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Static and dynamic light scattering of a critical polydisperse polymer solution

Rio Kita, Kenji Kubota, and Toshiaki Dobashi
Department of Biological and Chemical Engineering, Faculty of Engineering, Gunma University, Kiryu, Gunma 376-8515, Jap

~Received 23 February 1998!

The critical behavior of a polydisperse polystyrene solution was investigated using static and dynamic light
scattering, focusing on the effect of the polydispersity of molecular weight. The critical exponents for the
osmotic compressibilityg8 and the long-range correlation lengthn8 agreed well with our previous results
obtained by turbidity measurements, supporting the validity of Fisher’s renormalized Ising model for the
polydisperse systems. The decay rate distribution function determined from the Laplace inversion of the
correlation function reflected the original molecular weight distribution distant from the critical point and the
critical fluctuation near the critical point. It was dominated increasingly by the slower mode when approaching
the critical point. This behavior was clarified further in a solution having bimodal distribution. The critical
behavior of the averaged diffusion coefficient agreed asymptotically with Kawasaki’s mode-coupling theory.
@S1063-651X~98!11807-X#

PACS number~s!: 61.25.Hq, 64.60.Fr, 64.60.Ht
of
b

te
ee
ts

o
-

-
n
ie
e

u
ca
d

ea
ha
th
e

te

u-

na

y
e

di
iv
av

ap
o
th

ng

a-
ent

on

e
ver

ri-
ell-
ere
nts

e-
y

ged
cted
e
cal
o-

he
he
o-

In-

he
re-

H
x-

illed
and
cted
I. INTRODUCTION

The anomalous increase of the concentration~order pa-
rameter! fluctuation is the most significant characteristic
the critical phenomena. Order parameter fluctuations in
nary and ternary polymer solutions have been studied in
sively @1,2#. The static aspect of critical phenomena has b
argued mainly from the universality of the critical exponen
and it is generally accepted that simple binary~and ternary!
polymer solutions belong to the same universality class
the three-dimensional Ising model~and Fisher’s renormal
ized one! @3–9#. The dynamic aspect of the critical phenom
ena of polymer solutions has been discussed in relatio
modern mode-coupling and renormalization-group theor
the observed results have been fairly well explained by th
theories@10–13#.

Until recently, only polymers with monodisperse molec
lar weight distribution have been used to study the criti
phenomena, since such solutions are essentially regarde
binary or ternary systems. In the previous studies we d
with a well-characterized polydisperse polymer solution t
had a wide molecular weight distribution, and determined
critical exponentsb8, g8, andn8 by the coexistence curv
and the turbidity near the critical point@14,15#. The results
showed that its critical behavior can be effectively charac
ized by Fisher’s renormalized critical exponentsf t5 f /(1
2a) for the Ising system with impurity, and that the imp
rity effect is the same as those for ternary solutions@16,17#.
Here, f t and f are the renormalized and three-dimensio
Ising critical exponents, respectively, anda is the critical
exponent of specific heat for the corresponding binary s
tem. It is worthwhile to study the dynamic behavior of th
polydisperse polymer solution, especially the decay rate
tribution of the fluctuation modes, because this might g
valuable information about the renormalized critical beh
iors.

The static and dynamic light-scattering technique is
propriate for this study. The renormalization of critical exp
nents can be verified from the angular dependence of
scattered light intensity. The dynamic light-scatteri
PRE 581063-651X/98/58~1!/793~8!/$15.00
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method permits one to study the distribution of the fluctu
tion modes that are contributed by each polymer compon
or domain, i.e., it reflects the molecular weight distributi
when it is distant from the critical temperature~more rigor-
ously in the dilute limit! and the critical fluctuation near th
critical point. Thus, it may be possible to discuss crosso
behavior with varying temperature.

In this study, static and dynamic light-scattering expe
ments together with viscosity measurements for the w
characterized polydisperse polystyrene in cyclohexane w
done. The results of the correlation function measureme
were analyzed with the Kawasaki function for mod
coupling theory@12#. The static behavior was described b
Fisher’s renormalized critical exponents and the avera
decay rate was expressed asymptotically by the corre
Kawasaki function at highqj. Crossover of the decay rat
distribution was observed when it approached the criti
point. The decay rate distribution reflected the original m
lecular weight polydispersity when it was distant from t
critical point and showed the critical slowing down near t
critical point. This crossover was more distinctive in a bim
dal system of polystyrene in methylcyclohexane.

