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Critical concentration fluctuations of the ionic binary mixture ethylammonium
nitrate —n-octanol: An ultrasonic spectrometry study
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Between 200 kHz and 130 MHz, the ultrasonic attenuation spectrum of the ionic ethylammonium nitrate—
n-octanol mixture of critical composition has been measured at various reduced temperaturetd( 15t
<5.7x 10 ?). Using static and dynamic light scattering data as well as viscosity and heat capacity data from
the literature, the experimental spectra have been evaluated to yield the scaling function, with the background
contribution to the spectra as the only adjustable parameter. Agreement, within the limits of experimental error,
of the measured scaling function with that of the nonionic binary system ethanol-dodecane and with the
theoretical predictions of the Bhattacharjee-Ferrell dynamic scaling model is found. The amplitude of the
fluctuation correlation lengtt, (=0.47 nm) and the amount of the coupling constght=1.3) are rather high
as compared to nonionic binary critical mixtures. The amplitude of the relaxation rate of order parameter
fluctuationsl' (= 2.6x 10% s~ 1) exhibits an unusual small value, likely to the most part a reflection of the high
viscosity and thus small diffusion coefficient of the ionic liquid.
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I. INTRODUCTION to minimize the number of unknown parameters in the evalu-
ation of spectra. As we are interested in the importance of
Critical demixing in nonionic binary fluids is governed by Coulombic interactions for the criticality of the system, at-
short-range van der Waals forces, hydrogen bonding, antgntion is particularly paid to indications of effects from this
entropy controlled solvophobic effects. Despite the relativenterparticle force in the critical behavior of the ionic liquid.
importance of these interactions for a given system, Ising-
type criticality normally results. Close to the critical point, Il. EXPERIMENT

the properties of such binary mixtures reflect large fluctua- Ethylammonium nitrate was supplied by Weinger,

tions in the concentration, largely masking the identity of theRuhr-Universi't'a Bochum, Germany. The salt had been syn-

system. The phase transition is characterized by power Iawt%esized and dried as described previolsh]. Immediately

determined by universal pr|t|cal .exponents, of Whlc.h’ Nhefore use, it was desiccated again by keeping it in a drying
many cases, only two are linearly independent. The univers abinet for three days at 65 °C under vacuum. The nonionic

prop_erties_ of the_ quuid-_liquid phase transition r_lave been in'constituentn-octanol (=99.5%, Fluka, Deisenhofen, Ger-
tensively investigated in the past both experimentally andnany) was used as delivered by the manufacturer. Mixtures
theoretically[1—6]. of critical compositionx,=0.766[25], x.= mole fraction of

More recently, much attention has been directed tOWardEAN) were prepared under dry nitrogen by We|gh|ng appro-
ionic fluids [7—34] in which long-range Coulombic forces priate amounts of the constituents into suitable flasks. In or-
might lead to a special critical behavior. An unusual crossder to avoid water uptake, all subsequent sample manipula-
over from Ising-type to classical mean-field behavior hasions were also performed under dry nitrogen. All samples
been found35-37 and has been attributed to the simulta-were carefully stirred at 70 °C well above the critical tem-
neous presence of two crossover parameters, related to tvperatureT.. Despite cautious handling of the samples, dif-
independent characteristic spatial scales of the lig@&j39.  ferent mixtures of critical composition exhibited different vi-

Since acoustical fields couple to the spatial Fourier comsually determined critical temperatur€gs,s , thus reflecting
ponents of the long-range concentration fluctuations and tthe well-known high sensitivity of the critical temperature of
many noncritical elementary processes as well, ultrasonimonic binary mixtures against small traces of impurity such as
spectrometry is a powerful tool for the study of binary lig- water[29]. Here we report results for three mixtures of criti-
uids near critical points. For this reason, we measured theal composition with visually determined critical tempera-
ultrasonic attenuation coefficient of the ethylammonium ni-tures T,;s=47.70, 44.29, and 42.37 °C, respectively. We
trate(EAN)—n-octanol f1-CgOH) mixture of critical compo-  mention that in the measurements of the heat capagity
sition as a function of frequency and temperature near théhe critical temperature of different samples of the
critical temperatur@ .. The results of our measurements areEAN—n-CgOH system varied between 41 and 47 °C without
combined with heat capacifyt0], shear viscosity25], and  any noticeable effect in the structure of ti, versusT
static[16,27] and dynamid 16] light scattering data in order profiles[40]. It turned out that the ultrasonic spectra of the

