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Critical fluctuations in a binary mixture of polyethylene glycol and polypropylene glycol studied
by ultrasonic and light scattering experiments

W. Mayer,1 S. Hoffmann,1 G. Meier,2 and I. Alig1,*
1Deutsches Kunststoff-Institut, 64289 Darmstadt, SchloXgartenstraXe 6, Germany;
2Max-Planck-Institut fu¨r Polymerforschung, Postfach 3148, 55021 Mainz, Germany

~Received 9 September 1996!

The critical mixture of polypropylene glycol~M51000 g/mol! and polyethylene glycol~M5400 g/mol! is
investigated by light scattering and ultrasonic experiments in the homogeneous one-phase region~explored
temperature and frequency range of the ultrasonic experiment are 0.1 K<T2TC<21.3 K and 0.4 MHz<f<30
MHz; TC is the critical temperature!. The composition of the critical mixture was determined by measuring the
volume ratios of the separated phases in the inhomogeneous two-phase region~criterion of equal volumes!.
The ultrasonic measurements are interpreted by a dynamic scaling theory for low molecular weight binary
critical mixtures of Bhattacharjee and Ferrell. The characteristic time scale of the dynamics of the critical
concentration fluctuations is described by the frequencyvC52D/j2 ~D is the mutual diffusion coefficient and
j the correlation length!, which can also be expressed byvC5v0«

zn @«5(T2TC)/TC is the reduced tempera-
ture;v0 is the critical amplitude andzn is the critical exponent#. The experimental values arev0522.2 MHz
from light scattering experiments andv0530 MHz from ultrasonic data~within the frame of the Bhattacharjee-
Ferrell theory!. The low mutual diffusion coefficient of the mixture~D5D0«

2n* , n* is the critical exponent;
D0 is the critical amplitude, with the experimental value from dynamic light scatteringD054.031028 cm2 s21!
allows us to study the high frequency behavior of critical ultrasound attenuation in the range 10,V,106

~V5v/vC is the reduced frequency;v is the angular frequency of the measurement!. The data follow the
dynamical scaling theory well.@S1063-651X~97!03703-3#

PACS number~s!: 36.20.2r
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I. INTRODUCTION

The study of ultrasonic absorption and dispersion is
important tool for investigating the dynamics of relaxati
processes in condensed matter@1#. In this way, the ultrasonic
behavior of critical fluids attracted considerable attenti
both experimentally and theoretically@1–13#. The experi-
mental data are explained by the coupling of the sound w
with critical order parameter fluctuations. In a binary mixtu
the following mechanism of ultrasound attenuation is wid
accepted: Because of alternate adiabatic compression an
pansion of the fluid the~local! temperature and the pressu
dependent critical temperature will change. Due to
lagged response of the concentration fluctuations~Fourier
components! energy is dissipated. Bhattacharjee and Fer
introduced a coupling constantg, which reflects this physica
picture @9,13#:

g5rcp@dTC /dP2~]T/]P!S#, ~1!

wheredTC/dP is the change of the critical temperatureTC
with the pressureP along the critical line,S is the entropy,r
is the density, andcP is the heat capacity of the critica
mixture at constant pressure.

The value ofg is often unknown because all of the the
modynamic quantities in Eq.~1! are seldom available. Th
importance of the first term in square brackets,dTC/dP, was
not recognized in the early attempts to explain the exp
mental findings. An example of a mixture where the o

*Author to whom correspondence should be addressed.
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served critical excess ultrasound attenuation is mainly att
uted to the pressure dependence of the critical temperatu
demixing is the mixture 2-butoxyethanol/water@experimen-
tal values:dTC/dP543 mK/bar, (]T/]P)s56 mK/bar@14##.

The time scale of the decay of critical concentration flu
tuations is characterized by a frequencyvC52D/j2 ~j is the
correlation length of critical concentration fluctuations,D is
the mutual diffusion coefficient!. Two aspects will be inter-
esting with respect to the polymeric mixture investigated
this work. ~i! Polymeric compounds attenuate the sou
wave by Rouse-Zimm-like modes~for references see@15#!.
The time scale of these processes overlaps with the t
scale of critical fluctuations.~ii ! Because of the low mutua
diffusion coefficients of polymeric mixtures@16–18# these
systems seem to be a good candidate to study the high
quency behavior~v.vC , v is the angular frequency of th
measurement! of critical ultrasound attenuation. The ultra
sound behavior in the high frequency regime was discus
in the past by theorists@13#. In this regime the theories seem
to be very sensitive to the incorporated mode coupling te
@8#.

