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Viscoelastic effects in relaxation processes of concentration fluctuations in dynamically asymmetr
polymer blends

Mikihito Takenaka,1 Hiroyuki Takeno,1 Hirokazu Hasegawa,1 Shin Saito,1 Takeji Hashimoto,1 and Michihiro Nagao2
1Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Kyoto 606-8501, Japan

2Institute for Solid State Physics, The University of Tokyo, Ibaraki 319-1106, Japan
~Received 12 July 2001; published 22 January 2002!

Relaxation processes of the concentration fluctuations induced by a rapid pressure change were investigated
for a dynamically asymmetric polymer blend@deuterated polybutadiene~DPB!/polyisoprene~PI!# with a com-
position of 50-50 by weight by using time-resolved small-angle neutron scattering. The pressure change was
carried out inside the single-phase of the blend with the cell designed for polymeric systems under high
pressure and temperature. Time change in the scattered intensity distribution with wave number~q! during the
relaxation processes was found to be approximated by Cahn-Hilliard-Cook linearized theory. The theoretical
analysis yielded theq dependence of Onsager kinetic coefficient that is characterized by theq22 dependence
at qjve.1 with the characteristic lengthjve ~with jve being the viscoelastic length! being much larger than
radius of gyration of DPB or PI. The estimatedjve agrees well with that calculated using the Doi and Onuki
theory that takes into account the viscoelastic effects arising from the dynamical asymmetry between the
component polymers in the relaxation of concentration fluctuations.
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I. INTRODUCTION

The dynamics of concentration fluctuations in bina
polymer blends has been one of the interesting rese
problems in chemical physics of complex liquids. Many e
perimental studies of the phase-separation processes of
mer blends have unveiled some common features betw
simple-liquid mixtures and polymer blends@1–4#. For ex-
ample, the phase-separated structures of polymer blends
simple-liquids mixtures grow with dynamical self-similarit
in the late stage spinodal decomposition~dynamical scaling
concept@5–7#!, and the coarsening behaviors of the two s
tems, as observed by time evolution of the characteri
wave number and scattered intensity at different quenc
become universal, independent of the quench depth and
systems when the relevant physical quantities are redu
with the quench-depth-dependent characteristic parame
~Langer-Bar-on-Miller’s scaling postulate@8,9#!. Those com-
mon features described above are mainly found with exp
ments using light scattering or optical microscope exp
ments, where the observed length scalel and time scalet
are very much larger than the radius of gyration (Rg) and
characteristic time~the longest relaxation timetm @10,11#! of
polymers.

If we observe the dynamics in polymer blends at t
length scale close toRg by using small-angle neutron sca
tering ~SANS! or small-angle x-ray scattering~SAXS!, some
unique features, which are not relevant to small-molecu
systems, appear in the dynamics of phase-separation
cesses. This is because linear flexible polymers have m
internal degrees of freedom and hence internal modes o
brations@10,11#. These modes should affect the dynamics
the length scale of the observationl satisfyingl <Rg or at
the time scalet shorter thantm @10,11#. One unique feature
related to this is theoretically explored by Akcasu@12#: the
1063-651X/2002/65~2!/021806~9!/$20.00 65 0218
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phase-separation processes are affected by internal m
@12# at l <Rg or at t<tm , while they are affected by the
self-diffusion of each component atl >Rg or at t>tm . The
effects of internal modes on the dynamics of polymer blen
have been experimentally studied in polystyrene~PS!/
poly~styrene-ran-4-bromostyrene! blend by Strobl@13# and
in dPS/PS blend by Mu¨ller et al. @14#.

Even in the case whenl >Rg or t>tm , if t andl are not
very large compared withtm andRg , respectively, the nor-
mal modes still affect the dynamics through wave-num
~q!-dependent translational diffusion via reptation@15#. This
would make the Onsager kinetic coefficientL nonlocal and
henceq dependent@L5L(q)#, which is not observed in
other systems such as simple-liquid mixtures. It is expec
that the Onsager kinetic coefficient asymptotically increa
to a constant valueL~0! with qRg→0. de Gennes@16# and
Pincus@17# and later Binder@18# theoretically elucidated this
effect. Pincus@17# predicted that the Onsager kinetic coef
cients obeysq22 at qRL>1 with RL beingRg for ‘‘symmet-
ric’’ polymer blends~we will show the exact expression o
the theory in Sec. III!. According to the theory,L(q) be-
comes effectively constant, satisfyingL(q)/L(0)>0.95,
when qRg<0.33 for the symmetric blends. Here the sym
metric blends denote that each component in polymer ble
has an identical polymerization indexN and self-diffusion
coefficientDs .