mixtures with different critical temperature also agree with
one another if comparison is made of the excess attenuation
*Electronic address: uka@physik3.gwdg.de coefficient
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at the same reduced temperattire| T—T|/T.. Here ayg \é\o 2000 ?%Q\t:zg <102 i
denotes the noncritical background attenuation coefficient & Y g\ 000 i
T. Teis=42.37 °C is close to the lowest upper critical tem- 4000 \\n\\\o s00 - %, 47
perature reported so far for the system EANEZ;OH (T, \\\ﬁ\\fg\ 5.62x10’2\
=40.42[25)). E s000L VN 20017 . T

The ultrasonic attenuation coefficiemtof the mixtures of =, \ n\n\wo(u 5 0 200
critical composition has been measured as a function of fre ™ \ \ \
quencyf between 200 kHz and 2 MHz and reduced tempera \ \o t= O 157x 10:;
turet at 1.5 10 4<t=<5.7x 10 2. In order to appropriately .& 2000 L \\ U\§ N s ?"212 . ]18-2 4
account for the asymptotic high frequency background con'© \ O 2.07 x 102
tribution a4 to the acoustical attenuation coefficient, one \
mixture has been additionally investigated at frequencies be ~ 1500 | \ 1
tween 40 and 130 MHz. At some temperatures ethylammo \\ \
nium nitrate andh-octanol have been measured between 20( %
kHz and 15 MHz. In the lower frequency bandf ( \ %
<15 MHz), a resonator method has been utilized in which 1000 . LN L ! ]
the sample is contained in a cylindrically shaped cavity cell. 0.2 03 04 0.7 1 2
We used a planoconcayél] and a biplanaf42] version of f (MHz)

the resonator. Resonator measurements yield the attenuation

coefficient of the sample relative to a reference liquid. We FIG. 1. Ultrasonic attenuation spectra at several reduced tem-
used appropriately chosen methanol—-water mixtures as a rgferaturest for an ethylammonium nitratex-octanol mixture of
erence. In the high frequency bantt{40 MHz), a pulse- critical composition. Full curves are drawn to guide the eyes. The
modulated wave transmission method was applied that betashed line is the graph of a Debye relaxation t¢Em. (2)] well
cause of variation of the sample length, enables absalute above the relaxation frequency £2p) ~*.

measuremen{st3]. The sound velocity/, of the mixtures of

critical composition has been determined from successivéata shown in the inset of Fig. 1, towards high frequencies,
resonance frequencies of the cavity resonator cells. The terihe a/f* data tend toward a constant high frequency value
perature of the cells was controlled to within 0.03 K andB’ that is taken to represent the noncritical background con-
measured with an error of less than 0.02 K. The frequency offibution to the spectrum. Hence, according to the relation
measurement was known and kept constant with a negligibly
small error. The error in the attenuation data was less than
5% atf<15 MHz and smaller than 2% &t=40 MHz. The
sound velocity has been measured to withif.1%.

a_
2=

a

2 +B’, 3)

crit

our spectra are assumed to be composed of a critical and a
IIl. RESULTS noncritical part.
In order to make sure that the low-frequency contribution
In Fig. 1, for an EAN-n-CgOH mixture of critical com-  in the a/f? spectra of the mixture of critical composition

position, a double logarithmic plot is given of thef? data (Fig. 1) does not mask relaxation behavior of the constituents
as a function of frequencl Within each series of measure- themselves let us inspect the ultrasonic attenuation coeffi-
ment, the attenuation coefficient decreases Witfhe nega- cient data ofn-octanol and EAN themselves. As shown by
tive slope—d(a/f?)/df of the curves increases on approachFig. 2 for the alcohol at 40 °C, the/2 values are constant
to the critical temperaturet{~0). For all reduced tempera- within the relevant frequency rangé<2 MHz). This is in
tures it is distinctly smaller than the negative slope of aconformity with a recent broadband (300 kidf<3 GHz)