The time scale of the critical dynamics of binary mixtur
is characterized experimentally by the critical amplitudev0
of vC ~vC5v0«

zn, «5(T2TC)/TC is the reduced tempera
ture,v0 is the critical amplitude,zn is the critical exponent!.
Experimental values ofv0 for low molecular components ar
found in the interval 1–50 GHz@3#.

In this paper we report experimental studies of the ult
sonic attenuation in a critical binary polymeric mixture. Th
system is characterized in Sec. III A. Special interest lies
the high frequency behavior of critical ultrasound attenuat
~Sec. III C!. The light scattering data~Sec. III B! are mainly
intended to obtain the critical amplitudes of the correlati
3102 © 1997 The American Physical Society
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55 3103CRITICAL FLUCTUATIONS IN A BINARY MIXTUR E . . .
length j and the diffusion coefficientD to support the con-
clusions drawn from the ultrasonic measurements.

II. EXPERIMENT

A. Samples

The samples were commercial products by Merck~Darm-
stadt!. Their molecular weight distribution was characteriz
by MALDI mass spectrometry~for polypropylene glycol,
MW51000 g/mol,Mn5970 g/mol,MW/Mn51.03; for poly-
ethylene glycol, MW5406 g/mol, Mn5384 g/mol,
MW/Mn51.06!. Before mixing by weight, the probes wer
dried for several days in vacuum at 50 °C.

B. Light scattering

Light scattering experiments were performed with a co
mercial photometer~ALV, Langen!. The light source was a
He-Ne laser~Spectra-Physics, model 127! with 35 mW laser
power. The goniometer covers an angular range 30°,Q
,140°, whereQ is the scattering angle. The incident an
scattered laser beam were polarized perpendicular to
scattering plane~VV geometry!. The dynamic light scatter
ing experiments were performed with a correlator mo
ALV 5000/E. The temperature was controlled with an ext
nal thermostat with accuracy60.05 K. Static and dynamic
light scattering experiments were carried out in the tempe
ture interval 0.07 K<T2TC<1.42 K ~corresponding to
2.331024,«,4.631023; « is the reduced temperature!. The
transmitted light was measured with a photodiode.

C. Ultrasound

The ultrasonic absorption was measured by a reson
method~frequency range: 0.4 MHz,f,1.5 MHz! and with
the same resonator cell by a pulse transmission techn
~frequency range: 6 MHz,f,30 MHz! similar to the
method described by Eggers and Funck@19#. The tempera-
ture was controlled with an external thermostat with ac
racy 0.02 K. To avoid humidity the ultrasonic cell was he
in a dry box filled with silica gel. This seemed to be nece
sary because the studied substances are hygroscopic.
measurements were carried out in a temperature range
K,T2TC,21.3 K, whereTC is the phase separation tem
perature of the critical mixture. Because of this wide range
temperature the cell alignment was checked carefully a
the measurement.

III. RESULTS

A. Phase diagram

Figure 1 shows the measured cloud point curve of
polyethylene glycol ~PEG!–polypropylene glycol ~PPG!
mixture. The cloud points were determined by cooling t
mixture until it became turbid~cooling rate 1 mK/min!. The
measured cloud points of mixtures with compositio
yPPG,0.3 ~yPPG is the mass fraction of PPG in the mixtur!
are shown in Fig. 1 with a dotted line because no sharp cl
point could be observed with the optical method.

To determine the composition of the critical mixture w
studied the volume ratios of the phase separated sam
~Fig. 2!. The critical mixture is characterized by the criterio
-
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of equal volumes in the vicinity of its phase separation te
perature. From this, the mixture with mass fracti
yPPG50.46 was selected. To this composition correspo
the phase separation temperatureTC530.5 °C. We call it the
critical temperature.

Inspection of the phase diagram~Fig. 1! shows that in
contrast to binary mixtures the critical mixture does not c
incide with the mixture that has the highest phase separa
temperature. This finding is explained by the polydispers
of the oligomeric compounds@20#. All measurements re-
ported in this study were performed with mixtures of com
positionyPPG50.46 ~critical composition!.