II. EXPERIMENT

Polydisperse polystyrene produced by Asahi Chemical
dustry Co., Styron 666~Mw523.93104, Mw /Mn52.8!,
was well characterized in a previous study@18#, whereMw is
the weight-average molecular weight andMw /Mn is the ra-
tio of weight- to number-averaged molecular weight. T
molecular weight distribution of Styron 666 has been rep
sented by a Schulz-Zimm type distribution function@19#.
Polystyrene F-2~Mw51.893104, Mw /Mn51.02! and F-80
~Mw570.63104, Mw /Mn,1.05!, which has a narrow mo-
lecular weight distribution, were purchased from TOSO
Co. and were used without further fractionation. Cyclohe
ane and methylcyclohexane of reagent grade were dist
twice after being passed through a fine silica gel column
were degassed just before use. No impurity was dete
using gas chromatography measurements.
793 © 1998 The American Physical Society
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The solution of polydisperse polystyrene in cyclohexa
having the critical concentration that was determined fr
the coexistence curve and cloud point curve was prepa
using a procedure reported elsewhere@14,15#. The critical
temperature and the critical volume fraction are 26.23 °C
0.0694, respectively. In order to prepare the bimodal so
tion, polystyrene F-2 and F-80 were dissolved in benz
with a volume fraction of F-80 in total polystyrene bein
0.1714, and freeze-dried by a vacuum pump for more tha
week. The critical concentration and temperature were de
mined by measuring the cloud point temperature and
volume ratio of the coexisting two phases using a lamb
tube method at various temperatures@20#. An appropriate
amount of methylcyclohexane was added to the polystyr
mixture to prepare the sample with the critical concentrat
f t50.1778~volume fraction of the total polymer!. The ob-
served critical temperature for this solution w
Tc539.05060.003 °C. The criticality of these solutions wa
ascertained by observing its separation into two phases
the equal volume just below the cloud point temperature~a
few mK!. These solutions were put into a cylindrical ce
with an optical path length of 6 mm by passing it through
membrane filter~Fluoropore, 0.22 mm of pore size! and were
then flame-sealed. All the preparations were carried out
clean dry box under dry nitrogen atmosphere in order
prevent contamination of oxygen and other impurities.

The angular dependence of the static scattered light in
sity was measured using a He-Ne laser with a wavelengt
l05632.8 nm as a light source. The cylindrical sample c
was set in a thermostated silicon oil bath that was regula
to 6 mK. Scattered light intensity measurements were car
out over an angular range ofu525° – 120° and a tempera
ture range of 3.431024,«,2.931022. Here, « indicates
the reduced temperature («5T/Tc21). The dynamic light-
scattering measurements were carried out using a homem
spectrometer and an ALV-5000 multiple-tau digital co
relator atu530°, 60°, and 90° in a temperature range
5.731025,«,3.131022. The details of the light-
scattering measurements have been described elsew
@21,22#. Due to the fact that these systems show large turb
ity near the critical point, light-scattering measurements w
performed in the temperature region where the multiple s
tering effect may not contribute destructively. Shear visc
ity was determined by use of a modified Ostwald-type v
cometer along the critical isochore in the temperature ra
of 4.331025,«,5.431022, the temperature of which wa
controlled within 6 mK. The measurements of static and
namic light scattering and shear viscosity were carried
for the polydisperse polystyrene in cyclohexane. Measu
ment of dynamic light scattering was also done for the bim
dal polystyrene in methylcyclohexane.

III. THEORETICAL BACKGROUND

The scattered light intensityI (q) at scattering vectorq
@5(4pn/l0)sin(u/2)# has the form@23#

I ~q!5ATxTg~qj!, ~1!

where n, A, T, xT , and j are the refractive index of the
solution, a constant parameter, the absolute temperature
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osmotic compressibility, and the correlation length, resp
tively. g(qj) corresponds to the Fourier transform of th
spatial correlation function and is expressed by the Ornst
Zernike form as

g~qj!5~11q2j2!21. ~2!