Debye-type relaxation term ultrasonic study of alcohols, which for-octanol at 25 °C,
revealed Debye-type relaxation terms with relaxation fre-

a Ap @ quencies as high as 420 MHz and 1.7 GH4]. The fre-
f2 1+ (27f )ZTZD’ quency normalized attenuation coefficient data of EAN may

be taken to indicate a small dispersionfat7 MHz (Fig. 2).

at f>(2mrp) L. At frequencies well above the relaxation These dispersion characteristips(a/f2)/df<0] may re-
frequency fp=(277p) %, such term is indicated by the flect an ion complexation mechanism as has been suggested
dashed line in Fig. 1. from broadband dielectric spectrometry of EAM5]. The

In Eq. (2 AD=2a(fD)/f2D is the amplitude anap is the  existence of a high-frequency ultrasonic relaxation process in
discrete relaxation time. The comparatively small negativepure EAN has still to be verified by additional measurements
slope in thea/f? versusf relations of the EAN-a-CgOH  at f>15 MHz. Such process could, at least in parts, explain
mixture of critical composition points at an underlying broadthe rather highw/f? values of the room temperature molten
relaxation time distribution, as characteristic for spectra duesalt at low frequenciega/f2=195x10 ¢ m™?, 40°0
to critical fluctuations in concentration. As illustrated by thebut it is irrelevant in the measuring range of this study.
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FIG. 2. Frequency normalized ultrasonic attenuation data versus

frequency for ethylammonium nitraté®) and n-octanol (full

squaresat 40 °C. FIG. 3. Frequency normalized ultrasonic attenuation coefficient

att=1.57x10"* for an EAN-n-CzOH mixture of critical compo-

it : —1.06
IV. DISCUSSION sition plotted as a function of .

)

Let us consider the critical contributior(f?) to the ul- dT, Ta,
trasonic attenuation spectra in the framework of the 9=pCp aP _pC ,
Bhattacharjee-Ferrell dynamic scaling thedBF) [46—48§. P
We are aware of more recent theoretical modéB-55 of  the coupling constarg s related to density, of the mixture
critical sound attenuation in binary liquids. As will become at T, to the sloped T./dP in the pressure dependence of the
obvious below, however, this ionic binary system is less suitcritical temperature, and to the thermal expansion coefficient
able for an experimental examination of the fine details INg, at constant pressure.
the Scaling function predicted by the different theoretical In F|g 3, at a temperature as close as possib|e to the
models. For reasons of a clear comparison with previougritical, the frequency normalized attenuation coefficient of
results for nonionic critical mixtures we thus prefer the BF 5 EAN-n-CgOH mixture of critical composition is plotted
treatment here. _ versusf 1 Within the limits of experimental error, the

The Bhattacharjee-Ferrell theory predicts the frequencyyata follow the predictions of Ed4), with frequency inde-
normalized attenuation at the critical temperature to foIIowpendent S=(3.01+0.04)x 10 ¢ *m™! and B'=(281
the relation +0.5)x10" 1 &2m™L. This result indicates the frequency

dependent ultrasonic attenuation of the critical mixture to be

a .
e T)=SF@+) 1B/ (T.). 4 well repr_eseljted by the BF model. The small error in .the

(f2>cm( o) =S (Te) @ asymptotic high frequency paB’ should not be overesti-

mated sinceB’ just results from an extrapolation of low-

Herein frequency data to high frequencies. TBé value may thus
contain contributions from noncritical relaxation processes.
m2AV(To) [ Q10]° 92 At T#T,, the Bhattacharjee-Ferrell theory yields an em-

S= o7, o Eg (5 pirical scaling functior{47]
is an amplitude that only weakly depends upon frequeBcty, Fer(Q)= el f,T) 0 (8