B. Light scattering

1. Static light scattering

In the vicinity of the critical point of demixing, the scat
tered light intensity mainly results from fluctuations of th

FIG. 1. Phase diagram of polyethylene glycol~MW5400
g/mol!–polypropylene glycol~MW51000 g/mol!. T is temperature.
yPPGis mass fraction of polypropylene glycol in the mixture.ycrit is
the mass fraction of PPG of the critical composition.

FIG. 2. Volume ratio of phase separated mixtures in the tw
phase region.Vb is the volume of the upper phase,Va is the volume
of the lower phase.Tp is the phase separation temperature. T
various values given in the picture correspond to different m
fractions of PPG.
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3104 55W. MAYER, S. HOFFMANN, G. MEIER, AND I. ALIG
concentration. This allows the determination of the struct
function S(k)5^uc(k)u2& by measuring the scattered inte
sity at different scattering angles,k is the absolute value o
the wave vector andc(k) is the Fourier component of th
concentration fluctuation;k is related to the scattering ang
Q by k5(4pn/l)sin~Q/2!, n is the refractive index of the
mixture, andl is the wavelength of incident light. The struc
ture functionS(k) is related to the scattered light intensi
I (k) by ~see@16#!

S~k!5
I ~k!l4r̄NLRVV

ref

I refnref
2 4p2~nA2nB!2M̄mon

, ~2!

where the index ref means reference sample~here we used
toluene!; r̄ is the mean density,M̄mon is the mean molecula
mass of the monomer units ofA and B; nA , nB are the
refractive indices of componentsA andB; andRVV

ref is the
Rayleigh ratio of the reference sample.

In Eq. ~2! single scattering is assumed. This seems app
priate in the explored temperature and scattering angle ra
because the two compounds have similar refractive ind
~nPPG

D 51.450,nPEG
D 51.467,T520 °C!.

It is convenient to describe the structure function by

S~k!5AkBTx~T!g~kj!, ~3!

whereA is the temperature independent constant,kB is the
Boltzmann constant,x(T) is the osmotic compressibility a
the temperatureT ~x5x0«

2g, x0 is the critical amplitude,g is
the critical exponent!, j is the correlation length of the criti
cal order parameter fluctuations~j5j0«

2n, j0 is the critical
amplitude,n is the critical exponent!, and«5(T2TC)/TC is
the reduced temperature.g(x) is the Ornstein-Zernicke sca
ing function

g~x!5
1

11x2
. ~4!

Fisher proposed an improved scaling functi
gf(x)51/(11x2)(12h/2), whereh is a critical exponent~the-
oretical valueh50.037! @21#. In the explored temperatur
range we find it convenient to use the Ornstein-Zernic
form ~4!.

We shall add here a note concerning the definition of
reduced temperature«. Usually, for polymeric mixtures« is
defined by«5(T2TC)/T because the Flory-Huggins param
eterxFH is related to the temperature byxFH}1/T @16#. How-
ever, we have estimated the Ginzburg number Gi on
basis of the crossover formalism@23# to be Gi>0.07, which
means«!Gi for the explored temperature range and hen
different definitions of« are inconsequential.

Figure 3 shows a plot of the inverse of the Rayleigh ra
of the scattered light intensity as a function ofk2 at different
temperatures. The data fit the Ornstein-Zernicke form w
The slopes of the 1/RVV vs k2 curves are constant within th
experimental error limit. From the Ornstein-Zernicke plot w
get with the relations~2!–~4! j as a function of the reduce
temperature« ~Fig. 4!. The data are fitted to the exponenti
law j5j0«

2n by setting the theoreticaln50.63@three dimen-
sional ~3D! Ising value# as a fixed value. Theoretical an
experimental studies~on more symmetric! low molecular
e
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e,
s

e

e

e

e

o
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weight and polymeric binary mixtures confirm the validity o
the 3D Ising behavior in a wide temperature regio
@17,18,22–24#. We get as a result of the fitting procedur
TC523.33 °C, which coincides with the measuredTC within
the experimental error limits. The critical amplitude is dete
mined asj05~0.6060.01! nm. According to Sariban and
Binder @25# theN dependence ofj0 in the 3D Ising limit is
given byj0}N

12n, which was proven to be valid for a serie
of different polymer blends@24#. The blend under study has
a mean valuêN&512.4, which follows withj050.6 nm ex-
actly the cited prediction. The value forG1, the amplitude
for the susceptibility, scales, again according to@25#, by
G1}N22g. The experiment givesG1515, which is about a
factor of 5 less than expected. We have no explanation
yet.