Osmotic compressibilityxT and correlation lengthj are rep-
resented by the power-law relations in the critical region

xT5xT,0«
2g8, ~3!

j5j0«2n8, ~4!

where g8 and n8 are the critical exponents ofxT and j,
respectively.

The data of the experimental intensity-intensity tim
correlation function of the scattered light intensityg(2)(t) are
represented by the Siegert relation,

g~2!~ t !511Bug~1!~ t !u2, ~5!

where B is a machine constant, andt and g(1)(t) are the
delay time and the autocorrelation function of the scatte
electric field, respectively. The distribution function of th
decay rateG, G(G), is represented by the Laplace transfo
mation ofg(1)(t) by the following equation, because the r
spective fluctuation mode should obey the single-exponen
decay,

g~1!~ t !5E exp~2Gt !G~G!dG, ~6!

5E exp(2Gt)G* ~ log10 G!d~ log10 G!. ~7!

The varianceV and skewnessS of the decay rate distribution
are defined as

V5E @~G2^G&!/^G&#2G~G!dG, ~8!

S5E @~G2^G&!/^G&#3G~G!dG. ~9!

Here, ^G& indicates the averaged decay rate,*GG(G)dG.
The diffusion coefficientD is related to the decay rateG as

D5G/q2. ~10!

andD can be separated into two parts, the critical fluctuat
part and the background contribution part, as

D5DC1DB . ~11!

The asymptotic equations of the diffusion coefficient and
shear viscosity satisfy the following equations@13#:

DC5~kBT/6phj!V~qj!, ~12!

h5hB~Q0j!z, ~13!
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whereV(qj) is represented by the Kawasaki function d
fined as@12#

V~x!5VK~x!5~3/4x2!@11x21~x32x21!tan21 x#.
~14!

The correction factorS(x) including a viscosity correction
for the dynamic scaling function was introduced by Burst
et al. as @24,25#

V~x!5VK~x!@S~x!#z, ~15!

S~x!5a~11b2x2!1/2, ~16!

where a and b are approximated toaz51.01 andb50.5
@25#. The background contributionDB can be approximated
as @26,27#

DB5~kBT/16hBj!~11q2j2!/qCj, ~17!

whereqC is a parameter related toQ0 as @28#

Q0
215e4/3~qC

211qD
21!/2, ~18!

with qD being the Debye cutoff wave number.
To investigate the dynamical scaling phenomena, it

convenient to use the reduced diffusion coefficientD* de-
fined as

D* 5~6phj/kBT!DC . ~19!

IV. RESULTS

Figure 1 shows the typical results of static light-scatter
measurements for polydisperse polystyrene in cyclohex

FIG. 1. Ornstein-Zernike plot of the scattered light intensity a
function of q2 at various temperatures obtained for polydispe
polystyrene in cyclohexane. The temperature differen
DT5T2Tc of the curves are 5.510, 3.521, 2.163, 1.005, 0.5
0.191, 0.156, 0.121, and 0.082 °C from the top to the bottom,
spectively. The background intensity evaluated at;10 °C aboveTc

was subtracted.
-

s

g
e.

These intensities were subtracted by the background in
sity. Background intensity was evaluated at about 10
aboveTc . The inverse scattered light intensity as a functi
of squared wave vectorq2 with corrections of scattering vol
ume and turbidity shows a straight line, suggesting the
lidity of the Ornstein-Zernike function. The isothermal com
pressibility xT , which is proportional to the scattered ligh
intensity extrapolated toq50, and correlation lengthj ob-
tained by using Ornstein-Zernike plots are shown in Fig. 2
a function of reduced temperature«. The critical exponents
were determined asg851.3760.03 and n850.7060.02
with j05(0.4460.06) nm using a nonlinear least-squares
to Eqs.~3! and~4!, where6 denotes one standard deviatio
The accessible range of« was limited by the possible con
tribution of multiple-scattering effects. A double-scatterin
theory near the critical point has been developed by Sha
and Sengers@29#, and has been successfully applied to t
analysis of the critical behavior of nonionic surfactant sy
tems @30,31#. According to their treatment, when th
multiple-scattering effect becomes noticeable, the correla
length, for example, should be underestimated, thereby
sulting in a lower critical exponentn8. The present values o
critical exponents support the validity of the renormaliz
Ising behavior. In fact, these values agree with the previ
results of the turbidity measurements for the same sys
~g851.3860.05 and n850.7260.02 with j050.46
60.06 nm! @15#.