Several experimental works investigated theq depen-
dence of the Onsager kinetic coefficient by analyzing
dynamics of early stage spinodal decomposition in the c
text of Pincus’s@17# and Binder’s@18# theory. Jinnaiet al.
@19# investigated the dynamics of the early stage spino
decomposition of the nearly symmetric deuterated polybu
diene~DPB!/polybutadiene~PB! blend and determined theq
dependence of the Onsager kinetic coefficients. Accordin
their study, theq dependence of the Onsager kinetic coe
©2002 The American Physical Society06-1
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MIKIHITO TAKENAKA et al. PHYSICAL REVIEW E 65 021806
cient is well expressed by the Pincus theory but the estim
RL is about twice as large asRg’s of DPB or PB. Müller
et al. @14# also found theRL /Rg52 for the nearly symmetric
dPS/PS blend. In both cases if the theory is correct,RL

should be equal toRg .
As for asymmetric blends in which each component

blends has differentDs’s, Schwahn, Janssen, and Spring
@20# found theRL /Rg is about 5 to 7 on the basis of th
analysis described above for the dPS/poly~vinyl methyl
ether! ~PVME! blend. Kawasaki and Koga@21# suggested
that this largeRL originates from the dynamical couplin
between diffusion and stress that is predicted as ‘‘viscoela
effects’’ by Doi and Onuki@22,23# ~DO!. According to the
DO theory, the stress relaxation governs the dynamics of
concentration fluctuations atl shorter than a certain chara
teristic lengthjve defined as ‘‘viscoelastic length,’’ and th
Onsager kinetic coefficient hasq22 dependence atqjve.1.
jve increases with asymmetry in polymerization indices a
self-diffusion coefficients of the component polymers a
can be much larger thanRg andRL .

The aim of this paper is to explore the effects of t
dynamical coupling between diffusion and stress on the
laxation processes of the concentration fluctuations of
namically asymmetric polymer blends within their one pha
region. We focus on the long time relaxation processes wh
the Onsager kinetic coefficient should be aq-independent
constant valueL~0!, if the viscoelastic effects do not play a
important role. In order to test the validity of the DO theo
we will estimate theq dependence of the Onsager kine
coefficient by analyzing the relaxation process with Ca
Hilliard-Cook ~CHC! theory@24,25# and compare the exper
mental value ofjve with that estimated by the DO theory.

The blend samples and the experimental techniques
in this study are described in Sec. II. We will first sho
equilibrium structure factors for the blend in a single-pha
state at a given temperature as a function of pressure
then characterize the pressure changes employed in
study in order to induce the relaxation of the concentrat
fluctuations in Sec. III A. In Sec. III B, we will present th
experimental results on the time changes in the structure
tors during the relaxation processes of the concentration fl
tuations induced by the pressure change and analyze the
by using the CHC theory. We will discuss the viscoelas
effects on theq dependence of the Onsager kinetic coe
cient estimated by the CHC theory in Sec. III C. The Onsa
kinetic coefficient thus evaluated will be compared w
those predicted by the theories in Sec. III D. In Sec. III E,
will compare the viscoelastic lengthjve-expobtained from the
relaxation experiments with thatjve-theory, estimated by using
the DO theory. The parameters required for estimat
jve-theory were obtained from viscoelastic data. Finally, w
will summarize our results in Sec. IV.

II. EXPERIMENTAL SECTION

The DPB and polyisoprene~PI! used in this study were
synthesized by living anionic polymerization. The charact
ization of DPB and PI are listed in Table I, whereMn and
Mw designate number-averaged and weight-averaged
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lecular weight, respectively. The two polymers have differe
molecular weight: molecular weight ratio and molar volum
ratio of DPB and PI are 4.40 and 4.42, respectively. T
composition of a DPB/PI mixture studied was 50-50
weight. The DBP/PI blend has a lower-critical-solutio
temperature-type phase diagram and the spinodal temp
ture atP50.1 MPa is 314.2 K.