The valueTC523.33 °C differs considerably from the ex
perimental findings from cloud point measurements shown
Fig. 1 ~TC530.5 °C! and that from ultrasonic measuremen
~TC528.7 °C!. It should be noted here that the value ofTC is
very sensitive to impurities, especially to water. In contra
to the light scattering cell the ultrasonic resonator could n

FIG. 3. 1/RVV as a function ofk
2 at different values ofT2TC as

is indicated in the picture.RVV is the Rayleigh ratio,k is the abso-
lute value of the wave vector.

FIG. 4. Correlation length of critical concentration fluctuationsj
as a function of the reduced temperature«. The solid line is given
by j5~0.631029!«20.63.
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55 3105CRITICAL FLUCTUATIONS IN A BINARY MIXTUR E . . .
be completely closed. Therefore, the differences inTC may
be explained by different water absorption from the air.
was found in a separate experiment that addition of water
to an increase of the phase transition temperatures wit
considerable changes in the shape of the cloud point cur

2. Dynamic light scattering

By measuring the autocorrelation functionS(k,t) of the
scattered light intensity the decay of the order parameter
be obtained:

S~k,t !5^c~k,t !c~2k,0!&. ~5!

It is described by a single exponential law@26#

S~k,t !5S~k!exp@2G~k!t#. ~6!

The decay rateG is given by

G~k!5Dk2, ~7!

D5
L

x~k!
. ~8!

In this expressionx(k) is the wave vector dependent osmo
compressibility andL a mobility ~Onsager coefficient!. In
modern theory, the decay of concentration fluctuatio
couples to the transverse local momentum fluctuations. T
yields a wave vector dependent mobilityL(k). The measured
decay rate contains, besides the critical part, a noncrit
background. This situation is commonly described by a sp
ting of L into a background termLB , which is assumed as
constant, and the critical termLC , L5LB1LC @27,28#. This
gives the following relations for the measured diffusion c
efficientDM @defined by Eq.~7!#:

DM5DB1DC , ~9!

DB5LB /x~k!, ~9a!

DC5LC~k!/x~k!. ~9b!

DC is given by the theory as follows@29–31#:

DC5R
kBT

6phj
V~kj!. ~10!

The shear viscosityh can be expressed by@32#

h5hB~Q0j!xh, ~11!

wherehB is the background viscosity,Q0 is the microscopic
cutoff wave number,xh is the critical exponent, andR is a
universal dynamic amplitude ratio.

The scaling functionV(x) is given by Burstynet al. @31#:

V~x!5VK~x!@S~x!#xh, ~12!

VK~x!5~3/4x2!@11x21~x32x21!arctanx#, ~13!

where VK is the Kawasaki function,VK(x)>11 3
5x

2 for
x!1, and

S~x!5a~11b2x2!1/2, ~14!
t
d
ut
s.
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s
is
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-

wherea andb are constants.
To describe the experimental data we will use the re

tions ~7!–~14! in the following form:

DM5DVK~kj!, ~15!

D5D0«
n* , ~16!

with n*5n(11xh) the critical exponent.
We assumeS(x)51, which is an appropriate approxima

tion in the measured range 0.2,x,3, x5kj. Further, we
neglect the background diffusion term, which has be
shown to be small in most systems not too far away from t
critical solution temperature or not too close at the critic
solution temperature@16,31#. A proper discussion of it in the
explored system would make it necessary to measure
shear viscosity of the mixture@27,32#. We have no such data.

The diffusion coefficientD was determined by extrapola-
tion of @G/k2# to zero wave vector in the limit
kj!1: D5lim(k→0)[G/k2], see Eq.~13!. Then Fig. 5 is
obtained. The solid line in Fig. 5 was obtained by a fit to th
data according to the exponential lawD5D0«

2n* by setting
the critical exponent to the fixed valuen*50.664
@n*5n(11xh), xh50.054 is the theoretical value from a
mode coupling approach@33##. From the fit using
TC523.33 °C obtained from static light scattering~see
above! we getD05~4.060.1!1028 cm2 s21.

In Fig. 6 the scaling property of the data points is dem
onstrated. The solid line is calculated with relation~13!.

It should be noted that the data points are not go
enough to decide ifn50.63 andn*50.664 are the proper
exponents to describe the static and dynamic light scatter
data. Alternatively, we can ask if the Kawasaki scaling
appropriate. It is known that multicomponent systems c
show so-called renormalized exponents which differ fro
the values for binary mixtures, see, e.g.,@34#. We hope to
clarify this point in a later study by supporting the exper
mental equipment with a better temperature control. Beca
the light scattering data are mainly intended to support t
ultrasonic experiment, we think that the results of this se
tion are satisfactory.