Figures 3 and 4 show distribution functionG* (log10 G)
obtained from dynamic light scattering in the polydisper
system atu590° and in the bimodal system atu530° as a
function of«, respectively, by using the constrained regul
ization method~CONTIN! developed by Provencher@32#.
The abscissa are normalized by theG value, which was cal-
culated by the Kawasaki function@Eq. ~14!# in Fig. 3 and by
the overall averageG value in Fig. 4, which clarifies the
change in the decay rate distribution. In Fig. 3, the ove
shape ofG* (log10 G) remains as that which reflects th
original molecular weight distribution at«52.831022, far

a
e
s
,
-

FIG. 2. Double-logarithmic plots ofI 0
21 ~h! and j ~s! as a

function of « for polydisperse polystyrene in cyclohexane. T
slopes of the lines giveg8 andn8.
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from the critical temperature. When the temperature
proaches the critical one, the shape of the decay rate d
bution becomes more symmetrical and sharper. In orde
clarify the temperature dependence of the shape of the
tribution function, the variance and the skewness were p
ted against« in Fig. 5. Both the variance and the skewne
decreased steeply near the critical point. The diffusion co
ficient D (5^G&/q2) of the polydisperse polystyrene solu
tion in cyclohexane is shown in Fig. 6 as a function of«.
D was q-independent distant fromTc («>331023) and
showed a distinctq dependence nearTc . The behavior of the
averaged diffusion coefficient is almost the same as that
served for the usual critical binary mixtures@33#. Figure 7
shows the average decay rate of the slow~small G! and fast

FIG. 3. Temperature dependence of the decay rate distribu
obtained for polydisperse polystyrene in cyclohexane. The das
line indicates the averaged value ofG. GK means the calculatedG
by the corrected Kawasaki function.~a!–~d! correspond to the re
duced temperature«52.831022, 9.231023, 1.331023, and
1.931024, respectively.

FIG. 4. Temperature dependence of the decay rate distribu
obtained for bimodal polystyrene in methylcyclohexane. T
dashed line and̂G& indicate the averaged value ofG. ~a!–~d! cor-
respond to the reduced temperature«53.831022, 1.431022,
2.731023, and 1.131023, respectively.
-
ri-
to
is-
t-
s
f-

b-

~largeG! modes in Fig. 4, which was obtained for the bim
dal solution as a function of«. The slow mode shows a
typical slowing down behavior, but the fast mode, in co
trast, shows a much weaker« dependence.

Figure 8 is the result of the shear viscosity measurem
as a function of the inverse temperature for the polydispe
system. The straight line indicates the background shear
cosity evaluated using the Arrhenius equation from
points in the temperature rangeT215(3.173– 3.273)
31023 K21.

Figure 9 shows the reduced diffusion coefficientD* for
the polydisperse system as a function ofq« in order to com-
pare the observedD* with the theoretical predictions of th
Kawasaki function and the corrected Kawasaki functio
Here, background contributionDB was subtracted from the
experimental diffusion coefficient by assumingz50.065. An
asymptotic agreement was observed with increasingqj.

n
ed

n

FIG. 5. Variance and skewness of the decay rate distribution
a function of« for polydisperse polystyrene in cyclohexane. So
and open circles denote the variance and skewness, respectiv

FIG. 6. Diffusion coefficientDc of polydisperse polystyrene in
cyclohexane as a function of«. Background contribution was sub
tracted.
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V. DISCUSSION

A. Static behavior

The obtained critical exponents for the polydisperse s
tem were g851.3760.03 and n850.7060.02 with j0
5(0.4460.06) nm using static light scattering. These valu
agree with the results of turbidity measurements for the sa
system@15#. In our previous work, the critical exponent fo
the shape of coexistence curveb8 of the polydisperse poly-
styrene in cyclohexane, which was the same solution as
current polydisperse system, was found to beb850.363
60.005@14#. Fisher’s renormalized exponents are calcula
as b t5b/(12a)50.366, g t5g/(12a)51.39, and
n t5n/(12a)50.71 with Ising critical exponents
~b50.326,g51.24, n50.63, anda50.110! @2,34#. These
results again showed that the critical exponents of a poly

FIG. 7. Average decay rates of the slow and fast modes a
function of the reduced temperature for bimodal polystyrene in m
thylcyclohexane. Open and closed circles denote the slow and
mode, respectively.