= 1722
is the background contribution to the attenuation coefficient agi(f,To)  (1+0Y9)
[Bq. (3)], 6=ao/(Z,v)=0.06, anday, Z,, v are the spe- where a;; denotes the critical contribution to the total at-

cific heat critical exponent, the dynamical critical exponent, : -
and the critical exponent of the correlation length of ordertenu"’Itlon coefficien{Eq. (3)]. A more recent form of the

parameter fluctuations. In E¢p), A is the amplitude describ- scaling function[48]
ing the singular behavior of the heat capadBg| Far(Q)=[1+0.4140,,/0)"?] 2, 9)

szﬁt‘“w Et+B. 6) is defin_ed with the aid of the half—atterluation frequeticy,
a, and with the reduced frequency)=2#f/I". A half-
attenuation value 1% ,,,<2.4 with a weighted mean of
Q4 is the dimensionless half-attenuation frequep®l, I'y  Q4,=2.0[49] had been derived from ultrasonic attenuation
is the amplitude of the relaxation raleof order parameter data of the critical systems 3-methylpentane—nitroethane
fluctuationsV(T.) is the sound velocity at the critical point, [57] and cyclohexane—nitroethafg8], whereas(),,,=1.2
andg is the adiabatic coupling constant. According to +0.2 followed for ethanol-dodecafg9].
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FIG. 4. Mutual diffusion coefficient of an EANA-C;OH mix-  Fer(€2) defined by Eq(9) with (,,=2. Figures symbols indicate
ture of critical composition versus reduced temperature. One set dfifferent samples.
data has been obtained from static and dynamic light scattering data

(O), [16], the other ondg[d) from static light scattering27] and  =(0.50=0.04) nm results from heat capacity measurements
shear viscosity datf25]. [40] according to the two-scale-factor universality relation
[61].

In order to plot the experimentad i (f,T)/a¢u(f,Te) 13
data as a function of the reduced frequefiythe relaxation £,=0.27kg/A)™", (14)
rateI" of the order parameter fluctuations has to be known . . .
for each pair of frequency-temperature values. We utilize th<¥vIth A defined by Eq(6). Using a mean of thesg;, data
relation T tZov

=T t%?, (15

I'=2D/¢, (10 follows with I'y=(2.6+0.4)16 s~ *.
e . The aqit/ aqi(T.) data obtained from measurements of
#IO Cflcij.later frorln :_he Tutua}l diffusion coefficierd and the three mixtures of critical composition at frequencies between
uctuation correfation leng 200 kHz and 130 MHz and at reduced temperatures between
E=E gt 1y L15x 10 # and 5.7 10 2 are displayed as a function of re-
o duced frequency) in Fig. 5. Also shown in the figure is the

with the amplitude, and the critical exponent=0.63. Two ~ 9raph of the scaling functiok () defined by Eq(9), with
sets of diffusion coefficients are available for the @ half-attenuation frequendy,,=2. The experimental data
EAN-n-CgOH system. One has been obtained from a recald0 not deviate from thé&(() function by more than 10%
culation of static and dynamic light scattering dit&]. The  and there are no systematic deviations of the/ arcri(Te)

other one has been derived from shear viscosity gaf@5]  data from the theoretical predictions. In view of the fact that,
and £,=0.48 nm[27] using the equation except the ultrasonic background attenuat®in no adjust-

able parameters have been used in the evaluation of the mea-
kgT sured attenuation coefficients and that only the half-
D= 6mn’ (120 attenuation frequencyl,,, in the scaling function may be
S varied within some narrow limits, the agreement between the
In Fig. 4 both sets of data are displayed as a function ofXxperimental findings and the predictions of the BF theory is
reduced temperature to show that the diffusion coefficienexcellent. Due to the unusual small amplitudig=2.6

follows power law behavior x10% s71 of the relaxation ratd’, however, noQ) values
smaller than 10 are reached with the ethylammonium
D=D,t", (13 nitrate-n-octanol system. In Fig. 6, therefore, the

agitl aqif(Te) values for one EANHA-CgOH mixture of
with v* =0.664, as predicted by the mode coupling theorycritical composition are shown along with the corresponding
[60]. Slightly different amplitudesD,=3.3x10 ' m?s™!  data for the nonionic binary system ethanol-dodecane. Both
andD,=2.5x10 1 m?s! follow from the dynamic light sets of data nicely fit to one another and, with the exception
scattering measurements and from the other set of diffusioof the region of small reduced frequencieQ <0.3), the
coefficient data, respectively. The amplitudes of the fluctuascaling function defined by E@9) represents the experimen-
tion correlation length are also most consisterdi, tal data satisfactorily. It is only mentioned that the Folk-
=0.47 nm[16] and £,=0.48 nm[27] have been found in Moser scaling functiorf54] predicts F({}) values smaller
two independent series of light scattering experimeéts, than the measured;./a¢i(T.) values at)}<0.3[16]. This
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15 : : : : have been calculated from the heat capacity data per unit
volume [40] using the densityp.=1.0678 gcm?® at the
critical point.