FIG. 5. Mutual diffusion coefficientD as a function of the re-
duced temperature «. The solid line is given by
D5~4.031028!«0.664with Tc523.33 °C.
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We are now able to calculate the amplitude of the ch
acteristic frequency of the order parameter dec
v052D0/j0

2. With j050.6 nm andD054.031028 cm2 s21

we getv0522.2 MHz.

C. Ultrasound

1. Experimental findings

In a classical fluid a propagating sound wave is attenua
by the mechanism of viscous damping and thermal cond
tion. The attenuation coefficienta @~length!21# behaves as
a}f 2, where f is the frequency~Kirchhoff-Stokes law, see
e.g.,@35#!. In a polymeric system other processes contrib
to the observed ultrasound attenuation. An important mec
nism of sound attenuation in these systems is the dela
response of Rouse-Zimm-like modes, which yieldsa}f 22n

@n521
2 ~Rouse!; n52 1

3 ~Zimm!# ~for references see, e.g
@15#!. Figure 7 shows measured attenuationa/f 2 of the pure

FIG. 6. Vexpt as a function ofkj. Vexpt5G/~DK2!, G is the
measured linewidth,D5D0«

2n* , D054.031028 cm2 s21. The
solid line is calculated with the Kawasaki scaling function~13!.

FIG. 7. a/f 2 as a function of the frequencyf at the temperatures
T550 °C andT530 °C.d, experimental data from the mixture;s,
experimental data from pure PEG;h, experimental data from pure
PPG.
r-
y

d
c-

e
a-
ed

components and the critical mixture at two different te
peratures. The attenuation of the lower molecular PEG co
ponent behaves like a classical fluid in the frequency ra
considered, the PPG absorption shows a Rouse-Zimm-
behavior. The mixture shows an excess attenuation, wh
behaves significantly differently. The excess attenuation
only weakly temperature dependent.

To get further physical insight into the mixture behavi
we must separate the effect of the mixture~we will interpret
it as a critical ultrasound contribution! from the background
effect of the pure components. Because no theoretical wa
determine the background contribution exists we tried t
procedures for background estimation. The basic assump
is an additive contribution of the mixture and the backgrou
to the observeda/f 2, a/ f 25(a/ f 2)mix1(a/ f 2)b ~the indices
mix andb stand for mixture and background, respectivel!.
The background terms are built as follows: Arithmetic
mean background (a/ f 2)b5f(a/ f 2)PPG1~12f!~a/f 2!PEG
or reciprocal mean background (a/ f 2) b

215f(a/ f 2) PPG
21

11~2f!~a/f 2!PEG
21 , wheref is the volume fraction of PPG in

the mixture. The reciprocal construction was motivated
shear viscosity data in a polymeric mixture@16#. Figure 8
shows experimental data of a mixture in the vicinity of t
phase separation temperature together with the two b
ground constructions. In the subsequent sections we will
only the reciprocal background because mixture data po
corrected with it will give slightly better fittings to theoret
cal models of critical ultrasound attenuation. It should
noted that this difference is not significant, though.

2. Critical ultrasound absorption

In the following, we will characterize the ultrasonic me
surements by critical ultrasound theories for low molecu
weight binary liquid mixtures. This is mainly motivated b
the light scattering results, which show the presence of c
cal concentration fluctuations. The light scattering data
properly be described by common laws of static and dyna
critical phenomena well established for binary liquid mi
tures.

Critical ultrasound attenuation is founded in the lagg
response of the critical concentration fluctuations to the p

