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1 Introduction

Nature comprises a multitude of critical phenomena. Spontaneous symmetry breaking at
the origin of the universe and gravitation collapsg [2] are spectacular examples. Crit-

ical phenomena occur at phase transitions. Theories of phase transitions use methods of
catastrophe theory and also of theory of percolation which currently attract considerable
attention.

In order to understand critical phenomena, investigations of liquid-liquid phase transi-
tions in binary and ternary mixtures are very instructive. Especially the understanding of
the phase behavior and the critical phenomena in ternary mixtures, biophysics and mem-
brane physics have attracted attention during the last yeégis'], [5]. The essential and

most amazing feature of critical phenomena was the discovery of critical point universal-
ity indicating that the microscopic structure of fluids becomes unimportant in the vicinity
of the critical point. The understanding of such phenomena is also of great importance for
chemistry and chemical engineering in procedures like liquid and solid extraction, drying,
absorption, distillation and many other chemical reaction processes, as well as for biology
in operations like fermentation, biological filtration and syntheses. Moreover, theories of
critical phenomena are substantial for many innovative applications such as supercritical
extraction, enhanced oil recovery and supercritical pollution oxidation. The importance of
the understanding and application of critical phenomena is demonstrated by the recently
(08.28.07) provided studiéperformed in the International Space Station (ISS). The fo-
cus of those investigations were the critical phenomena, in particular the critical slowing
down of the phase separation near the critical point of binary colloid-polymer mixtures in
a micro gravity environment. The aim of such investigations was to develop fundamental
physical concepts previously which had so far been masked by gravity effects.

A first qualitative description of the critical behavior of some special systems was al-
ready given at the beginning of last century. Examples are liquid/gas transition and the
ferro/paramagnetism transitiof][ An essential step towards a deeper understanding of
critical behavior was made by Landau’s general theory of phase transitibng dter

the theory has been further developed by Onsager, which found the exact scilifam [

INational Aeronautics and Space Administration (NASA) Expeditions Assigned. Previous studies on crit-
ical systems in micro gravity environment have been performed on in 1997 and 1998 osMiRRe:
http://www.nasa.gav



1 Introduction

the thermodynamic properties of a two-dimensional Ising model, that had been frequently
discussed. It was a great surprise to find the theory of Landau to fail completely in predict-
ing the behavior close to the critical point. Fisher, played a leading role by his analysis of
experimental data, combining theoretical analysis and numerical calculatinf, ],

[11]. Important theoretical contributions have been made by Widorh Patashinskii

and Pokrovski ]3], and most important by Kadanoff]{]. Kadanoff put forward a very
important new and original idea which seemed to have a strong influence on the later de-
velopment of the field. However, his theory did not allow to calculate the critical behavior.
The problem was solved in a comprehensive and profound way by Wiisdn\lVilson

was the first to realize that critical phenomena are different from most other phenomena
in physics in that close to the critical point one has to deal with fluctuations over widely
different scales of length. Nevertheless, investigations which have been performed on
critical system have indicated the description of their behavior is not sufficient for a wide
temperature range. The range between the background and mean-field behavior could
not be described satisfactorily by classic theories of critical phenomena. Consequently,
a new formalism has been developed by Albrigit][ Burstyn, Sengers, Bhattacharjee
and Ferrell, [6], [17], to describe the range between the consolute point and background
behavior. This formalism is named crossover theory.

The ideas of universality appear to be also applicable to phase transitions in complex
fluids like polymers and polymer solutions, micro-emulsions and liquid crystals, fluids
in porous media as well as phospholipid bilayer vesicle solutions. Besides dynamic light
scattering an important measurement method to study the cooperative effects in complex
fluids is the broad band ultrasonic spectroscopy. Being a non-destructive technique it al-
lows for the measurement of chemical relaxations as well as critical fluctuations. During
the past decades various theories have been developed to treat the critical slowing down of
the critical ultrasonic attenuation in binary liquids within the framework of the dynamic
scaling theory. The most prominent examples of the dynamic scaling theory have been
presented by Bhattacharjee and Ferred][[19], [20]], [21], [27]. Folk and Moser 3],

[24] developed a renormalization group theory of the mode-coupling model and Onuki
[25], [2€] derived a model from an intuitive description of the bulk viscosity near the
critical point. The verification, with the aid of dynamic light scattering and shear vis-
cosity measurements as well as with broad band ultrasonic measurements, of the validity
of these dynamic scaling functions of various critical mixtures was one of the aims of
the present thesis. Essential quantities are the characteristic relaxation, tiheefluc-
tuations correlation length, the mutual diffusion coefficierd, as well as the reduced
half-attenuation frequend®, ,,, the adiabatic coupling constagitand the critical ampli-
tude S of the ultrasonic attenuation spectra. Also considered was the coupling between
the critical contributions and the noncritical relaxations due to chemical processes, as well
as the predictions by Procaccia et al./], on the critical slowing of those chemical re-



actions which might occur when a system is approaching its critical demixing point. An
additional emphasis of studies of binary mixtures was the verification of the before men-
tioned crossover theory, with cut-off wave numbggsandgp as substantial parameters.
Investigations on ternary mixtures with different compositions along the plait line were
performed to determine the validity of the dynamic scaling hypothesis, especially the de-
pendence of critical quantities on the concentration of the additional third component.
With the ternary mixtures special attention has been paid to the crossover behavior, which
had been first considered for binary systems.






2 Thermodynamics of Critical
Phenomena

In this Chapter the theoretical background of the thermodynamics of critical phenomena
in binary and ternary liquid systems, phase transitions as well as the static and dynamic
scaling hypotheses are presented. Furthermore, critical exponents and their important
role for the description of second order phase transitions are shown. Moreover, typical
binary and ternary phase diagrams are presented.

2.1 Phase transitions

The first attempt to classify phase transitions was
done by Ehrenfest (1933). The Ehrenfest classifica
tion scheme was based on grouping of phase trans
tions into their degree of non-analyticity. Phase tran-
sitions were labeled by the lowest derivative of the
Gibbs free energ®(T, p) that is discontinuous at the
phase transition. Taking a closer look at the increas
ing degree of derivation, the differences between thq
phases on consideration get smaller. In fact, it is nec
essary to raise the question about the sense of differin
between phases in this way. It is more practicable t0
consider derivatives of lower degree only. This leads
to the description of so-callddst-order phase tran-

Figure 2.1

. . . .. Discontinuous and
sitions or discontinuous phase transitions Charac- continuous  shape of

teristic of first-order phase transitions is the disconti-  the entropy of phase
nuity of the first derivation of the Gibbs free energy  transitions:  discont.
G(T,p). Within the scope of critical phenomena in ~ AS# 0 < AQ = ToAS

cont. Sis a continuous

liquids, another kind of phase transitions plays an im- function of T — AQ= 0

portant role, the so-calleskcond-order phase transi-

tions or thecontinuous phase transitiongsee Fig.2.1)). In this case, the first derivative

of Gibbs free energy is continuous and especially in liquid systems the conception of
latent heat does no longer exist. Another characteristic parameter of continuous phase
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transitions is the so-calleafder parameter. An order parameter is a macroscopic quan-

tity which describes the degree of order, or vice versa, the degree of disorder of the ther-
modynamic system. In a many-particle system two opposite tendencies concur against
each other. This behavior can be found in the free energyU — TS HereU denotes

the inner energy, an8 the entropy . In thermodynamic equilibrium, the free endfgy

has to reach a minimum. This can be realized with smaller inner ehérgnygh order

of a system) or higher entropy (smaller order of a system). Consequently, the tem-
peratureT is the decisive parameter. Liquid-liquid phase transitions, transitions from
homogenous state into a heterogonous state of a liquid, lead to a symmetry breakage of
the system. In binary as well as ternary liquid systems the difference in the mole frac-
tion of a constituent in the different phastis = X' — X’ represents an order parameter.

An important role in the treatment and classification of phase transitions plays the crite-
rion of stability. According to the second law of thermodynamics, the free ertergy

a stability parameter of a mixture. One can make a distinction between three different
kinds of stability P¢], the thermal stability (9°F /dT?)y < 0, the mechanic stability

(0%F /oV2)1 < 0 and thedynamic stability (0°F /0x?)y1 > 0. In Fig.@.2) the criterion

of dynamic stability is illustrated, with the aid of free energy of mixing for ideal solution
FM(X) = NaksT[(1 —x)In(1—x) + xIn(x)], whereN, is the Avogadro constant arig
Boltzmann’s constant. The region between poBendC in Fig.(2.2) represents the un-
stable range of the isobar-isotherm. Outside this area, the criterion of stability is fulfilled.
The pointsA andD, which are resulting from the construction of the double-tangent line,
represents the equilibrium of the coexisting phases at the mole fractichamdx”, re-
spectively . This area corresponds with the so-catleddal of the phase diagram of

a binary system. The areas betwe®mandB as well asC andD are representing the
meta-stable range, corresponding with the area between the so-s@ithedial and the
binodal. At the spinodal an interesting phenomenon occurs at phase transitions. Other
than at a binodal, in the meta-stable range the solution separates spontaneously into two
phases, starting with small fluctuations and proceeding with a decrease in the Gibbs free
energyG, G=H — T S(here isH the enthalpy), without a nucleation barrier. Considering
now the Gibbs free energy at constant temperature and constant pressure, the following
distinctions can be done:

(0°G/ox*)tp > O stable and meta-stable (2.1)
(0°G/ox*)Tp < O unstable (2.2)
(0°G/ax*)rp = O spinodal (2.3)

Changing of composition of the binary system or changing the temperaiusads to
the merge of point8 andC as wellA andD. At this so-callectritical point the criterion
of stability as well the criterion of equilibrium is fulfilled.



2.2 Critical fluctuations

free energy of mixing F'fx)

mole fraction x

Figure 2.2: Isobar-isotherm path through the space of states of free energy of mixing
F™(p,T,X).

2.2 Critical fluctuations

Thecorrelation function of a physical parametét is represented by:
g(r,7") = (X(7),x(I)) — (x(M))(X()), (2.4)
herex(T) denotes the density of the quanty Hence X can be expressed as:
X — / Prx(7). (2.5)

The functiong(T,’) represents the degree of correlation between the valuésof and
att. The variables in Eq4) can be replaced by the particles densit§) — n(f) and

the number of particleX — N. In other words, with increasing distance between the den-
sities of particles(¥) and the densities of(r’) the correlation decreases. This behavior
can be written as:
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=T 2
@) S (\N/) . (2.6)

An expression, which describes this kind of behavior and its temperature dependence, has
been presented by Ornstein and Zernike (1924);

g(F,7') = const 1 exp| — r—r (2.7)
’ F—r| &(T) '
Equation R.7) represents the so-call€rnstein-Zernike-behavior. It includes thecor-
relation length &(T), which measures the strength of loss in correlation. This characteris-
tic length scale is an important parameter, within the framework of critical phenomena of
second order phase transitio$T ) divergences near the critical point that isTat- T
follows &(T) — «. HereT. denotescritical temperature. This behavior is described
by the termcritical fluctuations. These fluctuations tend to mask the individual char-
acteristics of particle interactions. Moreover, in the range of critical fluctuations striking
similarity of systems emerges which are otherwise quite different. This behavior is char-
acteristic forcritical phenomena

2.3 Critical phenomena

The similarity of different systems mentioned in Secti@®) can be described byni-
versal power lawswhich determine the thermodynamic and transport properties close to
a critical point.

2.3.1 Critical exponents

In order to study the critical behavior in different systems it is convenient to use the so-
calledreduced temperature
_T—T

€
Te

(2.8)

When the temperature of a system is close to its critical temperatiggsome relevant
parameter§ follow a power law:

3(e) = ac® (14 be +...), (2.9)

with x > 0. Ate — 0, that isT — T, all terms except the 1 in the brackets disappear.
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Therefore § satisfies the power law:

F(e) ~ ¢, (2.10)
with ¢, denoting the critical exponent for the particular variaple

2.3.2 Static scaling hypothesis

In the course of the last fifty years theoretical and experimental investigations have been
done to develop and to proof the hypothesis of universality. In 1965 Widainplos-
tulated the so-calledcaling hypothesiswhich is based on the assumption, that the sin-
gularities of different thermodynamic quantities near the critical point are represented by
their generalized homogenous functions. Wikedenotes the free energy aadhe re-
duced temperature, it follows:

F(Ae) =g(A)F(g). (2.11)

It means, when the paramefescales the reduced temperatareéhanA likewise scales
the function ofe. Furthermore, ifris an additional scaled variable of the functigrthan
from Eq.Q.11) follows the relation:

F(A(1E)) = gM)I(WF (g) = gAWF (€). (2.12)

Comparison of the factors of the function Bfe) implies that the relatiog(A)g(p) =
g(Ap) is only valid wheng follows a power law. Hence, EQ.(11) can be written as:

F(Ae) = A2F(¢), hereisa the degree of homogeneity (2.13)

From such mathematical considerations follows that differentials as well as integrals of
homogenous functions are again homogenous functions. Consequently, it can be assumed
that all thermodynamical quantities, which are derived from the free eferggn be rep-
resented by power laws. Furthermore, the static scaling hypothesis provides also relations
between the critical exponents of different parameters (see T2l for the meaning

of the symbols):

2-dy = BOB+1) (2.14)
2-dy = ¥ (2.15)
2—dy = y+2B (2.16)
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exponent order-parameter relation
do Cv specific heat capacity \C~ g%
B p2 — p1 density p2—p1~eP
% Kt compressibility Kt ~ e
&  (p—npc) pressure (P—Pe) ~ +|p2—p1/°
Y & correlation length E~eV
o g(F,t) correlation function g, ) ~ |F|~(4-2+9)

Table 2.1: Various critical relations and their order-parameters.

In 1971 therenormalization group method has been developed by Wilsor] to calcu-

late the critical exponents. This theory showed that the critical exponents depend only on
the spacial dimensionality and the numben of components of a system. Moreover, the
essential message of those considerations was that phase transitions with the same dimen-
sionality of the order parameter belong to the samwersality class Various critical
exponents of systems and their order-parameter are represented inZT&ble (

2.3.3 Dynamic scaling hypothesis and critical slowing down

In different investigations it has been found that, close to the critical point, various proper-
ties of relevant systems follow power laws, so that their thermodynamic properties diverge
or vanish at the critical point. According to the above considerations, the static scaling
hypothesis takes into account the growing of characteristic length of a system near the
critical point. However, another important observation is that all transport phenomena un-
dergo aslowing down caused by the increase of the correlation lerdgt@onsequently,

it can be assumed that, in addition to the characteristic length, there exists a character-
istic time scale. Thelynamic scaling hypothesis, which describes the phenomenon of
so-calledcritical slowing down, was first introduced by Ferrell in 19627 and was
subsequently generalized for magnetic systems by Halperin and Hohenberg (1969) [
[34]. The hypothesis implies that, when the temperaifliref a system approaches the
critical temperaturdy, the relaxation timeg is governed bye?. Herev'is the exponent

of the fluctuation correlation length, Tabl2.2). With the life time of fluctuations, given

by 1/t¢ = I, and using generalized homogenous functions it is possible to to express
as a generalized homogenous function of the wave veaod the reciprocal correlation
length of the critical fluctuation&:

10



2.3 Critical phenomena

exponent value variable

0.11 heat capacity ¢

0.33 order-parameteic

1.24  osmotic susceptibilityT
0.057 combination ofdip/Zy x V
0.63 correlation lengthg,

0.065 viscosityn

3.05 dynamic critical exponerit

NN o<

Table 2.2: Various static and dynamic exponents used in this work.

M= f(q,& 1) with f(Ag, A& 1) =A*f(q,& 1), (2.17)

here iszthe degree of homogeneity. With the assumpheaq~! and the implementation
of the relationQ(qg€) = f(1,(g€)~?) itis possible to scale the relaxation réte

M =g Q(qf) (2.18)

The functionQ(qg) is the so-calledlynamic scaling function of the variablesy andg.

This function plays an important role in the treatment of critical dynamic phenomena.
Within the scope of renormalization group theory of critical phenomena it is possible to
calculate specific values of the critical exponents. The results of these calculations, which
have been done by Gillot}] for static critical exponents and Burstyn and Sengéet$ [

for dynamic critical exponents, are shown in Tal#e?.

The development of dynamic scaling theories is a continuous process and undergoes per-
manent corrections and improvemeémtsin this section the essential features of dynamic
scaling hypothesis have been presented which refer to binary fluids. In the case of the
ternary fluids, dependent on the relevant type of phase diagram, the critical exponents
have to be renormalized.

Lcorrections of the critical viscosity has been publishedi#.[The most recent value fat, is 0.0679+
0.0007

2the exponend is often used within the framework of Bhattacharjee-Ferrell theory for the critical ampli-
tudeSgr of sound attenuation; see Tab®2)

11
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2.3.4 Renormalization of critical exponents

Taking a closer look at literature of last decades which deals with the theoretical and
experimental investigations of critical behavior in three-component fluids it turns out that
the binary fluids conception has to be adjusted to apply to ternary fluids. Adjustment can
be made by renormalization of critical exponents. Bak and Goldburg 1269 £5], have
performed light scattering measurements. They found larger critical exponents for the
osmotic susceptibility in the critical ternary system bromobenzene-ethanol-water. Based
on these results Fisher proposed a renormalization of critical exponents from calculations
of the free electron Ising mode?];, [1C]. His idea was to keep the formalism developed

for binary fluids and to consider the third component as an "impurity” of the system. The
free energy of a binary liquid system is given By= Fy(T,h), whereh is the field that
corresponds with the other thermodynamic parameters. In the case of ternary fluids the
free energy is determined Wy(T,h,hg), wherehs is the field which is coupled to the
"Impurity” with concentrationxs. A more detailed description can be found in the papers
by Muller [4(], [41].

2.3.5 Ciritical opalescence and equal volume criterions

Critical opalescences a phenomenon in liquids close to their critical point. A normally
transparent liquid appears milky due to density fluctuations at all possible wavelengths.
In 1908 Smoluchowski{”] was the first one who connected density fluctuations with the
opalescence. In 1910 Einsteifi] showed the relationship between critical opalescence
and Rayleigh scattering. Since then, critical opalescence is one of the most important
indications for the existence of a critical point. However, another substantial criterion for
the existence of a critical point is the so-calkegual volume criterion. Only when the
volumes of considered components are equal when approaching the consolute point, that
point can be assumed to be a critical point. According to both criterions it is possible to
determine the critical point visually.

2.4 Phase diagrams

The correct knowledge of the phase diagrams of the critical systems under consideration
is essential for measurements at and close to the critical point.

2.4.1 Phase diagrams for binary liquids at constant pressure

It is common practice to present the coexistence curve of a binary mixturerlix-a
diagram as is shown in Fi@.(3), whereT denotes the temperature andenotes the mole
fraction of one constituent. Fi@(3) demonstrates the common types of phase diagrams.

12
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=&
[
—

> .

Figure 2.3: T-x-Types of binary phase diagram at constant pressure.

One can distinguish between open miscibility gaps (a,b,d) and closed miscibility gaps (c).
In the present work only phase diagrams of type (a) and (b) play a role. Phase diagrams
of type (a) withupper critical point T}' can be found when alcohols;alkanes, as well

as nitro-benzene and nitro-alkanes are involved. Phase diagrams of type (bjweath
critical point T! are characteristic of aqueous mixtures.