In Table I, the system specific parametEgs &, |g|, and
Sare listed for various binary mixtures with critical demix-
ing point. The ionic system exhibits by far the smallest am-
plitude I', in the relaxation rate of order parameter fluctua-
tions. For the system methanat-heptane ', is 31 times
larger than for EAN-n-CgOH and for all other systems
listed in Table | thd’,, is even larger. The amplitudg in the
fluctuation correlation length of the EAN+-CgOH mixture
0.1 R : '3 '5 ' 7 9 is rather large, only that of the polypropylene glycol—

10 10 10° 10 10 10 polyethylene glycol system is somewhat larger. Also the

Q amount of the coupling constajg|=1.3 is the second larg-

FIG. 6. Normalized attenuation coefficient, excluding back- ?St one within the series of binary critical mixtures compiled

ground contributions, bilogarithmically plotted versus reduced fre-" Table I. The isobutyric acid—water system shows an even
quency for one ethylammonium nitrate-ectanol mixture of crit- ~ Somewhat largefg| (= 2.1) than the system EAN+-CzOH.
cal composition(¢) and for the ethanolr-dodecane mixture of H€NCe, the most striking parameter of the various liquids
critical composition (CJ), [59]). The curve is the graph of the displayed in Table | is the smdll, value of the ionic system,
Bhattacharjee-Ferrell scaling functigig. (9)]. which seems to reflect its high viscosity. In addition, due to
the Coulombic interactions, relaxation from a local nonequi-
difference between the scaling functions at different theoretlibrium distribution of electrical charges into thermal equi-
ical models needs further inspection including additional exJibrium will involve extensive redistribution of ions and may,
perimental data af)<0.1. therefore, proceed with a smaller relaxation rate than a mo-
The focus of this paper is potential special characteristictéecular liquid mixture at the same reduced temperature.
in the ultrasonic attenuation of the ionic binary critical sys-
tem. We, thus, also evaluated the amplit&at# the spectrum
at the critical poin{Eq. (4)] for the amount of the coupling
constanty. Using Eq.(5) with S=3.01x107°% *%m~1 T, The ultrasonic attenuation spectra for an ionic binary sys-
=315.52K, §=0.06, V. (T)=13957ms!, A=1.82 tem with critical demixing point can be well represented by
X102 J(gK), Cp=2.111JgK), T',=2.6x10° s, and the Bhattacharjee-Ferrell dynamic scaling theory. At the criti-
Q4,,=2.0, the rather high amoung|=1.3 follows for the cal point the attenuation dat&ig. 3) nicely follow the theo-
coupling constant of the EANr-CgOH system. The errors retically predicted frequency dependeri&s. (4)] and near
in the parameter values yield an uncertainty|=0.2. This T, the spectra for the mixture of critical composition can be
uncertainty includes the use 6f,,=1.2 instead of 2.0. In well represented by the Bhattacharjee-Ferrell scaling func-
the above evaluation of the amplituBethe A andC, values  tion Fge({2) [EQs.(8,9)]. No crossover correctiorig8] have

O crit /acrit (Tc)

V. CONCLUSIONS

TABLE |. Amplitudes of the relaxation rate and fluctuation correlation length, amount of the coupling
constant, and amplitude of the ultrasonic attenuation spectrum at the critical point for i=ANGH and
some nonionic binary critical mixtures.