FIG. 8. a/f 2 as a function of the frequency.d, measureda/f 2

from the mixture;h, linear background;n, reciprocal background
T528.9 °C.
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55 3107CRITICAL FLUCTUATIONS IN A BINARY MIXTUR E . . .
sure induced temperature variationsdTC/dP ~pressure de-
pendence of the critical temperature along the critical li!
and (]T/]P)S ~adiabatic temperature rise!. Both effects are
incorporated in the coupling constantg defined by
g5rcP[dTC/dP2(]T/]P)S], see Eq.~1!. To gain some in-
sight into the physical mechanism of critical ultrasound
tenuation of the PEG-PPG blend, we measured the temp
ture coefficientdTC/dP of the critical mixture polyethylene
glycol ~Mw5600 g/mol!–polypropylene glycol~Mw51000
g/mol!. The measurement gave the following resu
dTC/dP52462 mK/bar. We plan to present a full discu
sion of this experiment in a later work@37#. Experimental
values of the adiabatic temperature rise (]T/]P)S of the
critical mixture are not available. With the thermodynam
relation (]T/]P)S5TaP,Xc/(rCcP,Xc) ~aP,Xc is the thermal
expansion coefficient of the critical mixture,rC is the density
of the critical mixture,cP,Xc is heat capacity, andT is tem-
perature! and the valuesrC51.09 g cm23 ~mean value of the
densities of the pure samples atT5302 K!, cP,Xc50.49
cal g21 K21 ~cP of PEG 750 at 306.6 K taken from@38#!,
aP,Xc50.7131023 K21 ~mean value of the thermal expan
sion coefficient of the pure samples atT5302 K!, and
T5302 K we get as a crude estimate (]T/]P)S59.6 mK/bar.
With these values the coupling constantg is estimated by
g520.30.

Theoretical studies of critical ultrasound behavior a
based on calculations of the frequency dependent com
bulk viscosity@7,8,10# or the frequency dependent comple
specific heat@9,11,12#.

To be specific, we will compare the measurements w
results of the dynamic scaling theory of Bhattacharjee
Ferrell @9#, which was very successful by describing expe
mental data of low molecular weight components, especi
in the high frequency limit@2,3#. In this limit the dynamic
renormalization group study of Kroll and Ruhland giv
similar results@10#.

A dynamic scaling argument for the complex heat cap
ity leads to a simple functional dependence of the attenua
a/f 2 from frequency at the critical solution point

~a/ f 2!c5Kf2@11a/~zn!#1B, ~17!

wherea50.11 is the critical exponent of the specific heat
the critical mixture at constant pressure,n50.63 is the criti-
cal exponent of the correlation lengthj, z53(11xh), where
xh50.054 is the critical exponent of the shear viscosity o
tained from a mode coupling approach@31#, and a/zn
50.057.B is a phenomenologically added background ter
not further specified~Kirchhoff-Stokes law!. In our caseB is
identical to (a/ f 2)b,c at the critical point.K is a frequency
independent constant.

In Fig. 9 the experimental data from a measurement at
vicinity of the critical solution temperature~T2TC50.1 K!
are presented. Becausea/f 2 shows only a weak temperatur
dependence it is appropriate to identify it as a measurem
at the critical temperature. In the upper part~a!, mixture data
are presented together with the reciprocal background cu
calculated using the reciprocal background construction
the lower part~b!, the background data points are subtract
It can be seen that the functional form of relation~17! is
-
ra-
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represented by the experimental data. From a linear fit to
data in Fig. 9~b! we get from the slopeK the value of
A*5Kuc , A*53.6631023 s21.057, where uC is the ultra-
sound velocity at the critical temperature~uC51509.4 m/s!.
We will need it in the following. In contrast to Eq.~17! the
experimental background is frequency dependent. The
sumption that the critical and the background attenuat
contribute additively to the observed attenuation seems
propriate.

To describe the critical ultrasound behavior in the who
frequency and temperature range, Bhattacharjee and Fe
give a parameter free relation for the reduced quan
~al/al,C! ~al is the contribution to the attenuation coefficie
per wavelength from critical order parameter fluctuations a
given temperature andal,C is the contribution to the attenu
ation coefficient per wavelength from critical order para
eter fluctuations at the critical temperature!:

al /al,c5G~V!, ~18!

whereV5v/vC is the reduced frequency.
The authors give an approximated relation for the scal

functionG~V!,

G~V!5@110.414~V1/2/V!1/2#22, ~19!

with G~V1/2!5
1
2, V1/2>2.1 @9#.

This relation can directly be compared with the expe
mental findings. The only parameter which has to be kno
is the amplitudev0 of the characteristic frequency, which
available from light scattering experiments or can be de
mined by fitting the ultrasonic data~see below!.

From Eqs.~18! and~19! we get the critical attenuation pe
wavelength as a function of the reduced temperature« and
the frequencyv:

al~«,v!52pAF~V!, ~20!