2.4.2 Phase diagrams of ternary mixtures at constant
pressure

Ternary systems are made of three constituents. Let us denote the three constitéents by
B, andC. The mole fractions of the constituents are related to one another:

in=1:>xA+xB+xC:1, (2.19)

wherex; denotes the mole fraction of the constitueAfdB or C. The diagrams, as pre-
sented in FigZ.4) are three-dimensional but for ease of drawing and interpretation it is
convenient to handle them by considering the isotherm in two dimensions. Along the

13
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B

Figure 2.4: Ternary phase diagram at constant pressure.

line connecting two constituents the mole fraction of the third one must be zero. At any
vortex, the mole fraction of one constituent is 1.0 while that of both others zero. An exam-
ple of such isothermal diagram is shown in Rdj. Obviously, the thermodynamics of
ternary mixtures is more complicated as that of binary mixtures. The stability criterions
discussed in Sectior2(1) have to be extended to include the third component. Details of
calculations and the underlying theory are given in the paper by SddlisHere only

a brief outline about the conditions and criterions of the existence of a critical point in a
ternary liquid system is presented. The third constituent makes it necessary to extend the
before mentioned criterion of stability by an additional quantity, the diffusion coefficient
Do:

14



2.4 Phase diagrams

1'00 T T T T T T B
0,00 025 0,50 0,75 1,00

Figure 2.5: Example of an isotherm for a phase diagram of a ternary mixture: The
mixing point, represented by the dot, is composed of the compoAaits x, = 0.4, B with
xg = 0.35 andC with xc = 0.25,, $ x = 1.

<6627i>x (axaj—ng> 0°F 02F 02F

2

Do=detF= S =| == — | - =0, (2.20

o=0ae (62F) (62F) (axi)xB<ax§>xA <aanxB> - (2.20)
XA

OXg0Xa @

while F =U — T Sand the condition for the third constituent follows from Eg1© and
isxc = 1—xa— xg. However, due to the reduction of the stability area and the equilibrium
area to only one line, the following relation has to be fulfilled at the critical point:

() (@@L, ),
% ( aXa:_aFXA > (02F> 0Xa /g \OXG /., \OXaxg) \OX8 /),

&ZB_ XA
(2.21)

With the aid of Eq.2.21) and taking the free enerdy(xa,xs, T) as well as the so-called
Porter-attempt [4(] into account, it is possible to assess the shape and the position of
the critical line. A considerable diversity of critical equilibria can potentially be ob-
served in a ternary mixture. Fig@.@) shows the existing types of phase diagrams, based
on phenomenological interpretation of models of critical systems. In this thesis type 2a
diagrams are important and are thus considered in more detail. Diagrams of type 2a re-
sult from mixing of two binary upper-critical-point mixtures with a common component.

15
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A Type3a B

Figure 2.6: Phase diagrams for ternary liquids at constant pressure The dashed lines
show equilibrium tie lines and the full lines binodales.

¢ 0 T(°C)

a)

plait point line

col point

Figure 2.7: An hypothetical phase diagram of Type 2a of the ternary system\BC.a)
Points e) refer to the line of plait points. Different isothermal binodal curves are represented
at temperature$,, ..., .. b) The plait point line as a function mole fraction Af from the
binary systenCBto AB.

16



2.4 Phase diagrams

The mixing behavior of ternary systems of type 2a is illustrated in Eig.( This kind

of particular class of ternary liquid systems has been first found by Fratigig[1953.
However, at constant pressure one can follow the line of so-cplatipoints between

the demixing points of two limiting binary liquid systems. In the the case of Eif(4))

it is the binary syster@B and the binary syste®B. Each of these plait points represents

the critical consolute point of a critical composition of the ternary syséerB andC.

At these points criterions for critical behavior like the equal-volume criterion or critical
opalescence are fulfilled. In certain temperature ranges, the hypothetical systems under
consideration, have two separate binodal lines. On lowering the temperature the two lines
coincide at both plait points. Consequently, a new significant point appears, the so-called
col point or saddle point This behavior emerges when two conditions are satisfied. First,

in the range of temperatures considered two components are miscible and the third one
is partially miscible with both others up to the respective binary critical solution temper-
atures, as shown in Fi@.(/(b)). Second, the critical consolute point must be quite close
the critical point of the other binary system. In conclusion, in the triangular tempera-
ture/composition prism of the ternary system, the binodal surface is concave upwards and
shows the existence of a saddle point (col point) as an extremum (in this case minimum).
This happens at temperatures lower then the critical temperatures of considered binary
systems, as has been indicated in Rg(p)). Saddle points, also named col points as
plait points in general fulfil critical point criteria.
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3 Experimental Methods

The aim of this chapter is to describe the general principles of experimental methods,
which have been used in this work. The chapter is divided into four major sections. The
first section (3.1) describes the general aspects of experimental set-ups, to optimize
the accuracy of measurements. The second Section (3.2) deals with the dynamic light
scattering (DLS) theory and experimental set-up while the third Section (3.3), focused
on the broadband ultrasonic (US) theory and experimental setup. A fourth Section
(3.4) presents the complementary measurement methods, like shear viscosity, density and
calorimetry, which have been used to determine useful thermodynamic parameters.

3.1 General aspects

All technical equipment has been operated in temperature controlleld laboratories.

The specimen cells were provided with channels for circulating thermostat fluid and ad-
ditionally placed in thermostatic boxes. This kind of thermostatic shielding allows to
control the temperature of the measurement cells to within 0.02 K. The temperature was
measured with an error less then 0.01 K using Pt 100 thermometers. In order to avoid
mechanical stress during the measurements, the DLS and US cells have been placed on
massive granite tables. Both species of cells, the light scattering cells (sample volume
2 ml) as well as ultrasonic cells (samples volume between 2 ml and 200 ml) have been
subjected to extremely accurate cleaning procedure before use. The light scattering cells
have been treated in an ultrasonic bath cleaner, filled with isopropanol, for several hours
before starting a series of measurements. Finally, the cells have been dried in a vacuum
oven. In the case of ultrasonic cells the cleaning and preparation procedure is somewhat
different. The cells have been first flooded continuously with distilled water for several
hours. Afterwards remaining water in the cells has been dissolved by methanol and the
cell has been dried with the aid of nitrogen gas for about 30 minutes. The filling pro-
cedure of the ultrasonic cells has to be likewise done with care. To avoid air bubbles in
the cell the substances have to be filled continuously and slowly from the bottom. The
aim is to get the best contact between transducer surface and the investigated substance
as well as to avoid air bubbles. Consequently, the speed of cell filling is crucial for the
proper operation of the transducers. All measurements have been performed at standard
pressure.
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3.2 Dynamic light scattering

In the last decades, light scattering techniques have been used with increasing effort for
investigations of the physical properties of pure fluids and multicomponent fluids. The
dynamic light scattering is a very powerful technique to determine the size of particles or
to study critical fluctuations in multi-component fluids. According to the semi-classical
theory, when light interacts with matter, the electric field of the lightinduces an oscillating
electronic polarization in the molecules or atoms. With the aid of electromagnetic theory,
statistical mechanics and hydrodynamics it is possible to gain information about the struc-
tural and dynamic properties of a sample. In the present work the interest is focused on
the critical fluctuations.

3.2.1 Electromagnetic scattering theory

In the following, the underlying theory of dynamic light scattering on fluids is briefly
summarized. For a more detailed description the reader is referred to specialized litera-

ture [46], [47], [44].

A typical scattering geometry for light scattering experiments is shown inFig.(In
principle, it is possible to vary the polarization of the incident light. However, with the
help of scattering vectog follows from geometrical considerations, Fi§.1), the re-
lationship between the wave vectqrthat points in the direction of the incident plane
wave, andk; which points in the direction of the outgoing wa¥eghe scattering vector

is defined ag| = ki — k;. The amount ofj is given by:

q= 2k sin(©/2) = 4;\"1—0"* sin(©,2), (3.1)
with the refractive indexig of the fluid, the laser wavelengiy in vacuo, and the scatter-
ing angle®. For a general description of interactions between a light beam and molecules,
it is appropriate to study the induced dipole moment of one molecule in an electrical field.
The relation between the dipole momgnof a molecule and the fielf at the positior?
at timet is given by:

ﬁ(?’w :gL' EO(?J)’ (32)

WheregL denotes the polarizability tensor. In light scattering experiments the incident
electromagnetic wave may be written as:

Lo

Eo(7,t) = Mg -k et), (3.3)

lindexi stands for incident plane wave and indestands for the outgoing waves (towards the detector)
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3.2 Dynamic light scattering

detector

Figure 3.1: Typical scattering geometry.

with the circular frequencyy and the normal vectom. The field of the electromag-
netic wave induces an oscillating electronic polarization. Hence, the molecules behave
as Hertzian dipoles and provide a secondary light source. Fromaxevell-equations
follows the light wave propagation in a detector directign
1 1= -
B 1

BaipoeR ) = gy gy & e[ o] (3.4)

with the electric field constardy, and with R being the position of the detector. The
Eq.(3.4) describes the electric field propagating from an elementary dipole originating
from a molecule. The electrical field from all molecules in the scattering volume follows
as:

N ) D . -
E(Rt) = 3 E;(Rt) = cgkiR-o ./dF’n (F’,t | RV r |> .gki—kR)T (3.5)
=1

with the constant” = (TEp/goA?) - & andR = %. In principle, relation 8.5) describes
the scattered light completely. In practice, however, the light intensity is obtained from
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the detectors. The intensity is defined as the ensemble mean:

2
> . (3.6)

"dw = [CP /mdt / dre ! (@—(©-%0)t) (3n(F, t)3n(0, 0)) 3.7)
= | C*S(6,w—wp). (3.8)

IR w) = lim — ‘ / dtE(R t)e
—00 -T/2

Insertion of the Eq3.5) yields [49):

In Equation B8.7) dn denotes the deviation of the local particle density from the average
value (on:=n(r,t) — (n)). I’ andS refer to the scattering volume whe®d, w— wy)

is the so-called dynamic structure factor. In other woRlss the space and time Fourier
transformed autocorrelation function &f. With regard to the next section it is useful to
relate EQ.8.7) to the static scattering intensity bfg) and the static structure facts(d):

* dw,,

=/ Sorae=cl [ Sos@e-w=lcPsd. @9

[oe]
—o0 2TT —o0
In conclusion, an important expression for the hydrodynamic considerations results:

(0, w) _ S(d,w—wo) (3.10)

1(d) d)

3.2.2 Spectrum of scattered field - hydrodynamic
considerations
For the interpretation of the scattered spectrum of a fluid it is useful to consider the scat-

tered field in terms of hydrodynamic approaches. In order to get access to hydrodynamics,
the conservation and continuity equations have to be applied to a fluid volume element:

%n(?’,t)+m1D@(F’,t) =0 (3.11)
%g’(?,t)+D'T’(F’,t) =0
%e(?,t)+Dfe(?,t) = 0,
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3.2 Dynamic light scattering

with the particle number density(r,t), the vector of momentum densigr,t), them
mass, as well as the energy densit,t). T (F,t) is the stress tensor arjg(F,t) the en-

ergy flux density. In the case of fluids with negligibly small viscosijty= 0, follows

'I'iJo =& p(F,t) andjI(F,t) = (e+ p)(T,t); wherep(T,t) denotes the pressure av(d, t) is

the average velocity of a particle. In general one gets an additive term, following from the
heat conductivity\ of a liquid, for the energy flux-ALT (F,t). Finally, the expression of
energy flux density is given By

jO(F.t) = (e+ p)(F,t)—AOT (F,1). (3.12)

However, in the general case when the viscosity of fluid is not neglected, the expression
of momentum density has to be completed to account for the volume visggsayd the
shear viscosity)s. Consequently:

10 = aypir-ne{ 2404 2BV aouen (- 2ne) - @19)

follows. In conclusion, with the aid of the equations of conservation and contirBuig)(

(3.12 and B.13, a complete mathematical mean-field description of the hydrodynamics
of a liquid results. The evaluation of the relations necessitates a linearization of the cou-
pled differential equations3(11). Furthermore, it is usefully to express the energy density
e(r,t) by a time dependent heat density:

q(F,t) = e(F,t) — <<e> <;><p>> n(r,t). (3.14)

More details can be found iri{]. The above relations include the complete information
about the scattering spectrum of a simple liquid, which can be written as:

S(d,w Cv 2DTg?
s = (V8) et (849
- 20 +
Cp (w—csa)?+ (3Dst?)?
; Q. oD
Cp (w+csq)?+ (3DsP?)?’
with the heat capaciti€S,, Cp and thermal diffusivity coefficientSt andDs= Dt (C\(/:El —

2underlined quantities denote additional terms
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1) + Dy, whereD; is the sound attenuation constafd] = q and the sound velocity

Cs = %(ap/an)s (m denotes mass). EG.QH is a heuristic formula for the spectrum

of light scattered by simple fluid and can be considered as a relation betwe@&Byq.(

with the static and dynamic structure factor and the thermodynamic parameters of a fluid.
The shape of the spectrum is shown in BBgLE. The frequency dependence in B3l

is that of a Lorentz function:

2R
(W—w)2+T3

f(w) = (3.16)

Another important expression for the evaluation of DLS data is given b¥ihstein-

A Sp (@)

central component

Stokes Brillouin component

Figure 3.2: Spectrum of Scattered Light Spectrum for the light scattered by thermal fluc-
tuations in liquids according to E®.(L5.

Stokesrelation [£0], [51], which relates the diffusion coefficiel, the shear viscositys
and to the radius of a particle:
_ kel
Bl

(3.17)

Eqg.3.17) holds for simple fluids. In the case of multi-component critical systems the

diffusion has to be considered within the framework of the mode-coupling theory. Mode-
coupling theory yields a similar expression for the critical part of mutual diffusion coeffi-

cient:
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3.2 Dynamic light scattering

ke T

~ 3.18

6 g ( )
with the correlation lengtf. More detailed descriptions of theutual diffusion coeffi-
cientand its corrections within the scope of dynamic scaling and crossover theory will be
presented in Chapted)

3.2.3 Data evaluation of dynamic light scattering

The central quantity of the evaluation of correlation spectroscopy is the decay time also
named thecorrelation-time tc. Unfortunately, it is not possible to detect this frequency
with classical optical methods. As a consequence, it is substantial to use optical mixing
techniques, like homogenous mixing, heterogenous mixing (homodyne and heterodyne
techniques) anthe self-beating method The last one, has been used in present thesis
and will be described below.

3.2.4 Self-beating spectroscopy

The principle of self-beating spectroscopy is based on mixing of scattered light with the
original light on analyzing the resulting signal with low-frequency intermediate signal.
This is realized in three steps.

e Consider a signal of field strengB(R, w) with spectrumA;, that has to be shifted
into the lower frequencies. This happens with the aid of a local-oscillator signal.
After this mixing procedure, it is possible to describe the scattered light with the
help of convolution integral of the incoming spectruf( spectrum of the photon
flux):

Ao(w) / :Ai(m’)Ai(w—w’)dw’. (3.19)

On the one side, the photon flit) is proportional to the light intensityl (w)| =
|E(w)|2. On the other side, according to E®}16), the considered Rayleigh line
is of the shape of a Lorentz curve, with the the half-bandwidttand the center
frequencywy:

'R
(w—wp)2+ (MR)?

A (3.20)
Hence, resulting from the convolution integral BE319 the spectrumA, of the
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26

photon fluxi(t), can be expressed by:

2R

A P TR

(3.21)

For simple fluids the half-bandwidih, (see Fig.8.16) of the Lorenz-curve can be
represented by:

N
'R=—-q=Dr-q, (3.22)
PCp
here denote®y the thermal diffusivity/\ the thermal conductivityp the density,
Cp, the heat capacity at constant presquas well asy, the amount of the scattering
vector. The next step is to find a tool to measure the spectrum. This can be realized
with the aid ofCorrelation Spectroscopy

Correlation Spectroscopy: ThEiener-Khinchin theoremAs (w)|? = F ~1®[f(t)]
relates the signall(t) with the amount of the spectruf (w). Here is# ! the in-
verse Fourier transform an@[f(t)] is the autocorrelation function off(t). As
mentioned before, the signit) of the photon flux is proportional to the light in-
tensityl (t). Practically, in an experiment the autocorrelation functidij, which is
proportional to the autocorrelation function @fl], is determined. Consequently,
the following expression results:

[ 11 (t+Tc)dt
L2, 1(t)2dt
In an experiment the interest is not focused on the intensity spectrum of the but in

the spectrum of electric fileE (t). Due to the well known relatioh(t) = |E(t)|?,
the expression3(23 for the electric field is given by:

®fij 0 @[] O 9@ (1¢). (3.23)

L [* E*(tc—t)E(t)dt
PD(E) = " EORd (3.24)

1)

g

Finally, the autocorrelation functiagi?) of the intensityl (t) and the autocorrelation
functiong™® of the fieldE(t) are related by the so-call&@iegert relation:

9% (tc) = 1+ g (1) % (3.25)

In the DLS experiment one has to do with the Lorentz profile, as is according to
Eq.(3.21). The autocorrelation function of this profile is given by:

®fi] O e 2RI = gItl/Te, (3.26)
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Equation 8.26 allows to determine the half-withr of Rayleigh-line from the
correlation-time 12I'r of the photon autocorrelation function.

e Photon statistics: All considerations have been done with the assumptioft tfiat
I(t). In principle, this can be done for sufficiently high scattering count rates. For
experiments with lower rates it is substantial to use adequate statistics. This is
described in detail in4d].

3.2.5 Technical equipment

A typical dynamic light scattering set-up is presented in Bi§)( A frequency-doubled
Nd:YAG laser (1) is used as light source. The laser light passes several diaphragms (2),
a polarizer (4) and a collimator lens (5) with focal lendt= 100 mm and is then fed

to the sample cell (6). The scattered light passes a microscope objective (7), a polariza-
tion analyzer (9) and the slit (10) witld & 200um). Finally, the signal is detected by a
photomultiplier (Hamamatsu Electronic, Model R647P) (12) that transforms a variation
of intensity into a variation of voltage. The spectrometer is provided with a goniometer
system which allow superior of scattering an@e The received signal is analyzed with
help of a correlation card ALV-5000/E with logarithmic timescale and with 288 channels.
In principle it is possible to analyze the autocorrelation function in terms of a superposi-
tion of up to four exponentials and thus four correlation timeddence the Rayleigh line

may be considered a sum of up to four Lorentz functions. Combining the correlation time
Tc with the Egs.8.1), (3.22 and @.17) or (3.18), it is possible to determine the radius

of a particle and thus the correlation length
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Figure 3.3: Construction of the DLS set-up: (1) frequency-doubled Nd:YAG laser ; (2)
diaphragms; (3) mirror; (4) polarizer; (5) collimator lens; (6) sample cell; (7) microscope ob-
jective; (8) diaphragms; (9) analyzer; (10) slit; (11) photomultiplldahamatsu Electronic,
Model R647F; (12) thermostat channels ; (13) electronic equipment (correlation card ALV-
5000/E and personal computer).

3.3 Ultrasonic techniques

This section describes some basic principles of ultrasonic spectroscopy. Ultrasonic spec-
troscopy is used to study fast elementary molecular processes in liquids. It is possible to
study phenomena like stoichiometrically well defined chemical equilibria, including pro-
tolysis and hydrolysis reactions, conformational changes, association mechanisms and
critical fluctuations. Oscillating compressions and decompressions in an ultrasonic wave
cause oscillations of molecular arrangements in the liquid. An advantage of this technique
Is that the amplitudes of deformations in the ultrasonic waves are extremely small. It is
a non-destructive technique. The available frequency range from 80 kHz to 5 GHz ne-
cessitates the use of different techniquesonator methodsandvariable path length
methods However, this need provides another advantage of this methods. Because of
different instrumental set-ups, systematic errors are unlikely to remain unnoticed.
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3.3 Ultrasonic techniques

3.3.1 Classical absorption and background contribution

Sound fields constitute temporal and spatial oscillations of the local pressure, which prop-
agate through the liquid medium adiabatically, with its amplitude decreasing exponen-
tially along the direction of propagatiarby:

p(z f,t) = po-e %% e 2N, (3.27)

wherea is the attenuation coefficients is the sound velocity in the liquid for compres-
sional waves of frequencf, cs= A - f, pis the sinusoidally oscillating sound pressure,

Po = p(z= 0) andi? = —1. The attenuation coefficientis usually considered in ultra-
sonic spectroscopy. For our understanding of acoustical spectra, it is necessary to identify
the physical mechanisms leading to sound attenuation in liquid systems. Oscillations of
the liquid are coupled to the shear viscosity and other transport properties, which thus play
an important role in compressional wave interactions. If the particle velocity is smaller
than the sound velocity, the field in a viscous liquid is determined by the Navier-Stokes
equations resulting in an acoustic absorption coefficient. An expression, which describes
viscosity losses, isi]:

21
avis(f) = @(4ﬂs+3ﬂv)'f2 (3.28)
with:
Ns : shear viscosity
Nnv . Vvolume viscosity
f . frequency withf = w/2m
p : density

Cs : sound velocity
The relation 8.28) is strongly dependent upon the properties of the medium and on the
frequency. Here the properties of a medium are mainly defined ghib@r and the vol-

ume viscosity Shear viscosity has the origin in Stokes friction. Additional losses result
from the thermal conductivity, which has been fist shown in 1868 by KirchhGif [

2 (C X
Othermal(f) = 3o (C—\F/) - 1) C?pfz (3.29)

with:
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Cp : specific heat capacity = const
Cv : specific heat capacity, = const
X : coefficient of heat conductivity.