r,, 10°s? £, Nm ol S 10 ¢ P9m?
Ethylammonium nitrater-octanol 0.22 0.47 1.3 3.0
Methanol-n-heptane 6.962] 0.26[63] 0.22[62] 2.2[62]
Ethanol-dodecane 8[69] 0.34[59] 0.1[59] 0.72[59]
Isobutyric acid—water 9.[64] 0.36[64,65 2.1[64] 65 [64]
Nitrobenzene—isooctane 166] 0.30[66] 2.6[66]
Nitrobenzenen-hexane 2(067,68 0.35[69]
HO(C3HgO),H—HO(G,H,0),H 22[70] 0.6[70] 0.3[70] 2.4[70]
2,6-dimethylpyridine—water 2071] 0.23[71] 0.22[71] 8.2[71]
Methanol—-cyclohexane IB2] 0.32[72] 0.24[62] 2.1[62]
Benzonitrile—isooctane 3%3] 0.27[73] 0.4[73] 27[73]
Perfluoromethylcyclohexane—CCl 47 [74] 0.23[75] 0.16[74] 10[74]
Cyclohexane—nitroethane 838] 5.3[58]
3-methylpentane—nitroethane 17| 0.23[76] 0.33[77] 29[57]
Triethylamine—water 14078] 0.10,0.13(79,80  0.7[7§] 232(78,81]
n-pentanol—nitromethane 1882] 0.14[82] 0.11[82]
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been applied because the ethylammonium nitradeetanol

PHYSICAL REVIEW E 65 021509

=0.47 nm and the amoug| = 1.3 of the coupling constant

system has been measured in a reduced temperature rargfehe EAN-n-CzOH system are rather large, but are within

(1.5x 10 *<t<5.7x10 ) in which such corrections are
small [16]. Due to the unusually small amplitude,(=2.6

the range of data covered by nonionic critical mixtures. The
unusually small amplitud€', of the relaxation rate is to the

x 10% s71) in the relaxation rate of order parameter fluctua-most part due to the large viscosity of the ionic ethylammo-
tions, however, experimental data for the scaling functiomium nitrate-n-octanol mixtures.

were attainable for reduced frequencies=10, so that the

agreement with the scaling function is known for the upper
part of the() range only. In that part, the data for the ionic
binary system also agree with those for the nonionic critical

ACKNOWLEDGMENTS

We are indebted to Professor Hermann Weitrga for

system ethanol—-dodecane that had been studied recently owee donation of the ethylammonium nitrate and for the spir-

an extended) range.
The amplitude of the fluctuation correlation lengfp

ited discussions. Also, financial support by the Volkswagen-
Stiftung (Hannover, FRGis gratefully acknowledged.

[1] H. E. Stanley,Introduction to Phase Transitions and Critical
PhenomendClarendon Press, Oxford, 1971

[2] H. V. Sengers and J. M. H. Levelt Sengers,Rrogress in
Liquid Physics edited by C. Croxton(Wiley, New York,
1978.

[3] A. Z. Potaschinskii and V. L. Pokrovskikluctuation Theory
of Phase TransitiongPergamon Press, Oxford, 1979

[4] S. C. Greer and M. R. Moldover, Annu. Rev. Phys. Chég).
233(198).

[5] M. A. Anisimov, Critical Phenomena in Liquids and Liquid
Crystals(Gordon and Breach, Philadelphia, 1991

[6] M. E. Fisher, Rev. Mod. Phy§0, 653(1998.

Schreer, Ber. Bunsenges. Phys. Cheh®0, 27 (1996.

[24] W. Schrer, M. Kleemeier, M. Plikat, V. C. WeiB, and S. Wie-
gand, J. Phys.: Condens. Mat&r9321(1996.

[25] A. Oleinikova and M. Bonetti, J. Chem. Phy&04, 3111
(1996.

[26] M. E. Fisher, J. Phys.: Condens. Mat&r9103(1996.

[27] M. Bonetti, C. Bagnuls, and C. Bervillier, J. Chem. Phi&7,
550(1997).

[28] M. Bonetti, A. Oleinikova, and C. Bervillier, J. Phys. Chem. B
101, 2164(1997.

[29] S. Wiegand, J. M. H. Levelt Sengers, K. J. Zhang, M. E.
Briggs, and R. W. Gammon, J. Chem. Ph{86, 2777(1997.