FIG. 9. ~a! a/f 2 as a function off21.057. d, experimental data
from the mixture; s, reciprocal background (a/ f 2)B . ~b!
~a/f 2!mix as a function off

21.057. ~a/f 2!mix5(a/ f 2)2(a/ f 2)B . a/f 2

is the observed attenuation of the mixture.T528.9 °C.



g

io

re

a
c

t
fo
a
e
o
c

a

s

tr

iate.
d

f-
in

t

in

r

-
s
n
n

al
h-
ed

-
x-
of

-
it
e-

3108 55W. MAYER, S. HOFFMANN, G. MEIER, AND I. ALIG
F~V!5~pa/2zn!V2a/~zn!G~V!. ~21!

From Eqs. ~17!, ~20!, and ~21! follows A5A0«
2a with

A05(1/2p)(2zn/pa)(2p/v0)
a/znA* . With the fitting value

of A* andv0522.2 MHz we getA052.531023. As has been
pointed out by Tanaka and Wada@13#, the other theories of
critical ultrasound attenuation mentioned here can be brou
to the functional form~20!. They differ mainly in the con-
crete expression of the scaling functionF~V!. The amplitude
A can be approximately expressed by the common relat
A5A0«

2a with A05(u2g2cP,0)/(2TCc P
2 ), wherea is the

critical exponent of the heat capacity of the critical mixtu
at constant pressure,u is the ultrasound velocity,g is the
coupling constant,cP is the heat capacity, andcP,0 is the
critical amplitude of the heat capacity. The explicit calcul
tion of A would make it necessary to measure the heat
pacity of the critical mixture in the vicinity of the critical
temperature. No such data are available. On the assump
that the two-scale-factor-universality hypothesis is true
the studied polymeric mixture we get the value of the critic
amplitudecP,0 of the critical part of the heat capacity. Th
two-scale-factor-universality hypothesis asserts a relati
ship between the amplitude of the critical concentration flu
tuationsj0 andcP,0: Rj5(rCacP,0/kB)

1/3j0 ~kB is the Bolt-
zmann constant,rC is the density of the critical mixture, and
a is the critical exponent of the specific heat, theoretic
valuea50.11!. The valueRj50.27 is given by a renormal-
ization group study@39#. Using j050.6 nm and the thermo-
dynamic values quoted above we getcP,0510.5 J kg21 K21

and A058.531024. With respect to the crude assumption
made in the evaluation ofA0 this value seems to coincide
with the experimental valueA052.531024 obtained above
from an analysis of Fig. 9.

Figure 10 shows~al/al,C! as a function of the reduced
frequencyV. The~al/al,C! values were drawn directly from
experimental data after subtraction of the background con
bution (a/ f 2)b and by identifyingal of the mixture at the
vicinity of the critical solution temperature~T2TC50.1 K!
with al,C . Because the experimentalal data show only a

FIG. 10.al/al,C as a function of the reduced frequencyV. al is
the attenuation per wavelength,al,C is the attenuation per wave
length at the critical temperature. The solid line was calculated w
Eq. ~19!. The dotted line was calculated numerically with an int
gral representation ofG~V! @9~b!#.
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weak temperature dependence this setting seems appropr
The valuev0530 MHz was used to evaluate the reduce
frequencyV. It was determined by fitting the~al/al,C! val-
ues to the functional form given in Eqs.~18! and ~19!. The
difference between this value ofv0 andv0522.2 MHz ob-
tained from light scattering data results presumably from di
ferent critical phase separation temperatures observed
these two experiments~TC , light scattering: 23.33 °C;TC ,
ultrasound: 28.8 °C!. Because the viscosity is reduced a
higher temperaturesv0 of the ultrasound experiment has the
greater value. In this way we think both experiments are
accordance.

Figure 11 shows the critical part of the attenuation pe
wavelengthal scaled with the parameter 2pA according to
relation ~20!. The experimental data are fitted to the func
tional relations~19!–~21! as described above. These relation
are presented in Fig. 11 by the solid line marked BF. I
addition to this, predictions from an integral representatio
of the scaling functionF~V! of Ferrell and Bhattacharjee
@9~b!# @named BF~Integral!#, a renormalization group study
of Kroll and Ruhland@10#, and an older mode coupling study
of Kawasaki@7# ~two-mode contribution, Ornstein-Zernicke
correlation function; the four-mode contribution is studied in
@8~b!#! are shown. Figure 11 shows that the experiment
data are well represented by the theories of Kroll and Ru
land and Bhattacharjee and Ferrell. It should be recogniz
that the value ofA must be used as a fit parameter.