FIG. 8. Shear viscosity as a function of the inverse tempera
for polydisperse polystyrene in cyclohexane. lnh means the natura
logarithm of the viscosity. Straight line indicates the backgrou
viscosity evaluated by use of the Arrhenius equation.
-

s
e

he

d

s-

perse polymer solution are expressed well by Fisher’s fu
renormalized Ising value, as well as bimodal polymer so
tions @3–6,35# and ternary systems@36–41#. This result in-
dicates that the molecular weight distribution plays the sa
role as the addition of an impurity in binary systems.

B. Dynamic behavior

In Fig. 3, the shape of the decay rate distributi
G* (log10 G) reflects the original molecular weight distribu
tion of the polydisperse polystyrene at«52.831022, the
temperature of which is far from the critical one.@Speaking
more rigorously,G* (log10 G) gives the original molecular
weight distribution only in the dilute limit.# On the other
hand, the shape ofG* (log10 G) at «51.931024 shows a
clear difference from that obtained at«52.831022. It
means that the critical concentration fluctuation becomes
dependent of molecular weight distribution, and only a s
cific fluctuation mode dominates the entire fluctuation n
the critical point. In other words, all the fluctuation mod
that originally existed at far fromTc do not equally contrib-
ute to the critical slowing down. A strong coupling betwe
the fluctuations occurred as it approached the critical po
In the polydisperse system, the symmetrical distribution n
Tc originates from a relatively slower fluctuation mode, as
suggested by the marked decrease in the variance and
skewness, as shown in Fig. 5.

For polymer solutions in the semidilute theta regime, t
viscoelastic relaxation mode may contribute to the corre
tion functions due to chain entanglements in addition to
cooperative diffusion. The relaxation mode appears in
lower G region~slower! than the cooperative diffusion mode
and may modify the decay rate distribution. Since such
relaxation mode is not diffusive and isq-independent, it is
important to analyze theq dependence of the distributio
function. In fact, noq dependence of diffusion coefficien
~q2 dependence ofG! was observed in the temperature regi
at far fromTc as shown in Fig. 6, and therefore the cont

a
-
st

re

d

FIG. 9. Reduced diffusion coefficientD* as a function ofqj for
polydisperse polystyrene in cyclohexane. The solid and das
curves indicate the Kawasaki functionVK(qj) and the corrected
Kawasaki functionVK(qj)@S(qj)#z, respectively.
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bution of the relaxation mode does not need to be include
the present analyses.

In comparison with Fig. 3, the bimodal solution has tw
distinct peaks at a temperature far from the critical point,
shown in Fig. 4. Although the two peaks should be rela
with regard to their origin to the smaller~F-2! and larger
~F-80! molecular weight components of the polystyren
both of the concentration fluctuations of F-2 and F-80 po
styrenes are cooperatively involved in the entire fluctuat
in the critical solution. It is noteworthy that the area of t
peak inG* (log10 G) is proportional to the scattered intensi
and the intensity ratio of the peak gives the relative mag
tude of the respective modes. The total intensity of b
peaks gives the scattered light intensity of the sample s
tion, and the zero-angle scattered light intensity and the
relation length increase when they approach the crit
point. A rough estimate gaveg851.3960.04, which is in
agreement with the fully renormalized critical exponent.
fully renormalized critical exponentb850.384 has been pre
viously obtained@4,6#. Both of the slow and fast modes sho
q2 dependence of̂G& and are diffusive modes. Approachin
a temperature close to the critical one, the fast mode bec
smaller and smaller in its intensity and almost complet
disappeared at«51.131023. The critical anomaly mainly
comes from the slow mode; namely, when it approaches
critical point, the slow mode becomes representative of
entire fluctuations in the system, even if such a mode
relatively minor when it is far from the critical point. In othe
words, the interaction that controls the fluctuations of
order parameter is affected more and more by the large~in
spatial scale! and slower~in time scale! fluctuation mode. In
a manner similar to the polydisperse solution, both of
fluctuation modes that existed originally at the region
from Tc do not contribute equally to the critical slowin
down.