The DPB/PI blend was dissolved into a homogeneous
lution with toluene in which total weight fraction of the poly
mers are 0.1. The film specimen of the blend was obtai
by evaporating the solvent slowly at room temperature. T
film was further dried in vacuum for 24 h at room temper
ture, and then molded into the disk with 1-cm diameter a
2-mm thickness for the SANS experiment. We installed
molded sample into the cell that is specially designed for
SANS measurement under high pressure~up to 200 MPa!
and high temperature~up to 523 K!. The details of the cell
for high pressure and temperature are described elsew
@26#. The SANS experiments were performed with SANS
of the Institute for Solid State Physics of the University
Tokyo at JRR-3M reactor at Japan Atomic Energy Resea
Institute in Tokai. The neutron wavelengthl used here was
0.8 and 0.72 nm for the experiment at 298.1 and at 309.0
respectively, but the sample-to-detector distance was fixe
12 m. All measured intensities were circularly averaged a
calibrated into the absolute intensity~cm21 unit! with the
incoherent scattering for Lupolene® after the correction
the electrical background noise, the sample transmitta
the scattering of an empty cell.

We measured the pressure dependence of the SANS
tensity atT5298.1 and 309.0 K in order to investigate th
pressure dependence of the Flory-Huggins segmental in
action parameterx between DPB and PI. The pressureP
used here is 0.1, 20.0, 40.0, 60.0, and 80.0 MPa at 298.1
0.1, 20.0, 40.0, 60.0, and 100.0 MPa at 309.0 K. For t
purpose, SANS scattered intensity distribution was measu
for 30 min at each temperature and at each pressure.

We took the following procedure to measure the tim
changes in the scattered intensity distribution induced

TABLE I. Characterization of polymers used in this study

Sample
code

Mw ~units
of 1024! Mw /Mn

Molar volume
of monomer unit

vc ~cm3/mol!

Unperturbed
radius of
gyration
Rg

d ~mm!

DPB 37.4a 1.28a 60.4 21.0
PI 8.5b 1.10b 75.6 9.5

aDetermined with gel permeation chromatography with light sc
tering.
bDetermined with gel permeation chromatography calibrated
polyisoprene standard samples.
cv5M0 /r, whereM0 andr are, respectively, molecular weight o
monomer and density~0.899 g/cm3 for PI and 0.985 g/cm3 for
DPB!.
dRg are obtained with unperturbed chain parameters from the
coelastic measurement@40#. We used the unperturbed chain param
eters of polybutadiene to estimateRg of DPB.
6-2
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VISCOELASTIC EFFECTS IN RELAXATION . . . PHYSICAL REVIEW E65 021806
pressure changes~hereafter defined as ‘‘quench’’! from 80.0
to 0.1 MPa at 298.1 K and from 100.0 to 0.1 MPa at 30
K: for example, in the former quench, the sample was fi
equilibrated at 298.1 K and 80.0 MPa for 30 min before
SANS measurement. The sample was then quenched
80.0 to 0.1 MPa at 298.1 K, followed by a time-resolv
SANS measurement as a function of timet after the comple-
tion of the quench. The data acquisition during the relaxat
process was implemented at 50 different time slices, e
slice being obtained for data-acquisition time of 20 s. Sin
each time-sliced scattered intensity distributionSj (q,t i),
thus obtained had a poor statistical accuracy, for a furt
quantitative analysis of it, we repeated the quench exp
ment over 20 times in order to obtain a signal-average s
tered intensity distributionS(q,t i)

S~q,t i !5
1

N (
j 51

N

Sj~q,t i !, ~1!

where N is the number of the repeated relaxation expe
ments ~N520 in this experiment!, subscriptj denotesj th
relaxation experiment, andt i is the i th time slice in each
relaxation experiment. In order to avoid some artifacts
volved by the signal-average process in each relaxation
periment, we confirmed the identity of the equilibrium sc
tered intensity distributions at 80.0 and 0.1 MPa at 298.1
The same experimental procedure was taken for the que
from 100.0 to 0.1 MPa at 309.0 K.

In order to obtain the viscosity of the blend and the se
diffusion coefficient of each component, we carried out l
ear viscoelastic measurements of the DPB/PI blend in its
phase region by using RMS-800, Rheometrics® with a co
plate geometry of diameter equal to 7.90 mm and ang
frequencyv ranging from 0.002 to 100 rad/sec. The stra
amplitude used here is 2.0%. The method to evaluate b
quantities from the linear viscoelasticity will be detailed la
in Sec. III D.