From history, it is a common practice to call the sagyc+ Othermal @S the "classic” part
of the acoustic attenuation coefficiamfjass In aqueous solutions th®hermal contribu-
tion part toogjassis usually smallaihermal < vis) and can be neglected. In principle the
the shear viscositys and the volume viscosityy in Eq.(3.28 are frequency dependent
guantities. Therefore:

vis(f) = 50—2[2(4ns(f)+3nv(f))-f2- (3.30)

However, it is convenient for the discussion of measured acoustical spectra to assume
the frequency-independent asymptotic "background contributéntharacterizing the

total absorption at frequencies far above the experimental range. This includes the relaxa-
tion processes, occurring at frequencies well above the measuring range. Subtracting the
asymptotic value from the measured absorption gives the so-@ltsbs contribution
(a/f?)excand the excess absorption per wavelerigth) exc

(aN)exo=(aA) — B ¥ (3.31)
B'cs

3.3.1.1 Noncritical ultrasonic excess absorption

Fast elementary molecular reactions, that are usually exhibited by ultrasonic excess ab-
sorption spectra, with the inverse relaxation time in the frequency range of measurement,
are conformational changes, protolysis and hydrolysis, as well as dimerization and com-
plexation mechanisms. Chemical equilibria are associated Dethye-type relaxation

terms, exhibiting discrete relaxation timesAccording to p5], the excess absorption for

one relaxation process can thus be described by:

wrt

Ro(f) = (ah)ge = A- m,

(3.32)

with w = 2rtf, and A being the relaxation amplitude. L&t andY represent different
conformers of the same species in a dynamical equilibrium. The unimolecular reaction
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scheme is then simply given by:

K
X = Y. (3.33)
kr

Hereks denotes the forward rate constant &nhdepresents the reverse rate constant. Both
constant are related to the equilibrium constant k; /k. and to the relaxation time of

Eq.3.32 by:

T 1=k +k-. (3.34)

In order to discuss some general characteristics of ultrasonic relaxation, an energy scheme
is sketched in Fig.(3.4), where a (hypothetical) potential is given as a function of the
molecular volume of the species undergoing a boat/chair conformation equilibrium like
that of cyclohexane.

In Fig.(3.4) it has been assumed that thgnergy A
speciesX and the specie¥ differ from one
another by the molar reaction volume

AV =V — Vi (3.35)

and by the reaction enthalgyH. In princi-
ple, the idea of getting information abamgyc
is simple. In a sound field, the energy pro-

file oscillates around the equilibrium curve, \'/X \'/Y Volume
as indicated by the dashed and dotted curves ~—AV—=

in Fig.(3.4). The autocorrelation function for Figure 3.4: Qualitative energy
thermal fluctuations of the population num-  Profile of a chemical relaxation

. process it the case of cyclohexane
bersNy ) andNy) of speciesy and X, re- (based on a Figure iro}

spectively, in a given volume element and thus the autocorrelation fu‘r]l)ction of the thermal
fluctuations in the density of the sample is characterized by an exponential decay:

D (t) = (p(t) - p(0)) = Ppe Y (3.36)

with the autocorrelation time. The liquid system tends to follow the oscillations in the
potential curve. The transition from one conformation to another is controlled by the acti-
vation enthalpy barriehH > RT, establishing a finite probability for that conformational
change. In accordance with the Le Chatelier principle it follows the reaction, i8.88.(
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A time lag between pressure and density in the sound field leads to a dissipation of acous-
tic energy with an attenuation coefficiemin Eq.(3.27). At f < (2rr)~! the system has
sufficient time to reach the equilibrium without significant decay. At high frequencies

f > (2mr) %, the system can not follow the rapid pressure variations. In the frequency
rangef ~ (2m)~%, sound energy dissipation per cycle has a maximum, leading to the
characteristic profile of Debye term. The unique Debye term fits spectra pretty good in
case of well defined molecular processes. Sometimes it is not possible to describe an
excess absorbtion spectrum by one Debye term of the forn8B@( Especially, when
different molecular processes exist in the frequency range of measurement it is mostly
necessary and possible to apply a sum of Debye terms:

(V1§

N
Ro,(f) = (aN)gke = i;Ai Enprat (3.37)

Unfortunately, sometimes molecular processes lead to very complicated spectra. Con-

S (a;.f'fk)exc._ l[:]_6 —_

0.1 1 10
f.MHz

Figure 3.5: An example of the Hill function with different values of m, nand s, according
to Eq.(3.38.

sequently, they can only be regarded as a sum of Debye-terms with a particular distribu-
tion of amplitudes. Menzel at al5§] found the relaxation spectral function, originally
introduced by Hill 6], [57] discussing non-exponential decay in the polarization of di-
electrics, to be favorably utilized in physical acoustics. The Hill function is given by (see
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Fig.(3.9):

(wr)™ 7

(1+ (wr)?) =

Ru(f)=(aN)H. = A with m,n,s € [0,1], (3.38)

whereA denotes an amplitude. E§.88 reflects an underlying continuous relaxation
time distribution with a characteristic relaxation timeand with parametem, n ands

,(0 < myn,;s < 1), that determine the width and the shape of distribution function. If
m=n = s= 1 then the Hill spectral function corresponds with a Debye term 3228,
bold plot in Fig.B3.5). With a reduced number of adjustable parametersdasigicted Hill
function:

(wr)™

S e (3.39)
(1+ (en)2)

R (F) = (oMb = A

is then appropriate. A characteristic example for a restricted Hill function will be shown
later in Chapter (5) when the critical system isobutoxyethanol-watéig discussed.

3.3.1.2 Critical systems and total attenuation spectrum

In the case of critical liquid systems, the ultrasonic spectra get an additional contribution,
resulting from the critical fluctuations. This critical attenuation term has been treated
within the framework of the Bhattacharjee-Ferrell theory. Assuming additivity of the
critical contributions and the other ones, the total ultrasonic absorption spectrum, can be
written as:

(o) = Sa)\)c+ (a)\)ex9+(a)\)bg. (3.40)

(@N)éxc

However, because of its essential role in these investigations, the first contribution to
Eq.(3.40 will be treated separately in the Chaptdy. (

3.3.2 Ultrasonic instruments

Next sections deal with the realization of different ultrasonic methods. The ultrasonic cell
consists of two piezoelectric transducers arranged parallel to each other. One of these
disc-shaped transducers acts as the transmitter, the other one as receiver. The surfaces
of the used transducers are coaxially plated with electrodes (chrom/gold). The sound
wave is induced by the inverse piezoelectric effect. In principle two kinds of ultrasonics
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resonator methods pulse methods
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Figure 3.6: Review of broadband ultrasonic methods.

techniques were used in present work; teeonator method Section 8.3.3 and the

pulse transmission methodSection 8.3.4. The principle of the resonator method is
based on folding the acoustic path via multiple reflections in order to obtain a resolvable
amplitude decay at lower frequencies. With the help of pulse methods it is possible to
make measurements of the exponential amplitude decay versus distance of propagating
waves, which propagate through the liquid. Standing and the traveling wave methods
overlap in a wide range and can be used to check the consistency of measured ultrasonic
spectra.

3.3.3 Resonator cells 80 kHz - 20 MHz

The ideal resonator

In order to understand the functioning of a real resonator, it is appropriate to take a look
at the ideal resonator. In this work cylindrically shaped ultrasonic resonator cavities are
operated in compressional modes. For the consideration of an ideal resonator some as-
sumption have to be made:

First, the ideal resonator consists of two piezoelectric planar transducers, separated by
the distancd and with radiusR. The wavelength of the sound wavesAis< R. As a
consequence, plane waves are considered. Second, energy dissipation occurs only in the
fluid. Because of these assumptions it is possible to express the sound pressure at the
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)/\/\

Figure 3.7: Basic principle of an ultrasonic cell.

receivefas a mathematical series:

[oe]

pr= Po(1+rr)e - % (rRrTe‘Z\”)n.

n=

This series convergences figi- rr < 1. With pr(0,t) = po- €% this yields:

. (1+rR) it
PR = po(eV"—rRrTeV" gdwt,

Finally, the transfer functioil ( f) results as proportionality:

~ Ur PR _ 1+rR

T(f)

" Ut pr e —rgprre ¥l

Its absolute value is:

(1—|— rR)

T(H)| ~ ’
| ( )| \/(e(xl _rRrTe*(1|)2—|—4rRrTSin2(k|)

with:

3indexR denotes the receiver and indéxhe transducer

(3.41)

(3.42)

(3.43)

(3.44)
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T(f) : complex transfer function of the system ;
Ut,Ur : transducer and receiver voltage, respectively ;
rr,rr : reflection factor at the transducer or receiver, respectively ;
o : attenuation exponent of liquid ;
y=a-+ik : complex propagation constant;
k=2nf/cs : wave number;
Cs . sound velocity;

| : distance between piezo-transducers;
po : the amplitude of sound pressure.

The transfer function for an ideal resonator with reflection coefficients at the liquid trans-
ducer interfacesg =r1 = 1:

11
el —e ¥ 2sinhyl)’

T(f) O (3.45)

With the relation sinf(yl) = sint?(al) 4 sir?(kl), the amount off ( f) is given by:

IT(H)| O L : (3.46)
\/sintP(al) +sirP(kI)
Consequently, for the ideal resonator equidistancy of resonance frequencies follows:
_n.5
fa=n o (3.47)

With the aid of Eq.B.47) the sound velocity ofs can be determined. For smaller losses,
(a < 1) Eq.(3.46 can be calculated with the use of Taylor series, at the resonances
fo. For f = f,+ of, the following approximations can be made: (sih ~ al and
sin(ks, 15¢) = sin(ml) ~ 2®| " Hence, the decrease in the power to onehalf of
the original value leads to the relation:

|T(fn+6fh)| 1 V |)2 (3.48)

1 (a
T(fh) V2 \/(0")2+(2“c—65f“'>

for the sound pressure. Consequently, the relation between the attenuation coefficient
and the half-power bandwidihf = 25f, follows as:

o= It S 0N = T[A—f. (3.49)
Cs fn
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3.3 Ultrasonic techniques

The real resonator

e Quality factor the real resonator
In a real resonator, however, acoustic energy is not only dissipated by the liquid
sample but also by imperfections of the cell. Among the various mechanisms is
energy dissipation caused by diffraction of the sound wave due to the finite cell di-
ameter. Furthermore, the radiative energy losses at the back face of the quartz, have
also to be taken into account. The quality facfpof a resonator is defined, by the
ratio of reversibly stored enerdy and the dissipative enerdyy: Q = 2nE, /Ey.
In summary, there are two contributions to the energy dissipation of a sound beam:
attenuation caused by the liquid and that from the instruments. The total measured
reciprocal quality factor can be written as:

Qt_ot1 = Qi?étrum + Qﬁqluid- (3.50)

Because the quality fact@ is connected with the half-power bandwidif via:
Q = fy/Af and because of EQ(O0 the total attenuation per wavelength, can be
expressed by:

(aA)tot = (AN )instrum + (O )jiquid- (3.51)

Labhardt et al. §1], [67] have found a relation for losses of plane transducer res-
onators:

Af 0.147 rcs\3 1
T— = (0A)tot = (OIA)iquid + o (é) 3 +Vi, (3.52)

o
wherey, = Z, /Z7, with the specific impedances of liqu&l and transduceZr.
The second term on the right-hand side of BqP describes losses caused by
diffraction of the sound beam, whiM additional losses. However, it is not pos-
sible to analytically separate all instrumental loss contributions during measure-
ments. Owing to this, it is necessary to perform a reference measurement, with a
carefully chosen reference liquid with matched sound velocity and density, and to
use Eq.8.50 to calculateQjiquid-

e Transducer properties:
The resonances of the transducer can be expressed by the sound velocity of the
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transducecq and its thickness:

C
fo = %. (3.53)

There is a finite liquid-to-transducer acoustical impedance ratio so that the sound
can penetrate into the transducer. Caused by this effect, the cell-length "seems” to
be larger than the geometrical length. This effect becomes more important near the
fundamental transducer frequency and its overtones. The cavity resonances are no
longer equidistant. This behavior has been calculated by Labhardt, too:

2—1)(1—g2 ;) —4gn0n—
fre o g = 5 arcco (% )2( g”*21) GnGn-1 ., ne N(3.54)
2 (gn + 1) (gnfl + 1)
iquid C
with g— —auds (3.55)
PQCQtan(Tey)
with:
fn : fundamental frequency of the cell;
| : celllength;
Cs : sound velocity of liquid;
Piiquia - density of liquid,
fo : fundamental frequency of the piezo-transducer;
Cco . sound velocity of the piezo-transducer;
pg : density of the piezo-transducer.

In order to consider the influence of transducer resonance on the resonator transfer
function, a piezo-transducer transfer functigff) has to be taken into account.
Eggers and al.q0] have proposed the function:

E(f) = Eo [1—iLcot(21:m)]_2. (3.56)

Here L is a factor, depending on the acoustic load dfgd= fo-m with m =
12,...n

e Higher order modes:
At increasing frequency and increasing attenuation coefficianiof the sample
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3.3 Ultrasonic techniques

liquid, the resonances belonging to a principal mode of vibration of the cavity, will
be more and more distorted and disturbed by undesired satellite peaks. The follow-
ing equation expresses this behavior for the so-cddipldnar-resonator:

A (%R)z(—m(zm:)_l), (3.57)

where f,, denotes the frequency of timeth principal modeR is the cell radius and

m is the number of the higher order satellite modes belongingrteode (n= 1:
principle mode). The distance between the resonance peak of a principle mode and
a satellite peak depends on the geometry of the transducer. Holiatieeconcave
resonator, with focussing effect of concavely shaped face of the circular cylindri-
cal cavity resonator, follows:

fn—f, = m%arccos(«/l—l/k), (3.58)

with k = radius of curvature of the concave face. Plano-concave resonator have
been also used in this worlk = 2m). A favorable feature of such devices is the
reduction of disturbances from mechanical stress during temperature variation, due
to the focussing effect.

Other errors typical for measurements are caused by temperature fluctuations (change
of ¢s), by changes in the geometrical dimensions of cell (due to cleaning, emptying
or refilling procedures), errors of electronic equipment, especially of the impedance
analyzer used for the transducer function measurements, and systematic errors due
to insufficient parallel adjustment of the transducer crystals. In Taoke ¢gne can

find the instrumental data for relevant resonators of the present work and also some
experimental errors.

Cell design of a resonator:
The cross section of an ultrasonic resonator cell is shown inFig)(on the last
but one side of this Chapter. The description can be found in the figure caption.

Electronic equipment

Fig.(3.8) shows a block circuit for broad-band resonator measurements. With the
aid of a commercial network analyzer it is possible to measure the transfer function
with high accuracy. In addition, a RF pre-amplifier, matching the high-impedance
transducer output to the NWA input has been used. Furthermore, applying a com-
puter for control of the network analyzer (NWA) and the amplifier and for the data
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geometry fi R R [ fe V R range error
[MHz] [mm] [mm] [mm] [kHz] [cm3] [m] [MHz] Aa/a

plane-concave 1 40 35 19 40 75 2.0 01-27 5-10%
bi-concave 7 10 84 5 125 13 3 04-13 5-10%

Table 3.1: Resonator datesf; : fundamental frequency of the piezo-transdudayr:; trans-
ducer radiusR: cell radius;l : cell length;f. : fundamental frequency of the céll;: liquid
volume andR; : radius of curvature of transducer.

NWA
| |6 R A E 2
L1
Lh =)
[ V-

I
L——T‘

Figure 3.8: Block diagram for measurement of ultrasonic resonator transfer function:

(1) sonic cell; (2) network analyzer (NWA) (Hewlett Packard 4195A); (3) signal splitter; (4)
pre-amplifier 40dB; (5) coaxial line; (6) computer for process control and data evaluation; (7)
Pt-100 thermometer.

evaluation, enabled automatic measurement routines. As presented :3ithe
resonator transfer function can not be described by one Lorentz function. Therefore
a fitting procedure of the transfer function is performed with the aid of a function,
which allows to fit, beside the principal mode, the satellite mode as well as the elec-
trical cross talk:

_ A Aj i | 4
with:
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Amplitude, mV
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Figure 3.9: Water measurement at resonance frequency of 12 MHz, and its satellite

modes.

] : mode number;

yj = aj+i2nf/cs(propagation constant);
fi . resonance frequency

@ : global phase;

| : celllength;

U : amplitude of electrical cross talk;
@ : phase of electrical cross talk.

3.3.4 Pulse-modulated traveling wave methods

At frequencies above 3 MHz the distortion of resonator curves by higher order modes
may be so strong that the separation of the satellite peaks from the main resonance curve
becomes impossible. However, the simple proportionality, given by the expression:

PR(X) ~ € %%, (3.60)
allows to measure quasi-directly the sound attenuation coeffiaienthe principle of
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pulse-modulated method is shown in F&10. Pulse-modulated measurement are per-
formed at the transducer fundamental frequency and its odd overtones which follow the
(2n+1) - fr-law. The shiftable receiver, as shown in F&310), at the positiorX; detects

the acoustical signal and transfers this into an alternating vollag¥; ). At the position

X the alternating voltager(X2) is received. Hence, the attenuation coefficefbllows

as:

L InlUR(X)| ~ In|URO%)| G61)

X1 —Xo

Pulse modulation of the sound wave avoids overlaps between the original signal and

Figure 3.10: Principle of pulse-modulated method: (1) transducer ; (2a) receiver (start
position) ; (2b) receiver (end position) ; (3) exponentially decreasing sound wave ; (4) cell
walls.

multiply reflected signals as well as the electrical crosstalk. At small transducer spacing,
so-called acoustic delay lines (fused quartz) are used for pulse separation. The pres-
sure amplitudepr of the sound wave (taking into account multiple reflections) can be
expressed as:

—YX ol it . —0X
(14+r)e Ve ‘ pr-(1+r)e (3.62)

X,t - —=
PRIX.Y pT‘ 1-r2e-2 V/1+r4e4aX 4 2r2e-20X cog 2BX)

with:
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3.3 Ultrasonic techniques

pr : amplitude of the sound pressure at the transducer;
pr : amplitude of the sound pressure at the receiver,
X : transducer spacing;
r : reflection coefficient;
B=2m/A : wave number,;
y=0a+Iip : complex propagation constance.

The cosine function of the transfer function B362 describes the so-called 2-ripple,
caused by the multiple reflections of the signal at the transducersi\Fer3 the denomi-
nator of Eq.8.62 equals approximately 1, so that an exponential decay of the sound wave
Pr ~ € X follows. In Fig.(3.11) a plot of Eq.8.62) is given as an example. It illustrates
that at decreasing sample lengttihe standing wave contributions of the ultrasonic field
within the cell become more and more important.

10 p

amplitude

0.1F

path

Figure 3.11: Effects of the cosine term in Eq.3.62 on the transfer function.

Fitting at a given frequency Eq.(3.62 to experimental data yields the absorption coef-
ficienta and the sound velocitgs = A f of the sample liquid. To raise the accuracy of

o measurements it is usual to reduce the influence of the cosine function. This can be
realized with the help of the pulse modulation as mentioned before. The transducer signal
is pulsed with the aid of square-wave pulse, with the pulse length following the relation:
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1< ZXS‘a“, (3.63)
Cs

T=2-—10ps. From this relation it is evident that the knowledge of the sound velogity
of the liquid sample is essential for correct pulse adjustments.