To get further evidence for the assertion that critical con
centration fluctuations are responsible for the observed e
cess attenuation we studied the temperature dependence
vC with the following relation which can be obtained from
Eqs.~17!–~19!:

~a/ f 2!expt5
A*

uT
f21.057S 110.2393

AvC

Af D 22

1bT .

~22!

h

FIG. 11. al/2pA as a function of the reduced frequencyV @see
Eq. ~20!#. al is the attenuation per wavelength. The solid line~BF!
is calculated with Eq.~21!. The experimental data are fitted to Eq.
~20! ~see text!. The curve KR is calculated withF~V!5Im[ f ( n̄)/
f (0)] by setting V5n̄/2 ~for definitions see Ref.@10#!. The
curve Kawasaki is calculated numerically withF(V) 5* 0

`(x2/
(11x2)2$VK(x)/[K2(x)1V2] %dx, see @7#. The curve BF
~Integral! is calculated numerically with F(V)
5pa/(2zn)V2a/zn

„~3/p!*0
`[x/(11x)2] $[Vx(11x)1/2]/[ x2(11x)

1V2] %dx….
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Here f is the frequency,~a/f 2!expt the measured attenuation
uT the temperature dependent ultrasound velocity,A* see
above,vC the characteristic frequency defined above, andbT
the background, which is here assumed to be frequency
dependent.

From a fit of the frequency dependence of the experim
tal ~a/f 2!expt data at different temperatures to relation~22! we
get the characteristic frequencyvC ~fit parameter! as a func-
tion of the temperature. Figure 12 shows the result of t
analysis. Because ofvC5v0«

zn, 1/zn50.52 ~theoretical
value, see above!, we expect a linear relationship betwee
vC
0.52 and the temperatureT. This is confirmed in Fig. 12 for

temperaturesT.310 K. For lower values ofT the second
term in the large parentheses of Eq.~22! is too low to allow
a correct determination ofvC . The solid line in Fig. 12
comes from a linear fit to the data withT.311 K. From this
we obtainTC528.62 °C andv0557 MHz. The value ofTC
agrees in the experimental error limits with the experimen
value TC528.7 °C obtained in the ultrasonic experimen
The value ofv0 is somewhat higher than the valuev0530
MHz from ultrasonic data quoted above andv0522.2 MHz
from light scattering data~see the comments made above!.

IV. CONCLUSION

From our experimental data we draw the following co
clusions.

~1! The measured excess ultrasonic attenuation of
critical mixture PEG 400–PPG 1000 can be attributed to

FIG. 12. vC
0.52 vs temperatureT. vC is the characteristic fre-

quency obtained by a fitting to Eq.~22! ~see text!.
R
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e
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presence of critical concentration fluctuations.
~2! The data reproduce the high frequency regime of th

retical predictions of Bhattacharjee and Ferrell@9# and Kroll
and Ruhland@10#.

~3! Rouse-Zimm-like contributions of the pure comp
nents can be incorporated as an additive background ter
the critical part of the ultrasound attenuation.

The present work extends former ultrasonic studies
critical mixtures of low molecular weight~see, e.g.,@2,3#,
and references therein! and polymeric solutions@4,5# to poly-
meric melts. It seems that all these works confirm the co
mon physical picture of critical ultrasound attenuation. O
may think that the next step in critical ultrasonic experime
should be the study of higher molecular weight polyme
mixtures. The present work shows that the critical contrib
tion of high molecular weight polymeric mixtures woul
give a nearly temperature independent contribution to
observed attenuational . Further, we would expect larg
contributions from other molecular processes like Rouse
namics. In this way, oligomeric mixtures, like the syste
explored in this work, seem to be a good starting point
further investigations. Another interesting question is the
havior of Rouse modes in a critical medium. We think the
difficult processes will attract considerable theoretical a
experimental attention in the future. At present, we have o
a crude understanding of them. For example, a mode c
pling approach to this question from Genz and Vilgis@36#
shows a critical slowing down of the first Rouse mode.
contrast, the self-diffusion coefficient remains nonsingu
Processes like this are expected to have an influence on
observed ultrasound attenuation. In this way, it would also
illuminating to study noncritical mixtures. The aim of suc
experimental studies could be the building of crossover fu
tions: ~i! The crossover from critical behavior to noncritic
behavior by varying the composition;~ii ! the crossover from
common Rouse dynamics to critical screened Rouse dyn
ics.
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