III. RESULTS AND DISCUSSIONS

A. Quench depth induced by pressure jump

Figures 1 and 2 show the pressure~P! dependence of the
equilibrium scattering functionSeq(q) at 298.1 K and 309.0
K, respectively. In the figures,Seq(q) is plotted as a function
of wave numberq defined by

q5~4p/l!sin~u/2!, ~2!

whereu is the scattering angle.Seq(q) decreases with pres
sure, indicating that the DPB/PI mixture has an upp
critical-solution-pressure-type phase diagram@27#.

According to the scattering theory based on the rand
phase approximation~RPA! @28–30#, Seq(q) is expressed by

kN

Seq~q!
5

1

fDPBvDPBSDPB~q!
1

1

fPIvPISPI~q!
2

2x

v0
~3!

with
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vDPB
2

aPI

vPI
D 2

, ~4!

andSi(q) is the structure factor fori th component polymer
~i 5DPB or PI! given by

Si~q!5
2

xi
2 F S hi

hi1xi
D hi

211xi G ~5!

where

xi5q2Nn,ibi
2/6, ~6!

and

hi5@~Nw,i /Nn,i !21#21. ~7!

Nn,i and Nw,i denote the number- and weight-averaged
grees of polymerization for thei th component~i 5DPB or
PI!, respectively.ai and v i are, respectively, the scatterin
length and the molar volume of monomer unit, andf i the
volume fraction for thei th component.NA is Avogadro’s
number,x is the Flory-Huggins interaction parameter b

FIG. 1. Pressure dependence of the equilibrium scattering fu
tion Seq(q) at 298.1 K plotted as a function ofq.

FIG. 2. Pressure dependence of the equilibrium scattering fu
tion Seq(q) at 309.0 K plotted as a function ofq.
6-3
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MIKIHITO TAKENAKA et al. PHYSICAL REVIEW E 65 021806
tween DPB and PI per monomer unit, andv0 is the reference
cell volume defined asv05(fDPB/vDPB1fPI /vPI)

21.
We fitted SANS profiles with Eq.~3! with x andbi being

adjustable parameters. Figure 3 shows the pressure de
dence ofx parameter thus evaluated at 298.1 and 309.0
The pressure dependence ofx is given by

x56.443102421.7131026P ~MPa! at 298.1 K ~8!

and

x57.293102428.7431027P ~MPa! at 309.0 K ~9!

FIG. 3. Estimatedx parameters plotted as a function of pressu
P at 298.1 K~circles! and 309.0 K~squares!.

FIG. 4. Phase diagram of DPB/PI blend in the parameter sp
of x ~or T at 0.1 MPa! and volume fraction of DPB in the blend o
DPB/PI. Solid line indicates the spinodal line of DPB/PI blend c
culated by the Flory-Huggins theory. Broken line with squares a
solid line with circles represent the quench depth inx due to the
pressure jump at 298.1 K and 309.0 K, respectively.
02180
en-
.

The x decreases with pressure, indicating that the DPB
mixture has the upper-critical-solution-pressure-type ph
diagram. Figure 4 shows the spinodal line~solid line! plotted
as a function offDPB for the DPB/PI mixture. The spinoda
line was calculated with

xs5
v0

2 F 1

fDPBvDPBNw,DPB
1

1

fPIvPINw,PI
G . ~10!

The ordinate axis on the right-hand side of the figure cor
sponds to temperature at 0.1 MPa calculated from the
lowing temperature dependence ofx at 0.1 MPa that in turn
was measured from SANS experiments on the same blen
the single-phase state at 0.1 MPa as a function of temp
ture:

x52.693102420.606/T at 0.1 MPa. ~11!

The figure also includes changes in a thermodynamic stat
the blend induced by the pressure jump from 80.0 to 0.1 M
~squares and broken line! and 100.0 to 0.1 MPa at 309.0 K
~circles and solid line! which are estimated from Eqs.~8! and
~9!, respectively. The pressure jumps at 289.1 K and 30
K, respectively, corresponds to the jump in thex valueDx
51.3731024 and 8.7331025 or the temperature jumpDT
520.1 K and 13.0 K from Eqs.~8!, ~9!, and~11!.