[7]1 K. S. Pitzer, M. C. P. de Lima, and D. R. Schreiber, J. Phys[30] V. C. Wei? and W. Schier, J. Chem. Phy<.08 7747(1998.

Chem.89, 1854(1985.

[8] H. Glasbrenner and H. Weingaer, J. Phys. Chen®3, 3378
(1989.

[9] K. S. Pitzer, Acc. Chem. Re&2, 333(1990.

[10] H. Xu, H. L. Friedman, and F. O. Raineri, J. Solution Chem.

20, 739(1991).

[11] H. Weingatner, T. Merkel, U. Maurer, J.-P. Conzen, H. Glas-

brenner, and S. Kdhammer, Ber. Bunsenges. Phys. CheB).
1579(1997).

[12] H. Weingatner, S. Wiegand, and W. Schiyd. Chem. Phy<6,
848(1992.

[13] K. J. Zhang, M. E. Briggs, R. W. Gammon, and J. M. H. Levelt

Sengers, J. Chem. Phy&7, 8692(1992.

[14] J. M. H. Levelt Sengers and J. A. Given, Mol. Phg§, 889
(1993.

[15] H. Weingatner, T. Merkel, S. Kahammer, W. Sches, and S.
Wiegand, Ber. Bunsenges. Phys. Ch&m.970 (1993.

[16] W. Schrer, S. Wiegand, and H. Weingaer, Ber. Bunsenges.
Phys. Chem97, 975 (1993.

[17] M. E. Fisher, J. Stat. Phy35, 1 (1994.

[18] S. Wiegand, M. Kleemeier, J.-M. Schiter, W. Schrer, and H.
Weingatner, Int. J. Thermophysl5, 1045(1994).

[19] K. S. Pitzer, J. Phys. Cher@9, 13 070(1995.

[20] H. Weingatner, M. Kleemeier, S. Wiegand, and W. Scérod.
Stat. Phys78, 169 (1995.

[21] G. Stell, J. Stat. Phyg8, 197 (1995.

[22] G. Stell, J. Phys.: Condens. Matt&r9329(1996.

[23] M. Kleemeier, S. Wiegand, T. Derr, V. C. Weif3, and W.

[31] W. Schreer and V. C. Weil3, J. Chem. Phy)9 8504(1998.
[32] S. Wiegand, M. E. Briggs, J. M. H. Levelt Sengers, M. Kl-
eemeier, and W. Scheo, J. Chem. Phy<.09, 9038(1998.

[33] M. Kleemeier, S. Wiegand, W. Scheg and H. Weinganer, J.
Chem. Phys110, 3085(1999.

[34] H. Weingatner, H. G. Nadolny, and S. lshammer, J. Phys.
Chem. B103 4738(1999.

[35] T. Narayanan and K. S. Pitzer, J. Phys. Ch88)9170(1994).

[36] T. Narayanan and K. S. Pitzer, Phys. Rev. L&, 3002
(1994.

[37] T. Narayanan and K. S. Pitzer, J. Phys. Chet@2, 8118
(1995.

[38] M. A. Anisimov, A. A. Povodyrev, V. D. Kulikov, and J. V.
Sengers, Phys. Rev. Left5, 3146(1995.

[39] M. A. Anisimov, A. A. Povodyrev, V. D. Kulikov, and J. V.
Sengers, Phys. Rev. Left6, 4095(1996.

[40] T. Heimburg, S. Z. Mirzaev, and U. Kaatze, Phys. Re\6Z
4963(2000.

[41] F. Eggers, U. Kaatze, K. H. Richmann, and T. Telgmann,
Meas. Sci. Technob, 1131(1994.

[42] U. Kaatze, B. Wehrmann, and R. Pottel, J. Phy20:1025
(1987.

[43] U. Kaatze, K. Lautscham, and M. Brai, J. Phys.2E 98
(1988.

[44] R. Behrends and U. Kaatze, J. Phys. Chem1@% 5829
(2001.

[45] H. Weingatner, A. Knocks, W. Schrader, and U. Kaatze, J.
Phys. Chem. ALO5, 8646 (2001).

021509-6



CRITICAL CONCENTRATION FLUCTUATIONS OF THE . ..

