrene solutions with
various solvents. In a qualitative analysis of γ̆cx focusing
on only the thermodynamic interaction parameter ø, γ̆cx
and the corresponding shear stress σxy,cx increased with
decreasing ø, revealing that the higher shear rate and
shear stress are needed for the shear-induced structure
formation as the solvent quality becomes better. We also
discussed that the local stress fluctuations ∇σxy is
dominant in terms of the structure formation over the
average of the locally fluctuating stress that is detect-
able by the rheological experiment. The important
finding of this article was that the dependence of the
solvent quality on γ̆cx could be scaled by Kos/η0 in
accordance with Onuki’s linear theory: γ̆cx increased in
proportion to Kos/η0, indicating that the shear-induced
structure formation depends on both the thermody-
namic and viscoelastic properties. We expect that a
trend similar to that found for γ̆cx will be observed also
for γ̆cz, the critical shear rate for the onset of demixing.
The discussion on γ̆cz, however, will be left for future
work.

Appendix

The solubility parameters used are calculated by
using the group contribution method.26 The solubility
parameter δi is defined as

where ∆Ei
v is the energy of vaporization per mole of the

i-th molecule (either a solvent or polymer), and Vi is its
molar volume. In the group contribution method, it is
assumed that the contributions of different functional
groups in a molecule to the thermodynamic property are
additive. Small27 defined the molar attraction constant
Fij for each functional group j in the i-th molecule as

Substituting (A2) into (A1) yields

where Fi and Mi are the density and molecular weight
of the i-th molecule, respectively. Sets of values of Fij
are available in ref 26.
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Figure 11. γ̆cx as a function of Kos/η0. The dotted line indicates
the theoretical prediction with slope 1.
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