B. Changes in structure factors with time after pressure change

Figures 5 and 6 show the changes in the scattered in
sity of the DPB/PI mixtures with time after the onset of th
quench from 80.0 to 0.1 MPa at 298.1 K and from 100.0
0.1 MPa at 309.0 K, respectively. In both figures, after t
quench, the scattering functionS(q,t) increases with timet
at observedq region toward the equilibrium scattering func
tion S(q,`) at 0.1 MPa. The slower growth rate of the in
tensity is found to be at lowerq region.

The dynamics of concentration fluctuations inA/B binary
mixtures is described by time-dependent Ginzburg-Lan
theory. The time-evolution ofq-Fourier modesdfA(q,t) for
the local concentration fluctuations of componentA is given
by @31–33#:

ce

-
d

FIG. 5. Change in SANS scattering functionS(q,t) with time
after the pressure jump from 80.0 to 0.1 MPa at 298.1 K.
6-4
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]

]t
dfA~q,t !52L~q!q2m~q,t !1§~q,t !, ~12!

whereL(q) is the Onsager kinetic coefficient,m(q,t) is the
local chemical potential, and§(q,t) is the random therma
force term as expressed by the following fluctuatio
dissipation relation@18,34#:

^§~q,t !§~q8,t8!&522kBTL~q!q2d~ t2t8!, ~13!

where kB and T are, respectively, the Boltzman’s consta
and absolute temperature, and^& denotes thermal average.
dfA(q,t) is small, Eq.~12! can be linearized in terms o
dfA(q,t):

]

]t
dfA~q,t !52

L~q!q2

@S~q,`!/~kBTkN!#
dfA~q,t !1§~q,t !,

~14!

whereS(q,`)/kN is the structure factor corresponding to t
scattering functionS(q,`) is equal toSeq(q) in Eq. ~3!.

We can solve Eq.~14! and hence predict time evolution o
the scattering functionS(q,t)@}^udfA(q,t)u2&# @24,25#.

S~q,t !5S~q,`!1@S~q,0!2S~q,`!#exp@22R~q!t#,
~15!

whereS(q,0) andR(q) are, respectively,S(q,t) at t50 and
the relaxation rate of theq-Fourier modes of the concentra
tion fluctuations.R(q) is expressed by

R~q!5q2
L~q!

@S~q,`!/~kBTkN!#
. ~16!

Rearranging Eq.~15!, we obtain

ln@S~q,`!2S~q,t !#5 ln@S~q,`!2S~q,0!#22R~q!t.
~17!

Thus we can estimateR(q) from the slope of ln@S(q,`)
2S(q,t)# vs t plot where ln here denotes natural logarithm
In Figs. 7 and 8, ln@S(q,`)2S(q,t)# is plotted as a function o

FIG. 6. Change in SANS scattering functionS(q,t) with time
after the pressure jump from 100.0 to 0.1 MPa at 309.0 K.
02180
-

t

.

t after the onset of quench at 298.1 and 309.0 K, respectiv
Though the data is scattered, the linearity betwe
ln@S(q,`)2S(q,t)# and t can be found in each plot.

Figure 9 shows theq dependence ofR(q) estimated from
the plots of ln@S(q,`)2S(q,t)# vs t. In both experiments, the
R(q) increases withq. The values ofR(q) at 309.0 K@Fig.
9~b!# are comparable with those at 298.1 K@Fig. 9~a!# in the
observedq region, which seems to indicate that the critic
slowing down is not clearly observed. This may be primar
because 309.0 K is not yet close enough to 314.2 K~spinodal
temperature! and also because the increase in the Onsa
kinetic coefficient with temperature is dominant compara
with the increase in@S(q,`)# with temperature@see Eq.
~16!#.

S(q,`) can be approximated by the following Ornstei
Zernike-Debye form@35# at qRg<1:

S~q,`!>
S~0,̀ !

11q2j th
2 , ~18!

FIG. 7. ln@S(q,`)2S(q,t)# plotted as function of timet at 298.1
K and at fixedq values. Solid lines were obtained by linear regre
sion of data.

FIG. 8. ln@S(q,`)2S(q,t)# plotted as function of timet at 309.0
K and at fixedq values. Solid lines were obtained by linear regre
sion of data.
6-5
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wherej th is the correlation length of the concentration flu
tuations and given by

j th
2 5

v0

36~x2xs!
F bDPB

2 Nz,DPB

vDPBfDPBNw,DPB
1

bPI
2 Nz,PI

vPIfPINw,PI
G ~19!

with Nz,i beingz-averaged degrees of polymerization for t
i th component. From Eqs.~16! and ~18!, we thus obtain

R~q!5q2
L~q!~11q2j th

2 !