Akcasuet al. @42# and Benmounaet al. @43# discussed the
dynamic behavior of semidilute ternary polymer syste
~polymer-I–polymer-II–solvent! and predicted an appea
ance of the bimodal correlation function, i.e., the existence
two modes~slow and fast!. These two modes are assigned
the cooperative diffusion that characterizes the total polym
concentration fluctuation and the interdiffusion that descri
the relative motion of the two polymer chains. This asp
has been studied in relation to the characterization of
probe diffusion~self-diffusion corresponding to the interdi
fusion! in the entangled matrix~reptation motion!. It should
depend on the relative concentration of two species in
noncritical region whether the slow mode corresponds to
cooperative diffusion or to the interdiffusion, especia
when the two species are homologous polymers with hig
and lower molecular weights. When the high molecu
weight component is of a relatively higher concentrati
than the low one, the former functions as a viscoelastic m
trix of pseudogel and the interdiffusion is much slower th
the cooperative diffusion in the matrix. The fast mode sho
then correspond to the cooperative diffusion. On the c
trary, when the high molecular weight component is o
relatively lower concentration than the low one, interdiff
sion will appear faster and the fast mode will correspond
the interdiffusion~that is, the slow mode to the cooperativ
diffusion!.
in
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In the present case of critical bimodal solution, one c
assume that the main fluctuation, which shows a criti
anomaly, is the total polymer concentration fluctuation, a
the other one is that of the component ratio or the conc
tration difference between two species~relative motion of
respective species!. Both fluctuations are diffusive ones tha
agree with theq2 dependence of̂G& of both of the peaks tha
were observed experimentally. Therefore, the slow mode
the total polymer concentration fluctuation exhibited t
critical slowing down and the corresponding susceptibility
singular. On the other hand, the fast mode does not sho
clear critical slowing down, contrary to the clear appearan
of the slowing down of the slow mode, and decreases
relative intensity with approachingTc .

The similar appearance of two modes has been obse
in an asymmetric binary polymer blend and a diluted one
Hair et al. @13,44,45#. According to their treatment or physi
cal picture employed there, two fluctuations of the conc
tration one and the thermal one will couple with each oth
and this coupling may result in the two observable mod
slow and fast. As a result, these two modes do not co
spond to the concentration and the thermal fluctuations
simple manner, and are expressed in a complex relation s
lar to Onsager’s reciprocal relation. Using these assignme
the critical contribution of concentration fluctuation was r
trieved and was analyzed by mode-coupling theory. Both
slow and fast modes showed a dramatic decrease nea
phase boundary. Moreover, they observed an unphys
negative critical diffusion coefficient in a polymer blen
when the same procedures of background estimation for
diffusion coefficient as those employed in this paper w
used@44#. It means that the background has different ch
acteristics in a polymer blend where polymer-polymer s
regation causes the critical behavior. On the contrary,
background evaluation for the present polydisperse poly
solution is appropriate enough, similar to monodispe
polymer solutions, and the critical dynamics are well se
rated as is shown below. The nature of the presence of
two modes in the present bimodal solution should be diff
ent from polymer blend systems. In fact, the relative tim
scale of the fast to the slow mode was;101 in this study,
while it was;103 ~polymer blend! and 102 ~diluted polymer
blend!. Therefore, one can assign safely that the slow m
corresponds to the cooperative diffusion~fluctuation! of the
total polymer concentration. In the polydisperse solution,
interdiffusion mode should be masked in the broad de
rate distribution because of the large molecular weight po
dispersity or its intensity that is too small to be detected.