44

e Sound velocity measurements:

The transducer and the receiver have to be brought to a distance fulfilkngc/2

or X < 3/a. At the range of 20A, the transfer function is measured and the
experimental data at constant frequency are fitted to3Ef) Finally, with the
help ofcs = A - f, the sound velocitgs can be calculated.

Characteristic curve of electronic setup:

The accuracy of pulse methods depends on the accuracy of determining the char-
acteristic curve of the electronic equipment. In the measurement mode the signal
passes some electronic devices. At first, the voltdgbas to be demodulated and
amplified. Unfortunately, non-linear effects in the electronic circuit, especially in
the amplifier exist. Hence, the voltatyg is subject to the characteristic curve of

the receiver’(Ur) and the sound pressure amplitude at the receiver quartz:

C(Ur(X)) = const- @, (3.64)

1ad

Finally, it is possible, with the aid of linear regression to calculate the attenuation
coefficient as given:

a = [IN(C(UR(X +AX))) — In(C(Ur(X)))]/AX. (3.65)

Here AX is the measurement distance. A central role in the determination of the
characteristic curve of the electronic equipment playsctiteoff piston attenua-

tor. Details about that device can be found @3]f Calibration of the apparatus is
performed after each run by switching from the measuring branch to the reference
branch and utilizing the cut-off piston attenuator to vary the receiver voltage. The
voltage characteristic obtained by this calibration procedure allows the correction
of the originally measuredg values.

e Electronic equipment and measuring procedure:

A block diagram of the electronic apparatus is shown in Bidd. The full lines
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Figure 3.12: Block diagram of the electronic apparatus: (1) frequency synthesizer; (2)
mixer; (3) pulse generator; (4) amplifier; (5) HF-change over switch; (6) matching stub
transformer; (7) fixed coaxial attenuator; (8) sample cell; (9) transmitter; (10) receiver; (11)
stepping-motor; (12) step-motor control; (13) control unit of distance meter (Heidenhain);
(14) PT-100 thermometer; (15) cut-off piston attenuator; (16) mixer, (17) oscillator , (18)
filter, (19) demodulator (20) amplifier; (21) boxcar integrator and A/D-converter; (22) pulse
generator; (23) oscilloscope; (24) personal computer; (25) relays driver card. (the full line
indicate the signal path and the dashed lines show the electronic control circuit).

indicate the signal path and the dashed lines show the electronic control circuit.
The frequency synthesizer (1) along with the pulse generator (3) and the mixer
(2) generates a pulse-modulated HF signal with frequency of measuréméené
signal, via two coaxial HF-switches, is passed either through the measuring branch
or the reference branch of the comparator circuit. After passing the sample cell
or the below-cut-off piston attenuator, both signals are fed via HF change over
switch (5) to a superheterodyne receiver (16-20). A boxcar integrator (21) adds
up the signal over a sequence of 400 pulses. Finally, the result is transferred to a

45



3 Experimental Methods

personal computer and evaluated using the data of ldngteasured by the digital
distance meter (11) with control unit (13). The temperature is measured with a
Pt-100 thermometer (14).

e Pulse cell parameters:In the present thesis, two kinds of pulse cells have been
used to investigate the broadband spectrum of liquids, the 1-MHz- pulse-cell and
the 10-MHz-pulse-cell. Some relevant data of the cells are tabulated in BaBle (

In Fig.(3.14) a cell construction of a 1-MHz-pulse-cell is shown on the last page

cell 1-MHz- 10-MHz-
pulse cell pulse cell
transducer Quarz  LiNb®
rqlmm]j 20 6
fq[MHZz] 1.05 10.8
fn (2n+1)fq (2n+1)fq
fma{MHZ] 63 530
T[us] 5-10 2-4
distance meter optical,  optical,
MT60 MT25
position of dist. meter  axial axial
Xmin[nNM] 125 125
Xmaxymm] 40 25
V[ml] ~ 130 ~ 10

Table 3.2: Pulse transmission cellsy: radius andfy: fundamental frequency of transduc-
ers; f,: possible measurement frequenciggssx maximum frequencyr: pulse lengthXmin:
minimum andkmax Maximum distance between transmitter and receWesample volume.

of this Chapter. A description can be found in the figure caption. In Tébh® (
experimental errors for measurements with the pulse cells are given.

3.4 Complementary measurement techniques

This section deals with additional instruments, which have been used to determine ther-
modynamic parameters of the investigated liquid systems.

e Sound velocitycs:
For some samples a high resolution ultrasonic velocimeter for measurement of the
sound velocitycs has been used. This device consists of two resonator cells, one
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3.4 Complementary measurement techniques

cells frequency range absorption error
f a/f? Aa/a
[MHZ] [10-128% /m]

1-MHz—pulse cell 13< f < 60 (a/f?) < 0.1 3.0%
3 <f< 60 0.1< (a/f?) < 1000 2.0%

30 <f< 50 2.0%

10—-MHz-pulse cell 50< f < 400 1.0%
400< f < 480 1.5%

Table 3.3: Errors of the pulse transmission cells.

containing the sample and the other one a reference liquid. The fundamental fre-
quency of the transducers is 5 MHz. With the knowledge of the sound velocity
c; of the reference substance and the cell-length differé&hcevhich normally is
negligibly small, between both cells the relation:

C Al
Cp = 2f,- (2—:1—F>, (3.66)

is used to determine the sound velodity= cs of the sample to withi\cs/cs ~
10-°. Heren denotes the numberof mode, f; is the resonance frequency in the
sample cell and in the reference cell.

Density p:

The densityp was determined with the aid of a high precision vibrating tube den-
sitometer(Ap/p = 5-1078, Physica DMA 5000, Anton Paar, Graz, Austria), with
built-in reference oscillator. The relation:

Kk [k

whereT = 1/f is the period of vibrations with the vibration frequentyk is the
spring constantin = Mg+ pV the massMp the mass of the vibrating tube as well
asV the volume of the liquid, allows to determine the density of the liquid under
investigation.

Heat capacity at constant pressureCy:

Another important parameter is the heat capaGyyat constant pressure. The
knowledge of this quantity, allows to calculate directly the critical amplitgsteof

the Bhattacharjee-Ferrell theory, which stands in focus of investigations in present
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work. The heat capacit@, was determined with the aid of a differential scanning
calorimeter (MicroCal Inc., Northampton, MA, USA). The device consists of two
cells, one containing the sample and the other one the reference liquid. The device
measures the excess heating powBrwhen varying the temperatuie with the

scan rateAT /At. The excess he&Q required for the temperature change is di-
rectly connected taP - At:

t+At
AQ = / AP(t)dt = AP At (3.68)
t

With the aid of the thermodynamic relati@p = (0Q/dT ), it is possible to deter-
mine the heat capacity at constant pressure.

e Shear viscosityns:
Static shear viscosity measurements of the critical systems have been performed
with a set of Ubbelohde-type capillary viscosimeters (Schott, Germany) or, in order
to avoid the risk of change in the the mixture composition due to preferential evap-
oration, with a falling ball viscosimeter (Haake, Karlsruhe, Germany). With some
sample$, a shear wave impedance spectrometer, operated between 5 MHz and 130
MHz, has been additionally used. The principle of measurement consists in the de-
termination of the shift in the series of resonance frequeh@nd of a change in
the quality factor resulting from loading a shear quartz with the liquid. The quartz
as the central part of a shear resonata@} [s a carefully cut planar AT-quartz disc,
beveled at its back. If the shearing stress oscillates so rapidly that its time period is
shorter that the time required for the molecules in the sample to adopt their relative
position, a dispersion in the shear viscosity results. The dispersion and the phase
lag are taken into account by using a frequency-dependent complex shear viscosity:

ns(f) =ns(f) —ing(f). (3.69)

Hereng(f) represents the irreversible viscous molecular processes and the imagi-
nary parting (f) represents the reversible elastic processes.

4critical mixtures: 2,6-dimethylpyridine-water and triethylamine-water
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Figure 3.13: Cross section of a plano-concave resonatdil) sample cavity; (2) plane
piezo-electric transducer; (3) concave piezo-electric transducer; (4) layer of silicone rubber
with embedded electrical wires to ground of front side of transducer ; (5) transducer fixture
(stainless—steel); (6) flexible electric contact wire; (7) cell jacket; (8), (22), (23) channels for
circulating thermostat fluid ; (9), (10) inlet and outlet; (11) sealing O-ring; (12) main frame;
(13) frame at adjustable transducer side; (14) adjustable plate ; (15) ball-and-socket joint;
(16) screw for adjustment of (14); (17) spring ; (18) mounting plate; (19) ball bush guides;
(20) precision-gauge block establishing the distance to; (21) locking device; (24) thermostéft
coat.
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Figure 3.14: The cross section of a 1 MHz-pulse-cefll) sample volume and (2) sample
reservoir; (3) thermostatic walls ; (4) transducer; (5) tiltable mounting plate; (6) ball-and-

socket joint; (7) receiver; (8) movable mounting plate; (9) ball bush guides; (10) lapped pin;

(112) spindle; (12) nut; (13) ratched wheel
(15) base plate; (16) mounting plate

connector; (19) outlet.

; (14) adjustment screws for transducer parallelism;

; (17) channels for circulating thermostat fluid; (18) N—

50



4 Critical Contribution, Dynamic
Scaling and Crossover Theory

The following Chapter deals with the dynamic scaling aspects within the framework of
Bhattacharjee-Ferrell theory. Furthermore, relationships between the critical sound at-
tenuation and the dynamic scaling function are presented. Moreover, crossover effects for
binary and ternary fluids are presented.

4.1 Bhattacharjee-Ferrell scaling hypothesis -
binary systems

Critical phenomena, as all continuous phase transitions, Show universal characteristics of
their thermodynamic properties, if they belong to the same universality class and if their
dimension is identical. In Sectio.3.3 the concepts and consequences of critical slow-

ing down have been presented. In particular, the light scattering is well represented and
described by dynamic scaling theories, resulting from the mode-coupling considerations.
However, the treatment of critical ultrasonic attenuation necessitates the development of
new theories in order to get an access to critical fluctuations in a sound field. Bhattachar-
jee and Ferrell have presented], [ 19] a general theory of the critical ultrasonic attenua-
tion, based on an extension of the concept of the frequency-dependent specific heat. This
conception was firstly introduced by Herzfeld and Ricg] in 1928.

4.2 Critical sound attenuation

For understanding the nature of critical sound attenuation, it is important to study the
propagation velocitys of low-frequency sound in the vicinity of the critical poiri(]].

This kind of considerations allows to understand the coupling between the sound propa-
gation and sound attenuation as well as the sound dispersion of sound velocity near the
consolute point. The first thermodynamic studies of Bhattacharjee and Ferrell concen-
trated on the variation of volumé with pressurep, due to sound propagation at constant
entropyS. As consequence of this examinations they got the isentropic compressibility
Bsat constang
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Bs=Psc o (p ) @1)

whereAT =T — T¢(p) and indexc denotes critical parameters. Moreover, the adiabatic
temperature variatiofdAT /op)sin Eq.@4.1), expressed by:

<0AT> _ (0s/op)ar _T& Ve (4.2)
S

o )sT oSasT), T G Gy

produces a dimensionless parameaggemhich represents the system-specdaupling
constantand describes the magnitude of coupling between critical density fluctuations
and the propagating sound wave:

TS
g= Ve (4.3)

Substitution of Eq4.2) and Eqg.4.3) into Eq.@.1) yields a relationship which is accessi-
ble to experiments:

Ve ¢
=Bgc— —=. 4.4
Bs=Bsc TCo (4.4)
The sound velocity can be expressed as:
2
2_c2_ 9 (4.5)

wherecs¢ denotes the sound velocity at the critical point. Approximately one can de-
scribe the sound velocitg by the following relation:
gzcgc

Cs=Csc+ (4.6)

The next step in the procedure of Bhattacharjee and Ferrell considers the frequi@ncy
an applied pressure signal with its time dependence given by-éxp). Furthermore,
with the aid of the frequency-dependent specific Ké@(to) it is possible to express
the sound velocitycs in Eq.@.6) and the compressibilit§is in Eq.@.4) as frequency-
dependent quantitiés

ltilde denotes complex quantities, except for critical exponents
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et g°cdc 4.7
o= ST TG (w) '
and
. Ve 02
—Bsc— 2. 4.8
Bs = Bsc TG, (4.8)

Itis assumed that the critical part of the specific heat determines the complex sound veloc-
ity in Eq.(4.7). Within the scope of dynamic scaling it is possible to write the dependence
of C, on the reduced temperatwue

Cp(w=0) g%, (4.9)

whered denotes the critical exponent. With the aid of the relationship of critical diffu-
sion coefficient in §€], [27], that controls the relaxation of the concentration fluctuations
and relates the diffusion coefficieDt to the viscosityns and the correlation length of
critical fluctuations:

_ keT
GRS

(with the Boltzmanns’s constaki, and absolute temperatuf®, it is possible to give an
expression for the characteristic relaxation rate of a fluid:

(4.10)

2D
— &

whereV denotes the critical exponent of the correlation length Zndenotes the dy-
namic critical exponent. The amplitudig is a characteristic system-dependent constant.
The system dependent valueg of several binary systems are presented in Tabl&Q
s.121). However, with regard to ultrasonic spectroscopy, it might be interesting to inves-
tigate the frequency dependence of the specific @gatsing Eq.4.11) one can express

the temperature dependenceéipnin terms of the characteristic relaxation réte

r(e) = o™, (4.11)

Cp(0=0) ~ % = Cp(F,w=0) ~ [ %, (4.12)

where the value of the exponent is:

~

do 011
ZoY ~ 3.05x 0.63

= 0.057. (4.13)
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Consequently, one can get the frequency dependerCgaifl = 0, by using the mode-
coupling formalism. It follows:

5 —iw —0o/ZoV
Cp(MT=0,0) 0 <?) : (4.14)

with a constana. The attenuation coefficientintroduced in Chaptefj, is proportional
to:

12

—W
R ImC(0, w) (4.15)

—w? a\ 1+do/Zov —dpTt
= aRG,)? (c_o) S'n( 2Zov )
doTt w? a\ 1+do/ZoV
2ZgVa (ReCp)? (6)

N (%)C ~ f-1-Go/ZoV _ §-1.057

o ~ WmCp(w) 1

12

The plot ofa/ f2 versusf ~1957 represents a straight line as is shown by the example of
the n-pentanol-nitromethane mixture of critical composition in Fgly.

Up to now, the temperature dependence of the amplitude has not be considered. Bhat-
tacharjee and Ferrell give an expression for the amplitude of critical contribution:

Re(f) = (ah)e = A(T) - Fer(Q) with A(T) = c- Sgr - [~ 90/%0 (4.16)

with:
SE :  the temperature dependent Bhattacharjee-Ferrell amplitude
Fsr : the Bhattacharjee-Ferrell scaling function
I : relaxation rate of concentration fluctuations
Q=w/I" : reduced frequency

Cs : sound velocity.

According to Eq.4.16), wheredy/Zov = 0.057, the amplitude parametaris related to
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Figure 4.1: Critical part in the frequency-normalized attenuation coefficient for the n-
pentanol-nitromethane mixture: at T, plotted as function of ~196 [74].

the amplitude of the Bhattacharjee-Ferrell dynamic scaling model:

)

QB o
V2 7 g (4.17)

211

S — TPOACKHCs
2C5Te

of the dynamic scaling model. Paramagen Eq.(4.17) is the adiabatic coupling constant
defined by Eg4.3). According to the thermodynamic relation:

. dTC Tcap
9=PCp ( dp  pCp ) (4.18)

it can be obtained from the slopH./d pin the pressure dependence of the critical tem-
perature along the critical line and to the thermal expansion coefficigrtt constant
pressure. The latter can be expressed with the aid of dgmékgwise at constant pres-
sure:

ap=pldp~t/dT]p (4.19)

In Eq.@.17) AC, as well aCp, are the amplitudes of the critical part and the background
part, respectively, of the heat capacity at constant pressure:

Cp(g) = ACe %0 4 Cpp, (4.20)
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The functionFge(Q) in Eq.(4.16), is the so-calledcaling function, which plays a central
role it the Bhattacharjee-Ferrell theory. The properties of this special function will be
treated with more details in the next section.

4.3 The scaling function FK(Q)

Last decades, various theoretical expressions for the universal scaling function of ultra-
sonic attenuation spectra have been presented for critically demixing binary fluids. In
Fig.(4.3) three prominent examples are shown.
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Figure 4.2: Three prominent examples of scaling functionsthe full line represents the
Bhattacharjee-Ferrell (BF), the dashed line the Folk-Moser (FM), and the dotted line the
Onuki (On) function §7].

In 1981 Bhattacharjee and Ferrell have presented the scaling function for sonic attenua-
tion in analytical form [L.&]:

3 [ x-dx Q-x-(14x)?
/0< (4.21)

F(Q)=> : .
Q) 1+x2)2 x2-(14x)+Q2

Because of the difficulties to treat this integral, an empirical function has been developed
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4.3 The scaling function F(Q)

later in [20]:

For(@) - L @22

{1+0,4142(%)1/1 |

with the half attenuation frequen€y, . The Folk-Moser (FM) scaling functiofsr (Q)

as resulting from the renormalization group theory of the mode-coupling made[ £4],

and the functiorFon(Q), which Onuki (On) derived from an intuitive description of the
bulk viscosity near a consolute point, publishedin][and [26], are not available from
theory in analytical form. Therefore, Behrends at al. developed a quasi-universal em-
pirical form of scaling functionsq/], in correspondence with the empirical function of
Bhattacharjee and Ferrell. These forms are shown in&R),(and described by follow-

ing relation:
N —2 ox _\ ™2
FX(Q):{H (%) } = 1+0.4142<%> ] (4.23)

wherex denoteBF, FM andOn, while Qy andQ’{/2 denote a characteristic frequency and
the half-attenuation frequency of the scaling function, respectively. The crucial parameter
in Eq.@4.23 is the exponenty, which is related to the logarithmic slofR(Q = Q1) =
dR(Q)/dIn(Q)|q, , » that dominates the shape of the scaling functions Sifh the fol-

lowing parameter values are given: Bl , = 2.1, nx = 0.500,S, = 0.146; FM,Q, ), =

3.1(1), nx = 0.635(5), S = 0.186; On,Q; » = 6.2(1), ny = 0.500(2), S = 0.146;). Fi-

nally, using the relation

N (@M Y2 \]7™
Q2= r(e) [O.4142<((G)\)C(T)) _1)] (4.24)

to evaluate experimental attenuation coefficient data along with relaxation ajefsom
light scattering and shear viscosity, it is possible to decide about the quality and validity
of the scaling functions.

The determination of the scaling functiép(Q) is usually based on the fact thaand
Csin Eq.@.16 are only weakly dependent upon temperature. Therefore, the scaling func-
tion can be derived as the ratio:

F(Q) = (aN)e(f, T)/(aN)e(f,Te), F(Q) =1forT — Te (4.25)

The measured total attenuation data contain contribution from critical fluctuation but also
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4 Critical Contribution, Dynamic Scaling and Crossover Theory

from noncritical processes. Assuming that all parts contribute to the ultrasonic attenua-
tion spectrum additively, the ultrasonic spectra can be analytically represented as a sum
(shown in Section3.3.1.) of N Debye terms, the background contribution and the criti-

cal contribution:

<g> — S f (0 e+ % L_i_g (4.26)
2 _\ / 2 : :
f =7 & 1+ w1 Cs

The Debye-ternfscan be likewise replaced by Hill-terms as has been shown also in Sec-
tion (3.3.1.).