@S~0,̀ !/~kBTkN!#
~20!

wherej th51.523102 and 2.733102 nm at 298.1 and 309.0
K, respectively. In the limit ofqRg→0, L(q) asymptotically
increases to aq-independent valueL~0!. In this limit, we
should have a linear relationship betweenR(q)/q2 vs q2

with a positive slope. In reality, as shown in Fig. 10,R(q)/q2

vs q2 decreases nonlinearly withq2, i.e., the valuesR(q)/q2

~shown by circles and squares! are much suppressed tha
those expected from the linear relationship@as shown by the
solid lines with L(q)5L(0)# even at q2 values much
smaller than 1/Rg

2, 2.2731023 nm22 for DPB and 1.11
31022 nm22 for PI. This means that the Onsager kine
coefficient must have aq dependence for some reasons ev
at qRg<1. We shall discuss theq dependence of Onsage
kinetic coefficient in the following section and the broke
lines predicted by the Pincus theory in Sec. III D.

C. Q dependence of Onsager kinetic coefficient

Figure 11 shows theq dependence of the Onsager kine
coefficient at 298.1~squares! and at 309.0 K~circles!, as
estimated from Eq.~16!, i.e.,

L~q!5
R~q!@S~q,`!/~kBTkN!#

q2 , ~21!

FIG. 9. Relaxation rateR(q) for the q-Fourier mode of the
concentration fluctuations plotted as a function ofq at ~a! 298.1 K
and ~b! 309.0 K.
02180
n

whereR(q) was directly measured as described in Sec. II
and shown in Fig. 9, andS(q,`)/kN is the structure factor
Seq(q,`)/kN at each temperature given by Eq.~3!. We found
that the q22 behavior at higherq region in both quench
experiments. The broken lines predicted by Pincus the
will be described in following section.

D. Comparison between experimental and theoretical result
for Onsager kinetic coefficient

Pincus@17# derived theq dependence of the Onsager k
netic coefficient for symmetric blends

L~q!5L~0!
12exp~2q2RL

2 !

q2RL
2 , ~22!

where the characteristic lengthRL in this theory is consid-
ered to be the radius of gyration of the symmetric polym
themselves. Although the Pincus theory cannot be applie

FIG. 10. R(q)/q2 plotted againstq2 at 309.0 K ~circles! and
298.1 K ~squares!. The solid lines are in the case whereL(q)
5L(0)5(5.3460.74)310222 at 298.1 K and (10.360.6)310221

at 309.0 K, and the broken lines the best-fitting results given by
Pincus theory withRL andL~0! given in Table II.

FIG. 11. Q dependence of Onsager kinetic coefficient at 298.1
~squares! and 309.0 K~circles!. The broken lines indicates the bes
fitting results with the Pincus theory@Eq. ~22!#.
6-6
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TABLE II. Fitting parameters with Pincus theory and Doi-Onuki theory

Temperature
~K!

Pincus Doi-Onuki

L~0!
(10222 m5 J21 s21)

RL

~nm!
L~0!

(10222 m5 J21 s21)
jve

~nm!

298.1 5.3560.74 67.268.1 6.3961.4 64.6612.6
309.0 10.360.6 71.863.3 14.161.7 76.967.1
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our asymmetric blends in a rigorous sense, we attempte
fit the experimental results with Eq.~22! by usingL~0! and
RL as the floating parameters. The broken lines in Figs.
and 11 are the best-fitting results with the fitting parame
in Table II. Although Eq.~22! can well explain the experi
mental results onL(q), the estimated values ofRL , which
should be equal toRg , are much larger thanRg521.0 nm for
DPB andRg59.5 nm for PI, which is similar to the resu
obtained by Schwahn, Janssen, and Springer for dPS/PV
@20#. Thus some unsolved problems are still left unveiled.
using L(q) best fitted with the Pincus theory as shown
the broken lines in Fig. 11, the nonlinear behavior
R(q)/q2 againstq2 can be apparently explained, as show
by the broken lines in Fig. 10. However, the same problem
discussed above~i.e., RL@Rg! still remains to be solved.