[46] J. K. Bhattacharjee and R. A. Ferrell, Phys. Re24\ 1643
(1981).

[47] R. A. Ferrell and J. K. Bhattacharjee, Phys. Re\31 1788
(1985.

[48] J. K. Bhattacharjee and R. A. Ferrell, Physica2A0, 83
(1998.

[49] A. Onuki, Phys. Rev. 555, 403(1997).

[50] A. Onuki, J. Phys. Soc. Jp6, 511 (1997).

[51] R. Folk and G. Moser, Europhys. Lettl, 177 (1998.

[52] R. Folk and G. Moser, Phys. Rev.5, 683(1998.

[53] R. Folk and G. Moser, Phys. Rev.5, 705(1998.

[54] R. Folk and G. Moser, Phys. Rev.38, 6246(1998.

[55] R. Folk and G. Moser, Int. J. Thermophykd, 1003(1998.

[56] P. F. Rebillot and D. T. Jacobs, J. Chem. Phy89, 4009
(1998.

[57] C. W. Garland and G. Sanchez, J. Chem. PH&. 3090
(1983.

[58] G. Sanchez and C. W. Garland, J. Chem. PHg&. 3100
(1983.

[59] S. Z. Mirzaev, T. Telgmann, and U. Kaatze, Phys. ReG1E
542 (2000.

[60] K. Kawasaki, Ann. Phys(N.Y.) 61, 1 (1970.

PHYSICAL REVIEW E 65 021509

[65] U. Oswald, L. Belkoura, M. Jungk, and D. Woermann, Ber.
Bunsenges. Phys. Chei®8, 635 (1984).

[66] G. Jaschull, H. Dunker, and D. Woermann, Ber. Bunsenges.
Phys. Chem88, 630 (1984).

[67] H. Tanaka, Y. Wada, and H. Nakajima, Chem. PHg§s,. 37
(1983.

[68] S. H. Chen and N. Polonsky, Opt. Commun.64 (1969.

[69] S. H. Chen, C. C. Lai, J. Rouch, and P. Tartaglia, Phys. Rev. A
27, 1086(1983.

[70] W. Mayer, S. Hoffmann, G. Meier, and I. Alig, Phys. Rev. E
55, 3102(1997).

[71] U. Schreiber, Dissertation, Georg-August-Univetsitadttin-
gen, 1988; S. Z. Mirzaev und U. Kaatgzenpublishegl

[72] U. Durr, S. Z. Mirzaev, and U. Kaatze, J. Phys. Chet4,
8855(2000.

[73] T. Hornowski and M. Labowski, Arch. Acous2l, 53 (1996.

[74] I. R. Abdelraziqg, J. Acoust. Soc. Ani07, 788 (2000.

[75] D. Thiel, B. Chu, A. Stein, and G. Allen, J. Chem. Phgg,
3689(1975.

[76] H. C. Burstyn and J. V. Sengers, Phys. Re23\448(1982.

[77] H. Tanaka, T. Nishi, and Y. Wada, Chem. Ph§4,.281(1985.

[78] C. W. Garland and C. N. Lai, J. Chem. Phg8§, 1342(1978.

[61] E. A. Clerke, J. V. Sengers, R. A. Ferrell, and J. K. Bhattachar{79] E. Bloemen, J. Thoen, and W. van Del, J. Chem. Phs.

jee, Phys. Rev. R7, 2140(1983.

4628(1980.

[62] S. Z. Mirzaev, Dissertation, Heat Physics Department, Uzbeki{80] D. Beysens, R. Tufeu, and Y. Garrabos, J. Plilfsance Lett.

stan Academy of Sciences, Tashkent, 1996.

[63] H. Klein and D. Woermann, Ber. Bunsenges. Phys. CH&n.

1180(1975.
[64] U. Kaatze and S. Z. Mirzaeyv, J. Phys. Chdiai4, 5430(2000.

40, L-623 (1979.
[81] S. J. Fast and S. S. Yun, J. Chem. PI8%.5888(1985.
[82] T. Hornowski and M. Labowski, Acta Phys. Pol9, 671
(1991).

021509-7