4.4 The crossover theory in binary mixtures
General conceptions of crossover theory

The classical theories by van der Waals, Bertholt, and Dieterici describe pretty well the
hydrodynamic and thermodynamic behavior of classical fluids in the mean-field region.
Moreover, all their classical equations show the existence of a critical point. Unfortu-
nately, they do not predict the non-analytic behavior in real systems. This fluid domain has
been treated by Wilson, Fisher and Wagner within the framework of the renormalization-
group theory. The conceptions and formalisms of this theory lead to a description in terms
of scaling laws near the consolute point. Furthermore, renormalization-group theory has
been quite successful in calculations and predictions of critical exponents. However, due
to crossover effects this theory has a limited range of validity.

Critical Region— Crossover Region— Mean-Field (4.27)

Unfortunately, the theoretical descriptions are valid only in a range extremely close to the
critical point whene — 0. There is no conception of extrapolation from the mean-field

to the critical region. This so-callectossover-rangehas been treated 1986 in a paper

by Albright at al [58], consistent with the renormalization-group theory. Their crossover
descriptions for properties of fluids take into account, that besides the contributions from
critical fluctuations to the critical behavior, there are further degrees of freedom, such as
changes of molecular conformations and of the extent of hydrogen bonding. These kinds
of effects do not couple to the critical fluctuations. Therefore, it is adequate to divide the

2note: (+) iNRE(f) or RE(f) refers to the form of presentation of ultrasonic spectra (attenuation-per-
wavelength(a) or (a/f?): Rp(f)- é =R} (f)
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4.4 The crossover theory in binary mixtures

modes of the considered liquid system into those that show only short range order and
high frequency fluctuations and are only weakly coupled and into such which show long
range fluctuations and are coupled strongly. These last ones lead to non-analytic behavior
near the consolute point. Consequently, the existence of a citinfthe wave numbers

of fluctuations, has to be taken into account when fluctuation dominated behavior of the
system is studied. This view has been successfully applied to the van der Waals gas.

The Crossover corrections

In the case of the dynamic light scattering, the shear viscosity as well as ultrasonic at-
tenuation spectroscopy crossover corrections have to be taken into account vehrest
sufficiently close tdl.. It has been shown inlf], [69] and [17], that close to the critical
point, in the asymptotic limit, the shear viscosity can be described by the expression:

Ns(€) = Nog(Qo)™", (4.28)

hereQp denotes the system-dependent critical amplitudegaheé fluctuation correlation
length. The background viscosityg is given by the relation:

Nbg(€) = An XP[Bn /(T —Ty)] Or Npg(€) = An eXpBn/T] (4.29)

with the system specific parametés, B, andT, and with the absolute temperature
The inverse critical amplitude of the viscostdg*, can be written as:

3

Loer(i.y) @30
Qo 2 \Ob Qc

whereq. andqgp are the noncritical cut-off wave numbers. Eg28 is correct only in a

region close to the critical point. Therefore, when treating data over a large temperature

range, itis essential to consider the crossover corrections as has been presented by Burstyn

atal. [L€]. In that paper Burstyn et al. introduceessover functionH (€, qc,gp), which

is also dependent on the noncritical cut-off wave numbgrgp as well as the correlation
length¢&:

Ns(€) = Nug(T) exp(ZnH (&(€),dp, Ac)) (4.31)

with

1 . 1 :
H = 1—2-sm(3-wD)—4q—D-E-sm(Z-LPD)
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4 Critical Contribution, Dynamic Scaling and Crossover Theory

! (qclaz | {1‘ §<%ﬁ>28in<%>]
) <qclz>3 | { [1‘ §<%E>2] W — [ (082 - 1|3/2-L<~>} (4.32)

where

Wp = arcco§l+qd-&2)1/?

Océ —1 12
tan(Wp/2

qir1 /2

. 1+®Y\ .

= 2-arctan®| if qc& <1

For largee, the crossover function defined by E§31) behaves asl (§(¢),qp,qc) — O,

so thatn — npg. In the asymptotic limit the Ec(31) simplifies to the power law in
Eq.@.28. The influence of the crossover function is not only restricted to the shear vis-
cosity. The cut-off wave numberg andqgp play also an important role in the mutual
diffusion coefficient, which is given by:

D = AD + Dyg. (4.33)

The valueAD represents the singular contribution, which is shaped by the Kawasaki func-
tion Qg [66]:

Qk (X) = % {1+x2+ (x3 - )—1(> arctarx} : (4.34)

with x = g€. The mutual diffusion is then represented by:

_ ke T x\2]%% kT 1+q252)
P10 gmgg [”(i)] Ty ( 6

AD Dbg

(4.35)

with:
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4.5 The crossover theory in ternary mixtures

Nbg - background viscosity;
gc . cutoff wave number;
< .1 1.
qC . % + m, . .
Qk(x) : Kawasakifunction Eq4.349);
& . correlation length.

Another important consequence resulting from crossover corrections is the significant in-
fluence of the value&y andqc on the reduced temperatuge Bhattacharjee and Ferrell

have presented a correction expression that is based on the use of an effective reduced
temperature, which is given by:

_ 1 12
E=¢ {1+ BE_QC] ) (4.36)

with the parametep = 1.18. The significance of the cut-off wave numlagrhas been
demonstrated in/J]; due to a large value af. it was found|€ — €| /e < 5-1073.

4.5 The crossover theory in ternary mixtures

The crossover theory has been developed for binary mixtures. It is not self-evident that
this theory is also valid for ternary mixtures. Moreover, the renormalization ggeup
expansion predicts a dependence of the critical exponent of vis&sitgon the dimen-

sion of the considered systeni ]]:

1
Zy = 1—98+0.01&:2, (4.37)

with € (note, in this case is not the reduced temperature), the critical dimensips 4,

ande = d. — d, whered is the dimension of the system. Consequently, £84) predicts

the valuee/19 for a 3d-Ising system, in first order f@y. Taking into account the second
order correctionsZ, = 0.065 results. This value has been predicted by the mode-coupling
theory. In the case of tricritical point the critical dimension is reducedte 3, as has

been given by Pfeuty/[]. As a consequence, = 0 and therefor&Z, = 0. It seems

that there is no critical divergence of the viscosity. However, the ternary system, that has
been investigated it this work is of type 2a (see Sectia.p) and belongs to the same
universality class for dynamical properties as the binary fluids. Thus, there is no reason
to treat the experimental data different from the binary mixtures. Furthermore, it can be
expected, that the crossover corrections are likewise valid.
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5 Experimental Verification of
Dynamic Scaling Theories and
Discussions

In the following chapter, the results of measurements of dynamic light scattering, shear
viscosity and ultrasonic spectroscopy as well as the data evaluation procedures are pre-
sented. The first Section describes the strategy in the fitting procedure of the scaling
function within the framework of crossover theories as well as the Bhattacharjee-Ferrell
theory. The second section lists the investigated substances and critical systems as well
as their preparation. The third, fourth and fifth sections present the final results of the
studies, classified by the complexity of the ultrasonic attenuation spectra: systems with-
out or with one additional noncritical relaxation term, systems with complex background
contributions, and ternary mixtures. The sixth section deals with correlations, e.g. with
relations between quantities of different critical systems.

5.1 Strategies of verifying the scaling function

The formalism for the verification of the critical parameters and the scaling function pre-
sented in Chapte#] calls for a specific treatment of experimental data within the frame-
work of crossover formalisms as well as the Bhattacharjee-Ferrell theory of critical sound
attenuation, Figg.1). In principle, the scaling function can be derived directly from the
ultrasonic measurements, by taking into account the Bhattacharjee-Ferrell theory. How-
ever, due to effects of critical slowing nekyas well as the enormously increasing atten-
uation coefficient toward low frequencies, only the high frequency part of the critical con-
tribution to the ultrasonic spectra is obtainable from attenuation coefficient measurements.
Thereforelys is only inaccurately known from acoustical spectrometry. For this reason
and in order to reduce the number of unknown parameters in ultrasonic spectroscopy, the
relaxation rate of order-parameter fluctuations has been additionally determined by shear
viscosity and mutual diffusion coefficient measurements. Consequently, no distinction
between the relaxation rate of critical fluctuations from ultrasonic measurenignys,

and that from dynamic light scatteririgy_s, will be made in the following:

rg-s=rys. (5.1)
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5 Experimental Verification of Dynamic Scaling Theories and Discussions

Shear Viscosity and Dynamic Light Scattering mutual diffusion
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Figure 5.1: Scheme of fitting procedures for the derivation of the scaling function.

This step is justified, because of the assumptions made by Bhattacharjee and Ferrell. Ac-
cording to their theory, local concentration fluctuations detected in the light scattering ex-
periments are controlled by diffusion, E4.10), of almost spherically shaped areas with
concentration different from the mean. These fluctuating areas couple to the ultrasonic
wave [L9. Hence, the assumption for the characteristic relaxationigt& = rgS="rg

can be done. In order to determine the characteristic relaxatior gatynamic light
scattering and shear viscosity measurements have to be combined. Using the relation
Eq.@.11) and the Kawasaki-Ferrell relation, E4.10 can be rewritten to yield the rela-
xation rate of concentration fluctuations as a function of the diffusion coefficient and the
shear viscosity:

_ ke
r — W. (5-2)

The mutual diffusion coefficient as well as the fluctuation correlation leggtan be
derived from dynamic light scattering, according to the Ej85). Both quantities are
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5.1 Strategies of verifying the scaling function

related by the dynamic scaling hypothesis][ [34], [22], [ 78] presented in Eg4(11).
However, crossover corrections have also to be taken into account. The crossover function
H(&(g),0c,0p) contains an explicit dependence upon the fluctuation correlation I§ngth
and on the cut-off wave numbegg andqgp. Parameterg, qp andq. also control the
mutual diffusion coefficient according to E4.85. Therefore, with the aid of an itera-

tive fitting procedure the complicated expression of the crossover furtdtiariEq.(@.31)

has to be applied simultaneously to the experimental shear viscosity and dynamic light
scattering data. Only this kind of data treatment allows to fulfil Eg8% and @.35 si-
multaneously and to thus yield consistent results for the paranégtesandgp. Finally,

the value forl o determined in this way can be used in Bgl@), that represents the criti-

cal attenuation contribution and controls the frequency as well as temperature dependence
of the scaling functior (Q). However, the critical amplitude is still an adjustable param-
eter. It weakly depends upon frequency due to the small critical expdredp/(ZoV) in
Eqg.@.17). If experimental heat capacity data are available, it is possible to calculate, with
the aid of the Eq4.17) the amplitudessg in Eq.@.16 from thermodynamical quantities

of critical mixture. Alternatively it is possible to extract the the amplitude from the ul-
trasonic spectra and to estimate the adiabatic coupling corgstantrding to Eq4.19.
Furthermore, the amplitude of the correlation lengttan be additionally verified with

the help of heat capacity data using the so-called two-scale-factor universality relation

[79:

1/3
o= () 53)

with Boltzmann’s constankg, and withX = (1.96640.017)-10"2 and X = (1.88+
0.015) - 102 from renormalization-group and series calculations, respectivély, [B0],

with the amplitude factoA™ of the singular contribution to the heat capacity at constant
pressure in the one-phase regimé][ [ 7],

At &
Cp= a—s—GO(1+ D*e®)+ETe+BY, (5.4)
0

with the heat critical exponenip = 0.11 andA = 0.51+ 0.03. However, as was men-
tioned in Section4.4) the values fo€y andqc lead to noticeable changes of the reduced
temperatureg in the treatment of ultrasonic measurements. Hence, in the determina-
tion of the scaling function the reduced temperatuwrdmve to be corrected to get the
effective reduced temperatig@ccording to Eq4.36). The fitting procedures applied on

the basis of the dynamic scaling hypothesis and the crossover formalism are summarized
schematically in Figg.1).
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5 Experimental Verification of Dynamic Scaling Theories and Discussions

5.2 Preparation of critical mixtures

substance formula  supplier purity molar mass
[g/mol]
n-butanol C4H100  Fluka >99% 74.12
watef H,O deionized 18.00
and bidistilled
nitromethane CBNO, Fluka >99% 61.04
n-pentanol GH120  Fluka >99% 88.15
nitroethane GHsNO, Aldrich >99.5% 75.08
3-methylpentane §H14 Aldrich >99% 86.20
cyclohexane eH1o Aldrich >99.5% 84.16
methanol CHO Fluka >99.8% 32.04
n-hexane GH14 Aldrich >99% 86.18
ethanol GHeO  Fluka >99% 46.07
n-dodecane ©Hog  Aldrich >99% 170.34
isobutoxyethanol €H140>, Wako >97% 118.17
2,6-dimethylpyridine @HgN  Aldrich >99% 107.15
triethylamine GHisN  Aldrich >99% 101.19

Table 5.1: Substances usedndex’ denotes substance also used for reference measurements
and calibrations.

All non-aqueous constituents of the mixtures presented in Takly pave been used
as delivered, except for the substance isobutoxyethanol which was additionally purified
by fractional distillation at 318 K and at a reduced pressure of 23 mbar in a concentric tube
column of 64 real plates. This distillation procedure has been performed several times, to
get isobutoxyethanol surfactant as pure as possible. Before preparing mixtures, the con-
stituents were degassed in an ultrasonic bath or vacuum oven. This preparation step was
done to avoid gas bubbles that might grow in the cells during measurements. In order to
avoid preferential evaporation, the degassing in a vacuum oven has been performed before
preparing the mixtures. Finally, mixtures have been prepared under nitrogen gas atmo-
sphere by weighing appropriate amounts of the constituents into suitable flasks. Uptake
of water from the air was avoided thereby. The critical point of a mixture was determined
visually by taking into account the criterion of critical opalescence as well as the criterion
of equal volume (Sectio.3.5. Additionally, the existence of the critical point has been
determined by densitometer measurements (Anton Paar 5000) in S&dpnlf the
case of ultrasonic measurements, calibrations for resonator losses were performed after-
wards, using reference liquids: butanol for mixtures listed in Tablg) @nd deionized
bidistilled water for aqueous mixtures listed in Tabfe3. In addition, water has been
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5.3 Binary systems without and with one additional noncritical relaxation term

used to determine the cell length of the resonators. The critical parameters like critical
mole fractionx; and the critical temperatui® of investigated systems are given in Table
(5.2 for binary systems without or with one additional noncritical relaxation term, and in
Table 6.3) for binary systems with complex background contributions.

critical mixture critical concxc in mole frc. critical Temp T
of first component K]
n-pentanol-nitromethane (PE-NM) 0.385 300.95
nitroethane-3-methylpentane (NE-3MP) 0.500 299.68
nitroethane-cyclohexane (NE-CH) 0.452 296.46
methanol-hexane (ME-HEX) 0.500 307.74
ethanol-dodecane (ET-DOD) 0.687 285.82

Table 5.2: Critical composition and temperature of binary systems without or with one
additional noncritical relaxation term.

critical mixture critical concxc in mole frc. critical TempT,
of first constituent K]
isobutoxyethanol-water{ C4E1/H,0) 0.070 298.10
2,6-dimethylpyridine-water (2,6-DMP-®D) 0.065 306.83
triethylamine-water (TEA-HO) 0.076 291.36

Table 5.3: Critical composition and temperature of binary systems with complex back-
ground contributions.

5.3 Binary systems without and with one additional
noncritical relaxation term

Because of the complexity of the Bhattacharjee-Ferrell formalism, it is useful to first
study critical systems for which additional chemical relaxation contributions in the range
of frequencies of measurements are not expected in the ultrasonic spectra. It was thus in-
teresting to perform investigations into the critical dynamics of binary mixtures of critical
composition, such agz-pentanol-nitromethane{PE-NM) [7€], nitroethane-cyclohexane
(NE-CH) [20], methanol-cyclohexane (ME-HEXY ], ethanol-dodecane (ET-DOD) ],

as well as nitroethane-3-methylpentane (NE-3M#],[for which no such contributions

from elementary molecular processes are expected.
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Figure 5.2: Phase transition curve ofn-pentanol-nitromethane, mole fractionx versus
temperature, with the critical concentration of mole fraction x; = 0.385and the critical
temperature T, = 30045: A represent literature data;1].

5.3.1 Phase diagram and critical temperature.

An example of a binodale curve of the binary systerPE-NM) [76] at mole fractionx

of alcohol between 0.3 and 0.45 is shown in Bg2(. The critical point can be derived
from density measurements shown, as an example, for the (TEH®-mixture of critical
composition in Fig%.3), as well as from the half-power bandwidif; of a resonance of

an ultrasonic resonator filled with the sample. An examplgfpfis displayed in Fig§.4)

for the binary critical mixture (ME-HEX). The nonlinear increase in the half-power band-
width, when approaching the consolute point, is an indicator of the influence of critical
fluctuations. At the critical point, the half-power bandwidth data reach a maximum. In
the multiphase regime the values of the half-power bandwidth of a resonance decrease.
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Figure 5.3: Density of the binary system triethylamine-water of critical composition
with lower critical temperature.

5.3.2 Dynamic light scattering, shear viscosity ns and
characteristic relaxation rate g

As mentioned in the previous section, in order to reduce the number of unknown parame-
ters, ultrasonic spectrometry has been complemented by the dynamic light scattering and
shear viscosity measurements. The lifetime of critical fluctuatipihss been determined

by dynamic light scattering and the shear viscosity measurements as presented in Chapter
(2). The shear viscosity has been measured as a function of temperature using an capil-
lary and a falling ball viscosimeter. These two methods have been used to complement
each other as well as to control the shear rate dependemge in the (NE-CH) system

it was found that the shear rate dependence in the viscosity data is within the limits of
experimental errorAns/ns = 0.02. Both methods of measurements agree with one other

as is shown by the data in Fi§.6). However, in order to carefully treat the capillary
viscosimeter data, the shear rate corrections have to be taken into account. Those correc-
tions have to be performed, because the critical temperature close to the consolute point
changes due to macroscopic non-linear effects. The relation between geometrical param-
eters of the capillary and the shear rate was given by Kohlrausch:
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Figure 5.4: Half-power bandwidth Af, in Hz of an acoustical resonance at 790 kHz of a
cylindrical cavity resonator filled with the mixture methanol- n-hexane versus tempera-
ture T in °C. The system exhibits an upper critical temperature.

. iVANVS
Y= TAaR (5:5)

whereR denotes the radius of the capillad)y the volume of the fluid running duringy,
the duration of measurement. The kinematic viscosity is defined by:

mR-g
= grav "
~———

K —apparative constant

A, (5.6)

with the length of capillary, the falling heighth andg the gravitation constant. Finally,
the so-called effective shear rate results:

Ju R-g-h
_%K_J-L

ax 5 AL (5.7)

y=
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Figure 5.5: Shear viscosityns of the (NE-CH) mixture of critical composition versus
absolute temperature: The full curve and the dashed line are graphs of the shear viscosity
and the background contribution of the viscosity, respectively. In the inset, the shear viscosity
data of the (NE-3MP) system») are given along with those of the (NE-CH) mixture of
critical composition 4).