Doi and Onuki@22# took into account dynamical couplin
between stress and diffusion for dynamically asymme
blends and derived theq dependence of the Onsager kine
coefficient

L~q!5
L~0!

11q2jve
2 ~23!

with the viscoelastic lengthjve defined by

jve5S 4

3
ahL~0! D 1/2

, ~24!

whereh is the zero shear viscosity of the mixture andL~0! is
expressed by

L~0!5fAfB~DANAfB1DBNBfA!v0 /kBT, ~25!

anda is a dynamical asymmetry parameter defined by

a5
DANA2DBNB

DANAfB1DBNBfA
. ~26!

Here Di and Ni are, respectively, the self-diffusion coeffi
cient and the polymerization index ofi th component~i 5A
or B in this case! in the blend.

We fitted the experimental results with Eq.~23! by using
L~0! andjve as adjustable parameters. The best-fitting res
are displayed by the solid lines in Fig. 12 together with t
theoretical predictions based on the Pincus theory withRL

5Rg59.5 nm for PI and 21.0 nm for DPB. The DO theo
can well predict the experimental results onL(q). The esti-
matedL~0! and jve are also listed in Table II.jve is much
larger thanRg of DPB and PI, revealing that the viscoelas
effects play a dominant role on the observedq dependence o
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the Onsager kinetic coefficient. The effects suppress
transport coefficient even atqRg!1 in the range ofq satis-
fying qjve>1, as discussed in detail elsewhere@36#. The
effects are screened out atqjve,1.

In contrast, the Pincus theory predicts the suppressio
the transport coefficient occurs only whenq>1/Rg . This is
natural because, when the component polymers are sym
ric, the dynamical asymmetry parametersa goes to zero and
hencejve goes to zero, resulting in a complete screening
the viscoelastic effects. Thus the suppression of the trans
coefficient occurs only through theq dependence of the rep
tation modes. In other words physical origin of the suppr
sion is completely different. In our asymmetric blends, t
suppression ofL(q) at 1/jve,q,1/Rg reflects the viscoelas
tic effects and that atq>1/Rg would be affected by theq
dependence of the reptation modes as well. Figure 13 h
lights the effects ofL(q) on the plot ofR(q)/q2. The figure
clearly reveals that two kinds of the suppression onL(q)
affect theq dependence of the growth rateR(q) in a different
q range.

E. Comparison of jve estimated from the time-resolved SANS
with jve evaluated from an independent experiment

Let us now compare the value ofjve experimentally esti-
mated fromL(q) based on Eq.~23! and the SANS relax-
ation experiments with that estimated from independent

FIG. 12. Q dependence of Onsager kinetic coefficient at 309.0
~circles! and 298.1 K~squares!. The solid lines indicate the fitting
results with the DO theory@Eq. ~23!# with L~0! and jve given in
Table II, while the broken lines indicate the prediction given by t
Pincus theory for the symmetric blends, withL~0! given in Table II
andRg59.5 and 21 nm, free from the viscoelastic effects.
6-7
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periments based on Eq.~24!. The independent experimen
should lead to estimate the values ofh, L~0!, and a. We
obtainedh56.963106 Pa s at 298.1 K from the dynami
viscoelastic measurements as a function ofv. We further
need the self-diffusion coefficients of DPB and PI in t
blends to estimatea and L~0!. Unfortunately, however, we
do not have the data of the self-diffusion coefficient of ea
component. Thus, we estimated them from the dynamic
coelastic measurement of the blend at 298.1 K in this wo

Figure 14 shows the frequency dependence of the
modulusG9(v) of the DPB/PI blend at 298.0 K. The curv
of G9(v) has one peak atv54.0 s21 and one shoulder a
v50.02 s21 as indicated by the arrows in the figure, indica
ing that there are two relaxation processes in the blend.
fast relaxation process, associated with the maximum at
s21, corresponds to the relaxation of the PI component, w
the slow relaxation process, associated with the shoulde
0.02 s21, corresponds to the DPB component. Struglin

FIG. 13. R(q)/q2 plotted againstq2 at 309.0 K ~circles! and
298.1 K ~squares!. The solid lines are the best-fitting results wi
the DO theory withL~0! andjve given in Table II, while the broken
lines are the results predicted by the Pincus theory for the sym
ric blends, withL~0! given in Table II andRg59.5 and 21 nm, free
from the viscoelastic effects.