The strength of the polymer-solvent interaction depen
on the molecular weight of the polymer component. Wh
the polydispersity of the molecular weight is large enough
make this dependence significant in the entire critical fl
tuation, the modulation of the interaction should take pla
and play an essential role with an increase in correlat
length. Even if the additive component is little in quantity,
can contribute to the entire fluctuation sufficiently close
the critical point when the effects of the modulation orig
nated by this addition result in slow and large scale fluct
tions. These ideas, derived from analyses of the decay
distribution, can identify the origin of the renormalized Isin
behavior in the polydisperse polymer solution.
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Broseta and Leibler have studied the effects of the ad
tion of a third component of homologous polymers to t
binary polymer solution@35#. The crossover from the Ising
behavior to the renormalized one is predicted to take pl
due to an increase in asymmetry between the two poly
components. Here the asymmetry is defined asr (r 21)2f2
with r being the molecular weight ratio of the higher m
lecular weight component~polymer II! to that of the lower
one ~polymer I! and f2 being the fraction of polymer II in
the total polymer. This means that the addition of a hig
molecular weight component can cause the crossover e
tively. The present experimental results are consistent w
this prediction.

In order to clarify these points further, it is necessary
examine the dynamic behavior much closer to the criti
point. In the present work, the experimentally access
temperature range was restricted due to the poss
multiple-scattering effect. It is possible to examine the
points in more detail by using the almost isorefractive so
tions.

C. Dynamic universality

The behavior of the shear viscosity as a function of te
perature is shown in Fig. 8. A critical anomaly appears a
temperature close to the critical one. Deviation from t
background shear viscosity is due to the critical concen
tion fluctuation. The data were fitted to the function used
Ref. @10# and were used to calculate the Kawasaki-Sto
equation in Eq.~12! and the Debye cutoff wave number
Eqs.~13!, ~17!, and~18!. qD5qC was set after the procedur
in Ref. @25#, and Q057.313105 cm21 and qC

2153.6 nm
were obtained.

The diffusion coefficientDC shows a non-q-dependence
~q2 dependence of averagedG! far from Tc and a clearq
dependence near the critical temperatureTc as shown in Fig.
6. The behavior obtained is almost the same as the u
dynamic critical phenomena, such as simple fluids@46#, bi-
nary polymer solutions@10#, and polymer blends@47#. How-
ever, the reduced diffusion coefficientD* , as shown in Fig.
9, shows a distinct deviation from dynamic universality e
pecially far away fromTc . Figure 9 shows the reduced di
fusion coefficientD* of the polydisperse system as a fun
tion of scaling variableqj. The solid curve represents th
Kawasaki functionV(qj) that was described in Eq.~14!.
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The reduced diffusion coefficientD* was determined using
Eqs. ~11!–~19! from the independent measurements of t
shear viscosity, the correlation length by static light scatt
ing, and the diffusion coefficient by dynamic light scatterin
The deviation appears aroundqj<1. This behavior is differ-
ent from the usual binary polymer solution where the po
mer has a sufficiently narrow molecular weight distributi
@10#. On the other hand, the data points coincide with
corrected Kawasaki function, which is represented by
dashed line near the critical point in the experimental ran
(qj;10). The results indicate that the dynamics of the cr
cal fluctuation near the critical point asymptotically domina
the entire fluctuation in the system, which behaves as nor
dynamic critical phenomena, although the fluctuation at
from the critical point is affected by the original polydispe
sity. This type of crossover takes place at aroundqj;1
corresponding to the turning region from the hydrodynam
to the critical region, and this temperature region cor
sponds to that of the steep decrease in the variance and s
ness. Even though the system is polydisperse and the
namic behavior is affected by it, the dynamical universal
is asymptotically valid in the vicinity of the critical point.

VI. CONCLUSION

Static and dynamic critical behaviors of polydisperse a
bimodal polymer solutions were examined. The results of
critical exponents agree with Fisher’s renormalized Ising v
ues. The critical concentration fluctuation that was shown
the decay rate distribution was independent of the polyd
persity near the critical point. Although the dynamic beha
ior was strongly influenced by polydispersity away from t
critical point, the dynamic universality was asymptotica
valid near the critical point. The origin of the renormaliz
tion was discussed based on the decay rate distribution,
was due to the presence of coupling between the fluctua
modes that enhanced the slow and spatially large fluctua
mode resulting in the modulation of intermolecular intera
tion.
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