This effective shear rate has an influence on the critical tempergfukith Sas a cor-
rection parameter, the critical temperature has to be written as:

Tc(S=0)

1100832 (%ﬁs‘s) ’

Te(S)

(5.8)

where in the equatiof+) refers to an upper critical point (systems in Talde?)) and
(—) to a lower critical point (systems in Tablg.8)). Independent on the magnitude of
shear rate dependence, the
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corrections were taken into account
automatically in every fitting procedure.
The shear viscosity data of the system
(NE-3MP) [36] are presented in the in-
set of Fig.b.5). The viscosity data have
been completed by literature datar.
The experimental data display a back- = st
ground contribution, slowly decreasing oo

0.0080

with the temperature close to the criti- 557
cal point, and a singular part that dis- ool ,
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The background contributionpg has Figure 5.6: Bilogarithmic plot D — € of

been fitted by the Eq#(29 and the com- (n-PE-NM), in which the line represents

plete viscosity data by the E4.G1), tak- power law behavior, Eq.65.10.

ing into account the crossover function

H(&(¢),0p,qc). By simultaneously fitting the correlation time and the shear viscosity

data, the fluctuation correlation lengitwas determined. In Figs(7) the bilogarithmic
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Figure 5.7: Fluctuation correlation length of the systems (NE-CHp, (NE-3MP) A, (ET-
DOD) O versus reduced temperature:lines represent the power lay= &peV.
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Figure 5.8: Plot of the diffusion coefficientD of the binary system fi-PE-NM) versus
reduced temperaturee. The line is the graph of Eqi(35.

plots of the correlation length versuse of the systems (NE-CH), (NE-3MP), and (ET-
DOD) are compared with each other. According to, the frequently used power law:

=&, (5.9)

with the critical exponent, and the amplitude& = 0.160 nm for (NE-CH) &g = 0.230

nm for (NE-3MP) andc,g = 0.370 nm for (ET-DOD). A plot of the diffusion coefficient
versus reduced temperature of the examplBE-NM) is given in Fig.$.8). The mutual
diffusion coefficient, is also assumed to consist of a singular&@rand a background
partDyg, as was presented in E4.83, and likewise depends on parametgrgp, anddc.
Another bilogarithmic plot of the diffusion coefficient of the same mixture versus reduced
temperature is given in Fig.(5.6), where also the power law:

D = Dog”’ (5.10)
is shown . Herev* = 0.664 denotes the critical exponent from mode coupling theory.
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5 Experimental Verification of Dynamic Scaling Theories and Discussions

From a least-squares fitting procedide = (11.1+0.5) - 10~1%m?s* followed. How-

ever, the diffusion coefficient data exhibit some deviations from the power law behav-
ior. These deviations may result from the insufficient temperature cont0B) in the
measurements. Finally, according to B2 taking into account crossover effects, the
characteristic relaxation rafg)(¢) of order parameter fluctuations can be determined ac-
cording to the dynamic scaling hypothesis, BdL{). Over a significant range of reduced
temperatures the relaxation rate follows power law £4J) with the theoretical criti-

cal exponenZyv. An example of bilogarithmic plot of o(¢) of the system (NE-CH)

Is given in Fig.b.9) The resulting parameters for other systems investigated by dynamic
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Figure 5.9: Bilogarithmic plot of the relaxation rate I of critical fluctuations versus
reduced temperaturee of the binary system (NE-CH): The line represents = MgV,
with Mo = 156- 10°s 2.

light scattering and shear viscosity measurements are listed in Ta8je (

5.4 Fluctuation correlation length

As presented in Sectiom (1), the amplitud€,g of the fluctuation correlation length, ob-
tained from the shear viscosity and dynamic light scattering measurements, can be ad-
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Figure 5.10: DSC heat capacity data as obtained from one run in the downscan mode for
the methanoln-hexane mixture of critical composition nearT; plotted versus reduced
temperature : (scan-rate 1.05 Kh').

ditionally verified or disproved with the aid of the two-scale factor universality relation.
This evaluation procedure can be done if heat capacity data are available. An exam-
ple of heat capacity data from one run of a differential scanning calorimeter for the
binary mixture (ME-HEX) is shown in Figs(10. According to Eq%.4), a nonlinear
least-squares regression analysis of the data inFig)( includingC,, data in an ex-
tended temperature rang& < T < T, + 10 K), yieldsA* /oo = (6.99+0.02) x 1072 J
/(cm?K), DT =5.6+0.1,E* = —(3.1£0.1) J /(cm® K ), andB* = (1.600+0.002) J

/(cm? K). Reevaluation of heat capacities for the (ME-HEX) system measured with an
adiabatic calorimeterdp] yielded the somewhat higher vale /ag = (8 + 1) x 102

J /(cm® K), in fair agreement with the result from the present measurements. Using
At /ag = 6.99x 1072 J /(cn?® K) the amplitudefy = 0.32 nm follows from Eq%.3)

which perfectly agrees witfp = (0.33+ 0.03) nm as resulting from the combined eval-
uation of the shear viscosity and dynamic light scattering data. This agreement may be
taken as an indication of consistency of the evaluation procedure. If heat capacity data
were available from measurements or from literature, such calculations have been per-
formed for every mixture (see results summarized in Tabig).
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5 Experimental Verification of Dynamic Scaling Theories and Discussions

5.5 Ultrasonic spectrometry

At frequenciesf between 180 kHz and 500 MHz broad-band ultrasonic spectra of binary
mixtures have been measured to verify non-existence of additional relaxation terms in the
measuring range as well as to determine the background contrit{ut]dﬁ)bg. At three
temperatures the ultrasonic absorption spectrum of the (NE-CH) mixture of critical com-
position is shown in the homogenous phase in BidJ). In order to accentuate the low
frequency part of the spectra, data are shown in the frequency normalized format

(a/ %) = (a)/(fcs). (5.11)

In this format the data approach asymptotically the frequency independent value (data
extrapolated to frequencies far above the frequency range of measurements):

lim (01/ %) = (0t/ 1%)ng = B(T), (5.12)

The constant frequency-independent contribution which is indicated irbFid) (has to

be taken into account in the description of the ultrasonic spectra. Assuming, that the crit-
ical fluctuations contribute additively to the ultrasonic spectrum, the spectral description
of measured data can be displayed as a sum of the critical contritRg{dn = (al)c
Eg.@.16, governed by the dynamic scaling theory, and the background contribution

(G)\)bgi

(a\) = Re(f) +Bf. (5.13)

In Fig.(5.12 the broad band spectra of the critical mixtureRE-NM) at three temper-
atures are shown. The strong increasgwff?) data with decreasing frequency and
approaching of the critical temperature, indicates the critical contribution to the spectra.
Obviously the critical fluctuations contribute extensively to the sound attenuation spectra
in the low frequency range. Therefore, for the purpose of verifying the dynamic scaling
model, the low frequency behavior between 180 kHz and 1.8 MHz has been studied with
more details. For measurements at those frequencies a plano-concave resonator method
has been employed which enabteto be determined as a function of frequency and tem-
perature with a minimum risk of effects from mechanical stress of the c@lliavaried.
Examples of cavity resonator measurements are displayed irb Bi§.(or the systems
(NE-3MP) and G-PE-NM). The low frequency spectra demonstrate a non-linear increase
of the sound attenuation coefficiemtvith decreasing, caused by critical contributions.
Unfortunately, due to this behavior the number of measurable data points decre&ses as
is approached, especially in the caseePE-NM), for which the sound attenuation is
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Figure 5.11: Frequency normalized ultrasonic attenuation spectra for the (NE-CH) mix-
ture of critical compaosition at three temperaturesi(a): 28.3°C , (W):25.6°C, (s): 24.0
°C.

exceptionally large. According to the Bhattacharjee-Ferrell theory the scaling function
Fer(Q) can be derived, rewriting Ed@L(25) as ratio:

Cs(Te)A(Te) (aM)c(f,T) (@A) (f, T) — (@A)bg(f, T)

Fer(Q) = c(MAT) (@N)e(f,To) = Fer- (aN)(f,T) — (aA)pg(f, Tc)
R

(5.14)

Usually, itis assumed that the temperature dependence in the sound vejacitiyalso in

the amplitudeA of the attenuation coefficient is sufficiently small to be neglected so that
Fgr = 1 can be used in E&(14), as originally proposed by Bhattacharjee and Ferrell.
This precondition, however, is not always fulfilled. A closer examination of the binary
critical mixture (NE-CH) points at an unusual dependence of the critical ampl8gicle

on temperatured]. In the next section this amplitude behavior will be discussed with
more details. Moreover, for (ME-HEX) as well as (ET-DOD) it has been found that, al-
though both considered constituents of the binary systems do not reveal indications of
a chemical relaxation in pure liquids, the mixture indicates a relaxation due to an alco-
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Figure 5.12: Frequency normalized ultrasonic attenuation spectra for the (PE-NM)
mixture of critical composition at three temperatures: (A): 27.82°C , (H): 29.42°C,
(e): 34.84°C.

hol association mechanism. This indication is confirmed by literature dajag well

as by present measurements of mixtures with noncritical composition (weight fraction
of methanol 0.0074, with the (ME-HEX) system, and weight fraction of ethanol 0.008,
with the system (ET-DOD)). A spectrum for the latter is shown in Bid4). A relaxa-

tion process, with relaxation time in the nanosecond range of has been found@t 25
(2 ns (ME-HEX)), (19.1 ns (ET-DOD)). The inset in Fi§.14) represents &) plot.

The existence of relaxation characteristics in the spectra means, that the background part
(aA)pg can not be simply derived from high frequency attenuation coefficient extrapo-
lation but has to be determined frofoA) in a more sophisticated way. The additional
relaxation term has to be taken into account in the background contribution, B E.(

An alternative treatment of the additional chemical contribution to the sound attenuation
spectra can be performed, if the temperature dependence of the relaxatiap asevell

as of the Debye amplituddp is known. In such cases the ultrasonic spectrum can be
represented by following expression, according to £4€), where the description of a
ultrasonic spectrum has been extended by a Debye-term.
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Figure 5.13: Ultrasonic attenuation spectra for mixtures of critical composition. Left
Figure (NE-3MP): (o), T=304.20 K; @), T=303.34 K; (), T=302.20 K; {7), T=301.78 K;
(v), T=301.34 K; @), T ~ 299.68 K =T¢; Right Figure (n-PE-NM): (o), T=307.86 K; ),
T=305.93 K; (), T=303.98 K; (), T=303.03 K; @), T=302.57 K; ), T=301.70 K; @),
T=301.41K; @), T=301.30K; (0), T=301.22 K; ¢), T ~ 300.97 K =T.

Due to effects of critical slowing down near the consolute péigtT;) as well as the
dramatically increasing sound attenuation as shown in3=if(in the case of the binary
systemsif-PE-NM) and (NE-3MP), only the high-frequency part- 180 kHz of critical
contribution to the ultrasonic spectra is obtainable from ultrasonic spectrometry. Hence,
the verification of the characteristic relaxation ratérom the ultrasonic measurement

is quite difficult. In the Section "Strategies of verifying scaling function” (S&cl) it

has been argued that there is no difference between the characteristic relaxation rate ob-
tained from the dynamic light scattering and from the ultrasonic spectroscopy.Bq.(
Therefore, the determination of the characteristic relaxatiorigtg from dynamic light
scattering allows the reduced frequerizy= 211/ 0% to be calculated and to be used in
the calculations of the scaling function data.

5.5.1 Scaling functions

In a previous section it was supposed that the Bhattacharjee-Ferrell scaling function
Fer(Q) fits best to the experimental ultrasonic measurement. In fact, this conclusion
can be drawn only, when the other theoretical scaling functions, which have been pro-
posed by Onuki or Folk and Moser (Sectidr®) are also considered. For this reason the
experimental data have been evaluated with the aid of the quasi-universal empirical scal-
ing functionk(Q), Eq.@.23. A graphical representation in addition to the experimental
data points for the systems-PE-NM) and (NE-3MP) of the three scaling functions for
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Figure 5.14: Ultrasonic attenuation spectrum in the formata/f? versus f of an (ET-
DOD) mixture at 25 °C. The mole fraction of alcohol ig. = 0.029, corresponding with

a mass fractiorye = 0.008. The line is the graph of a Debye-type relaxation function with
the following values of the parameter&p = 0.54- 103, 1p = 19.1 ns,B = 79.2 ps B’ =
617-10 15?m1, cs = 12819ms™1).

(x=BF,FM,0nin 4.23 is presented in Figx15. It is evident that the Onuki func-

tion is controlled by a half attenuation frequency that is distinctly larger than that of the
empirical Bhattacharjee-Ferrell function. The Folk-Moser theory predicts a slope sub-
stantially different from the one of the Bhattacharjee-Ferrell function. In order to inspect
the correspondence of the theoretical scaling function with the experimental facts more
closely, theF(Q) data for 6-PE-NM) system and also for the (NE-3MP) system have
been fitted to relation Eg(23), treatingnk and the half attenuation frequeny /2 @S
adjustable parameters. Results of those investigations are presentgd in Fig.(5.15),

both series of measurements complement each other, showing that over a reduced fre-
quency range of eight decades thg-(Q) values fairly well fit to the scaling function

of Bhattacharjee and Ferrell. The literature data of (NE-3MP) are closer to the value of
F(Q) = 1, caused by the higher upper limit of the measurement frequency r&rgé{

MHz) as well as of the smaller than with-PE-NM) amplitude in the characteristic rela-
xation rateJ g = 123- 10°s1. Consequently, the (NE-3MP) data extend to higher values

80



5.5 Ultrasonic spectrometry

1.0 -

08

0.6 -

F(Q)

0.4 |-

0.2

0.0 | 1 1 — 1 1 1 1 1 1 1 L]
10 10™* 0001 001 0. 1 10 100 1000  10* 10° 108
Q

Figure 5.15: Scaling function data for the (-PE-NM) mixture of critical composition,

(0), and for the critical system (NE-3MP), ©©): The line is the graph of the empirical
Bhattacharjee-Ferrell scaling function. The scaling function according to Onuki is shown by
the dashed line, and that of the Folk-Moser by the dotted line. Also included are literature
data B5].

of the reduced frequend® = 21t/ (¢). However, the central parameter in the empirical
scaling function is the half attenuation frequerfey,,. This parameter can be derived
from a regression analysis of experimerfal2) data in terms of the theoretical scaling
functionsk(Q). This quantity can be used as an additional prove of the applicability of a
scaling function. According to Edl(24), a sensitive inspection of the shape of the three
empirical functions(x = BF,FM,0n) can be provided. In Figh(16) the half attenua-

tion frequencyQ?/FZ, as following from Eq4.24) for the Bhattacharjee-Ferrell empirical
scaling function versus scaled frequerieys plotted for two other critical mixtures. In
Fig.(5.17 the same plots as in Fi$.(L6 but for the Folk-Moser, and the Onuki func-
tions are shown. The overall increase in m@g values from 1 af) = 0.1 to about 5 at

Q = 4000 may be taken as an indication that both examples of critical mixtures (ET-DOD)
as well as (ME-CH) do not fit as well to the shape of Folk-Moser scaling function as to
that of the Bhattacharjee-Ferrell and the Onuki function. However, use of the parameter
Non In EQ.@.24), yields values around 2, at variance \/\/Iﬁl?/”2 = 6.2. This result again
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Figure 5.16: Half-attenuation frequency(P{/2 for the Bhattacharjee-Ferrell empirical

scaling function (x = BF) plotted versus scaled frequencyi(o) data for the system (ET-
DOD). ([d) refers to (ME-CH) mixture of critical composition.

confirms the conclusion that the Bhattacharjee-Ferrell scaling function applies best to the
experimental data. Results for most binary critical systems measured in present thesis
indicateQ?/F2 =2.140.1. This value is in nice agreement with the theoretical prediction

of Bhattacharjee and Ferrell. For the systeniPE-NM) the half-attenuation frequencies

are somewhat smalléﬂ?fz = 1.8). Previous investigations of the system (ET-DOD) had

revealed a valueéQf/F2 = 1.2) [89. However, if effects of hydrodynamic coupling are

taken into accoun!t)i‘/F2 = 2.1 follows [29].

Another binary liquid, which has been studied within the series of mixtures without ad-
ditional noncritical relaxation, was the system (NE-CH). This critical mixture, however,
reveals an anomaly in the critical amplituSg- Eqg.@.17) and in the adiabatic coupling
constang. As was mentioned previously, the assumption of the independency from tem-
perature not fulfilled with these systems. If the critical amplitude is assumed constant, the
data show systematic deviations from the theorefgal function in a way that most of
them seem to be shifted to lower reduced frequen¢kig.(5.18). Since, the more recent
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Folk-Moser and Onuki scaling functions are controlled by even larger half-attenuation fre-
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Figure 5.17: Left Figure: Half-attenuation frequency as in Fi§.16) but for the Folk-Moser
scaling function(x = FM). The dotted line represents the theoretical va]].f% =31,

Right Figure: Same plot but for the Onuki scaling functigr = On) with the theoretical

on _
vaIute/”2 =6.2.
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Figure 5.18: Scaling function data for the(NE-CH) system, with amplitude fixed at con-
stant value: Figure symbols indicate different temperatures of measurement.
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guencies, the discrepancy between experimental data and those functions would even be
greater. When the amplitude is an adjustable parameter the experimental data fit nicely
to the Bhattacharjee-Ferrell function WIQ'E/F = 2.1 Fig.6.18. Due to this fitting pro-
cedure, the critical amplitudgsr as well as the adiabatic coupling constgrisplay a
temperature dependence. This behavior of the critical amplitude contrasts other inves-
tigated systems without and with one additional chemical relaxations. The ultrasonic
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Figure 5.19: The same scaling function data as in Figs(18), but with adjustable critical
amplitude Sgg. All temperatures of Figg.18 are represented by one symbo) &nd that
from literature p4] by (O0).

attenuation data in Figg(18 and Fig.6.19 have been completed by literature dé&id]]

Both series of experimental scaling function data nicely complement each other, showing
that, over a large reduce frequency rangeRK€) values fairly fit to the Bhattacharjee-
Ferrell scaling function, when the critical amplitude is considered an adjustable parameter.

Serious problems in the verification of the Bhattacharjee and Ferrell scaling function have
appeared with the systems of (ME-HEX) and (ET-DOD). Firstly, these systems have been
assumed to do not reveal a chemical relaxation. Hence, the first evaluation of experimen-
tal data have been considered from this point of view. As mentioned, however, in the
previous section about ultrasonic measurements, an additional relaxation term has been
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Figure 5.20: Scaling function dataFgr of the binary mixture (ET-DOD) of critical con-
tribution: without taken into account of the additional noncritical contribution.

found in both mixtures, with consequences for the data evaluation. I'bFAQ.¢the scal-

ing function (ET-DOD) data, following on the assumption of a system without additional
chemical relaxation are displayed. These data, follow the general trends in the scaling
function but show systematic deviations and a large scatter. Moreover, the critical am-
plitude Sgr as adjustable parameter similar to (NE-CH) demonstrates a dependence on
temperature. However, taking into account the existence of an additional Debye-type re-
laxation term and considering its contribution to the low frequency wing in the spectra
f < 1.7MHz according to Eg4.26), leads to an excellent agreement of the experimen-
tal scaling function with the theoretical form of the Bhattacharjee-Ferrell model. It also
leads to independency of the critical amplitude on temperature. The same procedure has
been successfully performed with the binary mixture (ME-HEX(] fas well as with the
system perfluoromethylcyclohexane-carbon tetrachlorid€][ Unfortunately, although
recently performed measurements on a (NE-CH) mixture of noncritical composition point
at an additional chemical relaxation. The unusual behavior of the critical amplitude of that
system is still not clear.
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Figure 5.21: Same scaling function plot as in Figg.20: but taking an additional Debye
term into account Eg4(26).

5.5.2 Amplitude Sgg and coupling constant g

The discussion of the quantities like the critical amplitiige as well as the coupling
constant is interesting, because of their direct connection to thermodynamics. Further-
more, if heat capacity data as well as the fluctuation correlation length amplgpdes
available, comparison of the amplitude valis and of the coupling constagtfrom
ultrasonic measurements with results from thermodynamic calculations is possible. From
the amplitude parametek(T), of the critical part in the ultrasonic spectra, the amplitude
SsF can be derived, which according to E117) is related to the adiabatic coupling con-
stant,g. The determination of the coupling constant will be presented using (ME-HEX)
as an example.