FIG. 14. Frequency dependence of shear loss modulusG9(v)
for DPB/PI blend at 298.0 K. The arrows indicate the peak or sho
der in G9(v).
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and Graessley@37# measured the viscoelastic properties f
polybutadiene. They found the angular frequencyvmax at the
maximum ofG9 has the following relationship with the vis
coelastic characteristic timet0 ,

vmax
21 50.45t0 , ~27!

wheret0 is defined by

t05hJe
0 ~28!

with Je
0 being steady-state compliance. Here this relations

is assumed to be valid for the viscoelastic behavior of D
and PI in the blend. Thet0 value estimated for DPB and P
in the blends are, respectively, 0.0221/0.4551.13102 and
4.021/0.4555.631021 s at 298.0 K.

Next, we need to know the relationship betweent0 and
the characteristic timetd,i for self-diffusion defined by

td,i5Rg,i
2 /Ds,i ~ i 5DPB or PI!. ~29!

Pearson, Fetters, and Graessley@38# measured the viscosity
and the self-diffusion coefficient of hydrogenated polybu
diene~HPB! with varying molecular weight. From their data
we can estimate the ratiotd,i /t0,i ~i 5DPB or PI! as a func-
tion of molecular weight. We usedtd,i /t0,i55.77, which is
obtained for HPB withMw51.03105, for the estimation of
td,i . From the estimatedtd,i , and Rg,i , we obtained the
self-diffusivity for DPB (DDPB) and PI (DPI) from Eq. ~27!:
DDPB58.9310219m2/sec and DPI53.1310217m2/sec at
298.0 K.

Substituting the estimated self-diffusivity of each comp
nent into Eqs.~25! and ~26!, we obtained correspondin
quantities that are defined hereafterL(0)cal and acal:
L(0)cal51.7310222m5/J s andacal51.37 at 298.0 K. The
ratio L(0)exp/L(0)cal is 3.7, which shows a fair agreemen
though not perfect, in view of the assumption and estimat
errors involved. HereL(0)exp is the valueL~0! estimated
from the DO theory by using Eq.~23!. Finally, we estimated
the viscoelastic length from Eq.~24!, which we defined as
jve,cal55.4310 nm at 298.0 K. The ratiojve,exp/jve,cal is 1.2,
indicating that the DO theory well explains our experimen
result. This suggests that the viscoelastic effect on theq de-
pendence of the Onsager kinetic coefficient dominates o
the effect of the normal modes on theq dependence of the
Onsager coefficient in theq range and time scale of ou
observation for this blend. The slight discrepancy betwe
the theoretical and experimental results may originate fr
errors involved by the estimation of the self-diffusion coe
ficients from the viscoelastic measurements. In order
avoid this uncertainty, we need to measure the tracer di
sion coefficient of each component by using forced Rayle
scattering technique@39#.

IV. CONCLUSION

We measured relaxation processes of the concentra
fluctuations in a single-phase state induced by rapid pres
change for an asymmetric polymer blend DPB/PI by us
time-resolved small-angle neutron scattering. The change

t-

l-
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the scattered intensity with time during the relaxation p
cesses were found to be approximated by the Cahn-Hillia
Cook linearized theory. The CHC analysis yielded theq de-
pendence of the Onsager kinetic coefficientL(q)[L(0)(1
1q2Lc

2)21, which has theq22 dependence atqLc.1 with
Lc being the experimentally assessed characteristic len
The Lc value thus evaluated was much larger than the r
of gyration of DPB and PI, inconsistent with the Pinc
theory. This inconsistency is believed to be reasonable,
cause the Pincus theory is developed for the purely symm
ric blends where the stress-diffusion coupling and hence
viscoelastic effects on the transport coefficient as elucida
by Doi and Onuki theory are absent. Thus the application
the theory to the asymmetric blends itself is problematic
a rigorous and quantitative analysis. TheLc value is 1.2
timesjve that is predicted by Doi and Onuki theory togeth
a

.

vo

T

s

J

.
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with the fundamental parameters as obtained from viscoe
tic data, indicating that the viscoelastic effects arising fro
dynamical asymmetry between DPB and PI give rise to thq
dependence ofL(q) in the length scale of our observation
which is much larger than the radius of gyrationRg or in the
q range of our observation that is much smaller than 1/Rg .
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