Eq.@.17) can be rewritten to yield the coupling constards a function ofgf:

5/2
211 /

5.15
Q2T 0 (5.15)

_Cpb{ 2T.SeF T/z
B )

? &chs(Tc
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In this example the value of the critical amplituSig- can be derived from the ultrasonic
attenuation spectroscopy, using the expression:

(a/f2)(Te) = Serf 1%+ (a/F2)pg. (5.16)

According to Eq.5.16), the plot of the frequency normalized attenuation coefficient data
versusf 196 at low frequencies and at the reduced temperatutel.6- 10~° define a
straight line with slopé&gr = (0.884-0.02) - 10 %57 09m~1 (see Fig4.1). In Eq.6.19

Cpb as well asCp are the background part and the amplitude of the singular part, re-
spectively, of the heat capacity at constant pressure, if it is simply represented by the
equation Eq%.4). UsingD =0 andE = 0 nearT;, Cpc = AT /(aop(Te)) = 1022 J

I (kgK), andCpp = 2.34 kJ / (kgK) follows from the parameters of Egi4), where

p(Te) = 0.6841 g/cmi. With cg(Te) = 100557 m/s andlg = 44 x 10° s™1, as men-
tioned beforeg = 0.11+0.01 follows from the amplitud&sr of the Bhattacharjee-Ferrell
model. The adiabatic coupling constant can be alternatively derived from thermodynamic
quantities, using Eq4(18. ThereindT;/dp is the pressure dependence of the critical
temperature along the critical line ang is the thermal expansion coefficient at constant
pressure at the critical point. The thermal expansion coefficient can be derived from the
density data for the mixture of critical composition, following EQ19. The density data

for the (ME-HEX) mixture, can be represented by the relation

P = Pc + C1€ + Cpel %o (5.17)

with pe = (0.684124-0.00001) g/cn?, ¢; = —(0.32140.003) g/cn?®, andc, = 0. With

af = (1.35+0.1) x 10-3 K~ from this equation andTe/dp = (32+1)x 10~ K/bar

[94] or dT./dp = (33.8+ 1.2) x 10~3K/bar [95] g = 0.12+0.05 results, in agreement
with g=0.114+0.01 from the sonic attenuation coefficient measurements. In most sys-
tems which have been investigated in the present work the ampidshows only a
weak dependence on frequency and temperature. Furthermore, from ultrasonic studies on
systems without additional chemical relaxations the values obtained for the critical am-
plitude are in nice agreement with the results from thermodynamic calculations. For the
binary critical systems listed in TablB.@), |g| values between 0.383{PE-NM), and 0.26
(NE-3MP) have been found. These values are small if comparégl t0 0.7 [96] and

|g| = 0.98 [97] as reported for the triethylamine/water critical mixture ofgp= 1.3 [9€]

and|g| = 2.1 [101] as found for the critical systems ethylammonium nitnate¢tanol

and isobutyric acid/water, respectively. The system with unusual amplifiggte,and
coupling constant is the critical mixture (NE-CH), as already mentioned beforeSskhe
values, obtained from fitting the experimental ultrasonic spectra t®dHd)( display a

87



5 Experimental Verification of Dynamic Scaling Theories and Discussions

9F T T T T T T T T =] 120 FT

10

100 -

|gl. 1073

90

Spr. 107057094 m 1

80

70

41 L L L L L L L L I L L L L L L L L
235 24.0 245 25.0 255 26.0 26.5 27.0 275 28.0 23 24 25 26 27 28 29 30
T.°C UoiE

Figure 5.22: Left Figure: Amplitude Sgg of the critical term in the ultrasonic attenuation
spectra of the (NE-CH) system displayed as a function of temperature. The line is the graph of
the theoretical relation E@t(17) with the parameter values given in the teRight Figure:
Amount|g| of the adiabatic coupling constant of the (NE-CH) mixture of critical composition

as a function of temperatufie

weak dependence upon temperature as shown bysE@( This temperature depen-
dence can be found in theoretical expression £#jg if temperature dependencies in
Eq.6.4), whereCp, = ETe+ B*, and in the thermal expansion coefficient BglO are
considered. With the aid of heat capacity data from the literatt#egnd with thermal
expansion coefficient as resulted from density measurements the agreement between tem-
perature dependencies from theory and experiment is striking. The calculated coupling
constant following from the fitting procedure in Fig.22 shows a strong temperature be-
havior, too. Itincreases fromg| = 0.064 near the critical poink to |g| = 0.1 ate = 0.01.
Hence, the temperature variation $8¢ is obviously due to a temperature dependence
of the adiabatic coupling constant which results from a predominance of the temperature
dependent thermal expansion coefficierd.iff this effect is disregarded the scaling func-

tion data from different runs do not fit to the Bhattacharjee-Ferrel scaling function, as was
demonstrated in Figh(18).

5.6 Systems with complex background
contributions

As was mentioned in the Introduction, another aim of the investigations of critical binary
systems with the aid of ultrasonic spectroscopy is to study the coupling between chemical
relaxations and critical fluctuations in more complex systems. Especially, acoustic fields
couple to the spatial Fourier components of the fluctuations, caused by their periodic vari-
ations of temperature. Hence, the question is whether the assumption of the additivity of
critical contributions and the background contributions including noncritical relaxations,
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is correct. In this context three additional systems has been studied, isobutoxyethanol-
water, 2,6-dimethylpyridine-water and triethylamine-water.

5.6.1 Isobutoxyethanol-water

Ultrasonic attenuation spectra of the isobutyric acid-water mixture of critical composi-
tion, reveal significant effects of slowing down near the critical temperafliré ot

just in the monomer/linear dimer equilibrium of the carboxylic acid, but also in the linear
dimer/cyclic dimer equilibrium, the latter being essentially an unimolecular process. The
isobutoxyethanol-water mixture belongs to the class of micellar systems of non-ionic sur-
factants. In the past, conflicting results have been reported for this systems, namely, non-
universal near-critical demixing properties and also universal behavial, [ 105, [104],

[105. Recent broadband ultrasonic studies of a variety;&f @ater systemsli[0d], [107]
suggested the idea of a fluctuation controlled monomer excharigh [109. From

the critical micelle mass fractiongmc of higher GE; homologues the critical micelle
mass fractior;mc = 0.07 has been extrapolated for the system isobutoxyethanol/water
(i—C4E1/H20), corresponding with a critical micelle concentratiomc = 0.6 mol/l at

room temperatureld, [109. The cmcof this short- chain amphiphile is, of course,

not a sharply defined concentration but characterizes a transition range from predomi-
nantly molecularly dispersed solutions to mixtures containing micellar structures. For
the systemi-C4E1/H>0) this transition regime is located well below the lower critical
demixing mass fractiont; = 0.318 [L17] andY; = 0.330 [1L1(] have been found, accord-

ing to the equal-volume criterion. The critical temperature was determined visually as
well as from measurements of half-power bandwith of an acoustical resonance at 4000
kHz of a biplanar resonator, Fi§.23, and wasl; = 29810 K. This value is smaller than

the critical temperature in previous experimental studigs; 299.60 K [117]. Hence mi-

celles and concentration fluctuations exist simultaneously near the critical demixing point.
The question whether or not the fluctuations in the local concentration interfere with the
micelle formation/decay kinetics has not been answered sa f&}.[A broadband ultra-

sonic spectrometry study of thie{(C4E1/H20) system has been performed recently/(]

in order to investigate the aggregation kinetics as well as the critical dynamics at the lower
demixing point.
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Figure 5.23: Half-power bandwidth Af, of an acoustical resonance at 4000 kHz of a
cylindrical biplanar resonator filled with the (i—C4E1/H2>0) mixture of critical compo-
sition, plotted versus reduced temperature.

The relaxation rat€ of concentration fluc-
tuations, derived from the critical contribu-
tion to the ultrasonic spectra, did not follow
power law Fig.(5.24) as did tHevalues from

w

10

7

6

~10°

static and dynamic light scattering{7]. There-=10*

s |
ﬁpw _

fore, additional measurements of low frequencyjs| O/o/o

part of the ultrasonic spectra have been per- | <& L
formed between 200 kHzand 3MHzand have o1 02 05 1 2 5 10 20
been evaluated on the assumption that the re- e, 10°

laxation rate of critical fluctuations in ultra- Figure 5.24: Relaxation rate

lbLs, (o), and non-universal be-
havior of Iys, (e), near critical
point.

sonic spectra is governed by the relaxation
ratelp.s from the dynamic light scattering.
An example of an ultrasonic excess attenua-
tion spectrum of thei - C4E1/H>0) mixture of critical composition at 2%C is displayed
in Fig.(5.29. A careful analysis of the broadband soriie C4E1/H20) spectra a¥. lead
to the conclusion that at least three relaxation terms,

(aN)ge= Re() +RE () +Ro () (5.18)
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Figure 5.25: Acoustical attenuation-per-wavelength spectrum fori(-C4E1/H20) mix-
ture of critical composition at 25 °C. The subdivision follows from nonlinear least-squares
regression analysis of the experimental spectrum of terms of EE88.énd @.31).

are required for an adequate analytical representation of the experimental tatdr

addition to a broad critical contributioRs(f) Eq.(4.16), a restricted Hill-typeRf, (f)
Eq.3.39, and a Debye-typBp(f), Eq.(3.32), relaxations are indicated by relative max-

ima in the spectrum, Figh(25). Here the restricted Hill term reflects the micelle formation

and decay kineticsl[L3. The additional contribution represented by the Debye term ex-
ists already in—C4E; without water added. It seems to reflect a chemical equilibrium of
I—C4E1 molecules, likely a step in the isobutoxyethanol isomerization scheme. Informa-
tion about the spectrum has been achieved from broadband measurements at noncritical
mixtures with 009 <Y < 1in [113. This complicated spectrum requires a special re-
gression analysis. In order to reduce the number of adjustable parameters, ones more,
the critical relaxation rat€ (g) from light scattering has been used as known parame-
ter in the regression analysis of the spectra. Furthermore, in the fitting procedure of the
low-frequency measurements (inset of Fsg2@) between 200 kHz and 3 MHz the pa-
rameters of the Hill and Debye relaxation terms have been obtained by interpolation and
extrapolation from previous data [(J. Therefore, in determining the scaling function
F(Q) (Fig.5.26), the only adjustable parameter in the data evaluation was the critical
amplitudeSse. As result, the temperature dependenc&dp, as follows from the fit-

ting procedure of the attenuation coefficient data in terms of the Bhattacharjee-Ferrell
scaling function, is almost as large as for the (NE-CH) system. According t&.E§,(
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Figure 5.26: Scaling function data for the (—C4E1/H>0 system.)The line is the graph of
the of the Bhattacharjee-Ferrell scaling function B with Q,, = 2.1. The inset shows
the low-frequency part of frequency normalized acoustical attenuation spegt2f.20°C,
(A) 23.64°C, (W) 24.95°C.

usingCpc = 55.45 J/kgK andCpp = 3740 J/kgK [ 14], the g values from the amplitudes
Sk decrease frong = 1.77 ate = 0.0012 tog = 1.33 ate = 0.019. In contrast, almost
constantg = 1.35 results from the thermodynamic relation Bql@. In deriving this
valuedTe/dP = 39.8- 102 K/bar [115 has been used arpiT;) = 0.9715 g/cnd [110).
However, whert (g) is fixed and using coupling constamfrom thermodynamical calcu-
lations, according to Ecp(19 allows for an excellent representation of the experimental
data on one master curve, as presented in3=R2g|.

5.6.2 2,6-dimethylpyridine-water

Another binary critical mixture which has been investigated in the framework of systems
with complex background contributions was 2,6-dimethylpyridine-water. The mixture
(2,6-DMP-H0) displays a lower critical demixing point & = 306.83 K with critical
mass fractiorY, = 0.291 of 2,6-DMP . Moreover, as 2,6-DMP is a weak base, protolysis
may take place in agueous solutions:

2,6-DMP+H,0 = 2,6-DMPH" + OH ™, (5.19)
and, by analogy with the stacking of cyclic purine bases, the formation of 2,6-DMP ag-
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5.6 Systems with complex background contributions

gregates may be suggested’f]. A protolysis term also exists in the spectrum of the
mixture of noncritical compositiork(= 0.148 11 = 2.7ns,A; = 2.1- 103, 25°C), shown

in Fig.(5.27).

Dielectric and ultrasonic relaxation measurge-
ment as well as depolarized Rayleigh scatteré
ing and nmr studies reported in1d, [119, 2
[120, have supported the idea of 2,6-DMP=
aggregates including water. In the previous
treatment of (2,6-DMP-BD) spectral2(] two
Debye-type relaxation terms have been con-
sidered in addition to the critical contribution.
The recent evaluation proved one noncritical
relaxation termRp( ) to be sufficient for an
adequate representation of the experimental
data Fig.5.28, which likely reflects the pro-

2
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Figure 5.27: Ultrasonic excess
attenuation spectrum for 2,6-
dimethylpyridine-water mixture
of noncritical composition Y =
0.148at 25°C.

tolysis equilibrium Eq%.19. Hence, at least two relaxation terms,

(@A )exe= Re(f) +Ro(f) (5.20)

are required for an adequate analytical representation of the experimentalihtadn-

*
exc

(oh)

0.3 1 3 10 30 300

f,MHz

Figure 5.28: Excess-attenuation-per-wavelength spectrum for the 2,6-dimethylpyridine-
water mixture of critical composition at 30 °C. Dashed and dotted lines are graphs of the
critical R;(f) and noncritical term&p (), respectively, in the spectrum E§.20. The full

line shows the sum of these terms.
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Figure 5.29: Shear viscosity data of 2,6-dimethylpyridine-water from capillary vis-
cosimeter measurementss) and from the extrapolation of high-frequency viscosity data
(A): Also shown are the graphs of the viscosity function (full line) and of the noncritical
background part in the viscosity (dashed line).

other advantage of the (2,6-DMP-8) system is the availability of recent specific heat,
shear viscosity, and dynamic light scattering datad, which facilitate the evaluation

of the critical part in the ultrasonic attenuation spectra. In big9 the shear viscos-

ity data are displayed along with the graph of Bg3(Q) to show that the experimental

Ns values are well represented by theory. Also given by the dashed line is the graph
of the background pamyg. In addition to the shear viscosity data from the capillary
viscosimeter measurements, high-frequency viscosity data obtained from the impedance
spectrometer (Se@() are presented in Fidh(29 [11]]). The combined evaluation of

the high frequency shear viscosity and the dynamic light scattering data yields the back-
ground contributiompg, in nice agreement with extrapolated high frequency viscosities
Ns(0) =lim¢_ons(f), measured between 5 and 120 MHZ {] where the critical contri-
bution are supposed to be fade out. This is another indication that the crossover formalism
describes data correctly.

Knowledge of the noncritical background contributid®s( f) = Apwip/(1+ w?T3)

Eq.(6.20 andBin Eq.(3.3)) in the ultrasonic spectra allows the scaling functiq(f2) to

be calculated without any adjustable parameter. Using the characteristic relaxation rate
I'(¢) and the especially measured resonator data the5Bd)) has been applied with
Ap(T), 1p1(T), andB(T) data as simply obtained by interpolation of the values given

in Table 6.4). The values for characteristic relaxation rate, viscosity parameter, as well

94



5.6 Systems with complex background contributions

0.15 | i

0103 1 3 10 30 100 3001000 3000
Q

Figure 5.30: Scaling function data for the 2,6-DMP/HO mixture of critical composition

as determined using relaxation rates from the shear viscosity and dynamic light scatter-
ing measurements withl"o = 25-10°s71):. The line is the graph of the empirical scaling
function of the Bhattacharjee-Ferrell theory witq , = 2.1).

as critical amplitude and the coupling constant can be found in Tal® (The scal-

ing function withQ », = 2.1 is presented in Figh(30. The data, measured at different
frequencies and temperatures, clearly define one master curve and almost agree also with
the theoretically predicted function. This result, following from an evaluation without any
unknown parameter, may be taken to indicate the consistency of the theoretical models.

T.—T K Ap(103) 1p (ns) B(ps)
+04 +01 +1
8.40 9.6 1.3 703
2.40 9.6 1.3 704
1.40 8.4 1.5 65.8
0.80 9.6 1.4 635
0.20 12.1 1.3 62.0
0.02 12.1 1.3 62.0

Table 5.4: Noncritical parameters in the ultrasonic spectra of the (2,6-DMP/HQO) mix-
ture of critical composition.
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5.6.3 Triethylamine-water

Another system in the studies of critical mix-

0.65

ossf o tures with complex background contributions
P oL . was triethylamine-water (TEA-$0). The crit-
525 Tt °s .. ical mixture (TEA-HO) had been investigated
oo * in many previous studies with ultrasonic meth-
SR S = | ods as well as with light scattering methods.
2 oo et Unfortunately, in those studies {4, [124
B MRS L ] the scaling function data did not fall on one
0.050 MR oo curve, and additionally, the data deviated sub-
o L o stantially from the theoretical form. Further-
ool more, the amplitude of the characteristic rela-

o5 om0 0z | 035 045055 oooss  xation rate(lp = 45- 10°s~1) obtained from
ultrasonic measurements was distinctly smaller

Figure 5.31. Low frequency part than that obtained from light scattering data

of the ultrasonic spectra (TEA-

H,0) mixture of critical compo- and Slhear viscosity measureme(its = 96- _
sition, (RUNy) 2: x, T=283.92 K; 10%s1). Therefore, low frequency ultrasonic

O, T=289.80 K;v, T=287.76 K; measurements, Fig.(5.31) have been performed
?:TT:289-79 Kje, T~ 29136 K at critical composition (the mass fraction of
=T,

amineY; = 0.321, critical temperatur@; =

18.21 °C ) and additionally, the shear viscosity data as well as the light scattering data
have been reevaluated within the framework of the crossover formalism. 16 B8, the
resulting plots of the characteristic relaxation rate and the shear viscosity are presented.
Furthermore, the measured viscosity as well as the derived mutual diffusion coefficient
have been compared with literature dai&] at 15°C, Fig.6.33. The diffusion co-
efficient versus mole fraction plot of (TEA4®) and the viscosity versus mole fraction

plot of (TEA-H>O), both agree nicely with literature data. In previous studies the ex-
perimental data, had not been treated in terms of modern crossover theories. Hence, the
investigation in the present thesis has been focused on the low frequency part Fig.(5.31)
of the ultrasonic spectra of (TEA4®D) as well as the treatment of the data within the
framework of crossover formalism E4.81). Additionally, the noncritical contribution

to the ultrasonic spectra, and its coupling to the critical fluctuations has been studied ex-
tensively. More recent broadband ultrasonic attenuation spectrometry revealed two non-
critical background relaxation terms, in addition to the always existing asymptotic high
frequency background terra{]. In Fig.(5.34) the ultrasonic attenuation spectrum for the
(TEA-H>0) mixture of critical composition is displayed at Z and 15°C. The finding

of the broadband (TEA-$D) spectra to be composed of different contributions is indi-
cated by dashed lines. Careful analysis of the experimental cldtdds revealed the
existence of two Debye type relaxation terrg, 6 R$2) in addition to the critical term
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100

Figure 5.32: Left Figure: Shear viscosity)s of the (TEA-HO) mixture of critical com-
position versus temperatuiie  The full line shows the viscosity function, the dashed line
represents the background pag; Right Figure: Relaxation raté of order parameter fluc-
tuations of the (TEA-HO) mixture of critical composition as a function of reduced temper-
aturee. Symbols represent data as obtained from the combined evaluation of shear viscosity
and dynamic light scattering results. The line is the graph of the poweF tavir peZ" with

the theoretical critical exponedbv = 1.903 and the amplitudey = 96- 10°s 1.
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Figure 5.33: Left Figure: Shear viscosity)s versus mole fraction of (TEA-pD) at 15°C
Right Figure: Diffusion coefficientD versus mole fraction of (TEA-$D) at 15°C, [131],
full symbols denote values from present work.

and the frequency independent contributi®n Triethylamine is a strong base. The high
frequency Debye relaxation terl?i‘b'gl has been assigned ] to the protolysis reaction:

TEA +Hy0 = TEAHT 4+ OH", (5.21)

with a relaxation time between 1 and 1.7 ns. The low-frequency DebyeRggrlmas been
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Figure 5.34: Ultrasonic attenuation coefficient perf? versus frequencyf for the (TEA-
H,0) mixture of critical composition at 18.00 °J C, and 15.00°C o. The subdivi-
sion of the spectrum into a critical partRZ(f)”) and noncritical background contributions
B Rgl(f)"," R$2(f)”) is indicated by dashed and dotted lines. The full lines are in the
graph the complete spectral functions.

related to rotational isomerization of the ethyl groups:
TEA = TEA*, (5.22)

with TEA* denoting a structural conformer of TEA. Rotational isomerization has been
assumed to be reflected by acoustical relaxation in pure triethylaniiag, with rela-
xation time on the order of 2 ns. Both Debye relaxation terms have to been taken into
account in the evaluation of the scaling function. Assuming the Bhattacharjee-Ferrell
theory to apply to the critical paRR! (f) in the sonic attenuation coefficient the ultra-
sonic spectra have been analytically represented by functiod.B6.(vith the relaxation

rate (Mo = 96- 10%s~1) from light scattering and viscosity measurements, taking into ac-
count the crossover formalism. Assuming in the temperature range betwe&tCland

Tc = 18.21°C, the critical amplitud&sr Eq.(4.17) to be independent of temperature, the
experimental scaling function data have been fitted to the emphigdk2) function. In

this fitting procedure parametefs, andtp, of the high frequency Debye term and the
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asymptotic high frequency background param@teas well as the relaxation rafeand

the critical amplitudeSge have been fixed at values obtained by inter-and extrapolation
of data from the broadband spectra and from light scattering measuremdnte$pec-
tively. Hence onlytp, andAp, were adjusted to reach optimum agreement of scaling
function data with the analytical form E4.6). Three runs and previous data were in-
vestigated §7]. The result of the regression analysis is shown by bi§4). Since the
critical contribution resulted from subtraction of the noncritical parts from the total attenu-
ation, the scatter in the(Q) data is rather large. Within the limits of this scatter, however,
the data from different runs and different temperatures of measurement fall on one curve
and agree with the empirical scaling function according to Bhattacharjee-Ferrell formal-
ism, with Q, », = 2.1. The finding of a longer relaxation time (14 fistp, < 26 ns) for
aqueous solutions ir¥[] than pure non-associating TEA may reflect the collective redis-
tribution of solvent molecules associated with the structural isomerization of the solute.
This effect has been also reported ir?{] mixtures water-alcohol. However, from the

ns

2.6 &L 1 1 1 1 1L
0 5 10 15 20 25

Figure 5.35: Relaxation time of structural isomerization of TEA versus temperature of
the noncritical system triethylamine-2- propanol [135].

regression analysis results that both Debye relaxation times increase ,vattvariance
with Arrhenius or Eyring characteristics. An evaluation of the Eyring-Plot would produce
a negative activation enthalpy. This behavior, which has been reportéd ingnd [1L2]
obviously is an indication of slowing down of chemical relaxations. This is an contro-
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versially discussed effect, which has been questioned by Milner and Mattihgn the

one side and confirmed by Procaccla ], [27], Gitterman [L37] as well as KrichevskKii

[134] and Wheeler 133 on the other side. Especially the low-frequency Debye term in
frequency range of critical fluctuation contributions, assumed to be due to a uni-molecular
reaction has to be considered with more details. According to the predictions by Proccacia
et al. such uni-molecular reactions should be unaffected by the critical fluctuations. An
example taken from literature §5 of a correct Arrhenius behavior of the non-aqueous
and noncritical system triethylamine-2-propanol is presented inF=89)( Investigations

5. 018
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Figure 5.36: Bilogarithmic plot of the relaxation time 1p, of the (TEA-H,O) system
versus reduced temperaturee: The line indicates the power law behavior, B23).

on that non-agueous systems give once more an indication that collective redistribution
of solvent molecules associated with structural isomerization of TEA in aqueous solution
(TEA-H,0) is the reason for the clas$ienlargement of relaxation times. Nevertheless,
the (TEA-H,O) critical ultrasonic data condense on a master curve if slowing down of
this reaction is allowed Figh(37). Moreover, according to the expressidrz{]:

Tp, = TDO"nS_qJ, (5.23)

Iclassic, means not critical effects
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the temperature dependence of the low-frequency tersm 2 in Eq.6.23), within the
limits of experimental error, can be represent by a power law. Applying the relation de-
fined by Eq.5.23 yieldstp,, = 31.19 ns andp = 0.17+0.04. This value of the critical
exponent s in fair agreement with that from the system isobutyric acid-wiai&}; where
Kaatze at al. obtained the exponetts- 0.2+ 0.05 andy = 0.3+0.2. In Fig.6.36 a
bilogarithmic plot oftp, as a function of reduced temperatuéres given. The unusual

1.1
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_0-11 | | | | |
102 10" 1 10 102 108 10°

Figure 5.37: Scaling function data for the (TEA-H,O) system as calculated from runs
special low frequency measurements and from previous broadband spectrometry ]
are indicated by figure symbols.(run 1 (@), run 2 (A), run 3 (¥), previous ¢)) The line is
the graph of the empirical form of the Bhattacharjee-Ferrell scaling function.

coupling of the rotational isomerization to the critical fluctuations reflected thereby may
be also be explained within the framework of the afore mentioned redistribution of solvent
molecules associated with structural isomerization of TEA with water. More detailed, the
ethylene groups parts of TEA are surrounded by cages of water molecules. The H-bond
network of water molecules will fluctuated slower in these cages ("hydrophobic hydra-
tion”), which results in a higher viscosity. The Debye-Stokes-Einstein model, which pre-
dicts a linear relation between the rotational diffusion time of a solute molegglend
viscosityns, may give an explanation for such effect:

Vns

Trot = kB_T, (5.24)

whereV denotes the effective molecular volume. Unfortunately, the shear viscosity data
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in Fig.(5.32 do not exactly confirmed this hypothesis. The shear viscosity data increase
close to the consolute point in the range of absolute temperatw@. = 0.5 K, but the
relaxation time data of the low-frequency term in the range of 7 K. Furthermore, the vis-
cosity of the (TEA-HO) mixture of critical composition varies ne®y asns = noe~%*

only. Hence, the power law behavior in the relaxation time oﬂ:tﬁze(f) process cannot

be solely due to effects of viscosity. There must exist an intrinsic mechanism that slows
down near the critical demixing point. On the contrary, due to the exporieat0.664

in the power law behavior of the mutual diffusion coefficient, it appears to be likely that
the rotational isomerization is largely governed by the critical slowing of the mutual dif-
fusion,D(g) — O.

The non-Arrhenius behavior of the ultrasonic relaxation times associated with the pro-
tolysis (Eq.6.19) may also be taken to indicate slowing down of the chemical reactions
near the critical point. Proccacia et al. have predicted effects of slowing of such reactions
in which both constituents of a binary fluid participate. In g3 the relaxation time

Tp, of reaction .19 is represented by EG23 with 1p,, = 3.77 and with the critical
exponent) = 0.074+0.01. In a binary mixture, there are two kinds of diffusion coeffi-
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Figure 5.38: Bilogarithmic plot of the relaxation time 1p, of the (TEA-H,O) system
versus reduced temperaturee: The line indicates the power law behavior, B2QJ).
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Figure 5.39: Relaxation time of the low frequency relaxation term of (TEA-H0) versus
mole fraction of TEA. ((o) 10 °C, ([O) 15 °C, (¢) 17 °C); Results from reevaluation of
literature data]39.

cients: self-and mutual diffusion coefficients. The self-diffusion coefficient describes the
mobility of individual molecule in the mixtures and it is defined for each component in
a mixture. In [L37], it was reported that the mutual diffusion coefficient is a collective
property, which controls the mixing of the two components of a binary liquid. The pro-
tolysis reaction belongs to the types of reactions that are governed by the self diffusion
coefficient. Smoluchowski has presented a relation between the forward (or backward)
rate constankyis s, controlled by the self diffusion coefficielia of component®A and

Dg of componenB:

kgiff = constrag(Da+ Dg), (5.25)

whererag = ra + g denotes the minimal distance of interaction. The coupling between
the self diffusion and mutual diffusion has been discussed in the literatGrg ip the

case of the system ethanol-water. According to that coupling, the mutual diffusion coeffi-
cient can be expressed as:
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faan  fBB faB
D=Q (XADB:rXBDA) —XAXB (X_i + . Zﬁ : (5.26)
0

wherel o denotes the self diffusion coefficient, with the mole fraction of compon&rids

Xa, Xg and the cross correlation functions afyg and the auto correlation functioriga,

feg. Qis athermodynamic factor. However, an analytical calculations of the self diffusion
coefficients of the system (TEA4D) are not possible, owning to the nonavailability of
the velocity cross correlation functions of the solution.

In order to verify the presented results, additional literature d&i8] jof concentration-
dependent broad band ultrasonic have been reevaluated. The results of the low frequency
term, relaxation timép, versus mole fraction of TEA, are displayed in F§39. The
values are somewhat lager than previous data. Unfortunately, no information on the purity
of TEA used in [ .3 is given. Furthermore, the critical temperature with€ 17.6°C) is
somewhat smaller than then one of this the&is<{ 18.21°C). Nevertheless, qualitatively

this result shows that critical slowing down of chemical relaxation occurs also in that
process.

5.7 Ternary system
nitroethane-3-methylpentane-cyclohexane

The investigations on binary systems without complex contributions presented in Section
(5.3, have motivated to study of ternary mixtures within the framework of Bhattacharjee-
Ferrell theory as well as the crossover formalism. Especially, due to the availability of ex-
perimental data for the binary systems nitroethane-cyclohexane (NE-CH) and nitroethane-
3-methylpentane (NE-3MP), it is interesting to examine the nature of a critical ternary
mixture nitroethane-3-methylpentane-cyclohexane (NE-3MP-CH). The investigated ternary
mixture belongs to the phase diagrams of type 2a (3€cd). The aim of this study, in
addition to the verification of the dynamic scaling hypothesis, is to compare the behavior
of critical values in dependence of the concentration of the additional third component.
Therefore, a careful investigation of the ternary phase diagram was performed, to verify
the location of the plait line as well as of the col point. In present thesis the solvent (3MP)
plays the role of the additional third component. The significant plait points of investiga-
tions are shown in Figy(40 and the corresponding values are listed in Tablé)(or in

Table 6.5), respectively. The procedure of determination of the plait point line is based on
the same procedure as for binary mixtures, namely the equal volume criterion. The studies
in this thesis focused on the binary mixtures (NE-CH), (NE-3MP) as presented in Section
(5.9, as well as on the ternary mixtures with the composition of non-col poifita”,
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mixtures 3-methylpentane cyclohexane nitroethap&C
compositions (weight fraction)
(NE-CH) 0.000 0.576 0.424  23.66
n.col(NE-3M-CYC)a’ 0.082 0.488 0.430 22.43
col (NE-3M-CYC) 0.200 0.360 0.440 21.33
n.col (NE-3M-CYC)a” 0.300 0.260 0.440 22.45
(NE-3MP) 0.534 0.000 0.466  26.44
Table 5.5: Critical parameters of the mixtures investigated.
27 F1 T T T 3
26 T—
95| (NE-CH) . (NE3MP)
/
;/
) ;
°, 24 l, o o g 4
E-? \a\ ’11
l o
23 b /, 1
N\\ col ”’
= il
22} Ny l o .
U‘ ,/
~g ’E}
* B - 87
21k 1 1 | 1 1 -
0.0 0.1 0.2 0.3 0.4 0.5

w.fr. of (3MP)

Figure 5.40: The plait point line as a function of critical (3MP) content, from the binary
system (NE-CH) to (NE-3MP): o denote plait points, including the col point (see Tables

(5.5 and 6.6)).

and with the col(or saddle)-point composition. The critical compositions and critical tem-
peratures are presented in Talledf. The ternary mixtures had a constant weight fraction

relationship of (CH) and (NE)W fr.cn/w.fr.yge = const). In Fig.(5.4]) three plots of

density versus reduced temperature are presented. However, as was mentioned before in
Section 4.5), although the crossover theory has been developed for binary mixtures, the
ternary system (NE-3MP-CH) belongs to the same universality class for dynamical prop-
erties as the investigated binary fluids. Nevertheless, within the scope of investigation on
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Figure 5.41: Density plots of ternary mixtures: A, denotes the’ mixture,o the col mixture
andv thea” mixture.

w.fr. of 3-MP T, °C w.fr. of 3-MP T, °C

0.000  23.66VE-CH) 0.200 21.3%°
0.056 22.78 0.207 21.33
0.082 22 4800l 0.218 21.34
0.100 22.14 0.234 21.38
0.134 21.80 0.255 21.60
0.157 21.53 0.282 21.94
0.179 21.36 0.300 22.48c0la”
0.187 21.32 0.345 23.26
0.192 21.32 0.400 25.00
0.198 21.32 0.490 26.448MP-CH)

Table 5.6: Parameters of critical points in dependence of weight fractionv{ f) of (3MP)
from Fig.(5.40.

ternary mixture, much attention has been directed on the behavior of the crossover effects
in the data evaluation of ternary mixtures. Especially, the dependence of cut-off wave
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5.7 Ternary system nitroethane-3-methylpentane-cyclohexane

numbersge andgp on the background viscosity,g has been studied with more details

as in the case of binary fluids. The measurements of viscosity, light scattering as well as
ultrasonic attenuation have been performed with the same instrumental setup as for the
other critical mixtures with the critical parameters of the mixtures in Telh).(

5.7.1 Crossover studies of viscosity and light scattering

In order to determine the dependence of the cut-off wave nuntheasd gp from the
background viscosity),g, parameterd\,, By and T, the shear viscosity measurement
have been evaluated for each ternary mixture. In Tabl@ the parameters from a si-
multaneous treatment ofs and D data, taking crossover as well as background effects
in account, according to Eq4.29, are presented. The plots of paramétgy B, and Ty,

weight fraction A, £0.02 , By =200, T, 20 ¢ +0.02, de, Op +£0.06, g£25

of BMP) .10 %Pas K K nm nmt nm?! .10Ps?!
0.000 0.55 2537 -51 0.160 > 1000 0.55 156
0.082 0.59 2958 -134 0.195 4.40(10) 0.80 124
0.200 0.61 3174 -174 0.213 14.40(77) 0.60 102
0.300 0.50 2818 -111 0.209 12.89(68) 0.52 117
0.534 0.23 2877 -84 0.230 1.30(12) 0.32 125

Table 5.7: Parameters from shear viscosity and light scattering measurements in depen-
dence on the weight fraction of (3MP):the background viscosity was determined according

to Egs.4.29.

versus the weight fraction of (3-MP) are presented in big23) and Fig.6.43 according

to Table £.7). Itis interesting to see that quantiy, follows the inverse shape of the in
Fig.(5.40 shown plait point temperature in dependence on (3MP) concentration. On the
one hand similar situation can be observed in case of the paraBjetarthe limits of
error. On the other hand, the quanfify relates to the plait point plot in Fig(40. The
central parameter the fluctuation correlation lerfgtivithin the framework of analysis of
shear viscosity and light scattering measurements is presented i5.448y.( Within the

limit of errors, it demonstrates an increase, controlled by the weight fraction of (3MP).
Along with the graph of EqH.9) the dependence of the correlation length amplitude upon
the scaled temperature is shown as bilogarithmic plot in 44 for each ternary as well

as binary mixture (Tablex(7)). The fluctuation correlation length plots follow power law
over significant range of reduced temperature. The ampliggdef the (NE-3SMP) sys-

tem is significantly larger than that of the (NE-CH) system Tabl&)( This difference

in the fluctuation correlation length of similar binary mixtures is obviously a reflection of
their different shear viscosities, Fi§.45. This assumption is supported by the behavior
of the &g values of the ternary mixtures, col anda”, which are following of order of
weight fraction likewise the shear viscosify. In Fig.(5.47), the characteristic relaxation
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Ap-107°, Pas

Figure 5.42: Plots of Table %.7) resulted from the viscosity background determination with
the aid of Eqs4.29 and the crossover formalism versus weight fraction of (3MP), lines are
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Figure 5.43: Plots of Table %.7) resulted from the viscosity background determination with
the aid of Eqs4.29 and the crossover formalism versus weight fraction of (3MP), lines are
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drawn to guide the eyeseft Figure: plot of parametef,,; Right figure: semilogarithmic
plot of the cut-off wave numbaet.

rate amplitude§ g are displayed. The presented data correspond once more with the plait
point line in Fig.6.40. Finally, the conclusion could be done, that in ternary mixtures of
type 2a, the col point corresponds with the smallest value of the characteristic relaxation
ratel o between two corresponding binary mixtures. Figlrd® shows three relaxation
ratesl (¢), of order of fluctuations which according to E411) have been calculated
from the mutual diffusion coefficient Ed.(35 and the fluctuation correlation length of

the critical ternary systems/, col anda”. The diffusion coefficient data exhibit system-
atic deviations from function Eg}35. These deviations may result from the insufficient
temperature control{0.03 K). Especially in the case of the ternary mixtarethe relaxa-

tion rate data exhibit small deviations from the power-law behavior. However, the cut-off
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Figure 5.44: Plots of Table %.7) resulted from the viscosity background determination, ac-
cording to Eqs4.29, lines are drawn to guide the eyésft Figure: plot of the cut-off wave
numbergp; Right figure: plot of the correlation length amplitudg.
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Figure 5.45: Shear viscosity plots versus reduced temperature of (NE-CH),o; o, A;
col, O; a”, v; (NE-3MP),e.

wave numbers in Figh(43 and Fig.6.44) display an unexpected shape. Especially the
gc parameter with value- 1000 of the crossover functidd (¢(€),qc,gp) in the case of
(NE-CH) does not fit to the qualitative shape of the other values. Nevertheless, taken
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Figure 5.46: Semilogarithmic plots of mutual diffusion coefficient, according to
Eq.@.35;Left Figure: ternary mixturea’; Right figure: ternary mixturea”; Lower fig-
ure: ternary mixture at col point.

into account thaty. is one of the parameters which are controlling the overlap between
mean field and critical range, the unusual behavior corresponds with the anomaly of crit-
ical amplitude (see Seé&.6.2) Sz in (NE-CH). However, this correspondence is only

an assumption. Another question which should be treated within framework of dynamic
light scattering is the behavior of critical exponents. The assumption has been made that
adding a third component to a binary critical mixture does not only alter the critical expo-
nents but also change or influence the correction to scaling. In fact, in literature this kind
of behavior has been reported] in the case of the ternary mixture aniline-cyclohexane-
p-xylene. In that work it was observed that, due to the existence of the third component,
an enlargement of the critical static and dynamic exponents results. In the present thesis,
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Figure 5.47: Plots of Table %.7) resulted from the viscosity background determination, ac-
cording to Egqs4.29), of investigated binary and ternary mixtureegft Figure: bilogarithmic
plot of the fluctuations correlation leng#y versus reduced temperatugg(NE-CH), o; o,

A; col, O; a”, v; (NE-3MP), e ; Right figure: the characteristic relaxation raffg versus
weight fraction of (3MP),lines are drawn to guide the eyes.

as mentioned before, owing to insufficient temperature cor6l03 K) in comparison

with (+£0.001 K) in [41], the determination of critical exponents was not possible. Hence,
critical exponents from theory, listed in Chapter 2, have been used. However, the results
in this section, support the critical exponents for binary mixtures.

5.7.2 Dynamic scaling function of a ternary mixture

Conflicting results have been reported for ternary systems with critical demixing point
with regard to decreasing of the magnitude of critical sound absorption as the number
of components is increased,4]. On the one side, one of Mistura’s conclusions was
that in fact the experimental critical absorption decrease along the plait line between cor-
responding binary systems, on the other side D’Arrigo’s et al. reported a opposite case
in the ternary system methanol-nitrobenzene-iso-octand.[ At frequenciesf between

200 kHz and 400 MHz the ultrasonic attenuation coefficeeat the mixture of the ternary
mixturesa’, col as well asn” has been measured using two different methods and four
specimen cells.

In the frequency range from 200 kHz to 400 MHz the ultrasonic spectra of the two tem-
peratures of the ternary system with the col point composition are displayed in frequency
normalized format in Figg.49. At high frequency théa/f?) data tend towards a fre-
guency independent value, representing the background contribution. However, the broad
band ultrasonic spectrum cannot be represented only by the critical contribution accord-
ing to Bhattacharjee-Ferrell theory and a frequency indeperilefihe error in the data

from the regression analysis, exhibits some systematic deviation. Therefore, additional
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Figure 5.48: Plots of relaxation rate of fluctuatiomge); Left Figure: ternary mixturea’;
Right figure: ternary mixturen”; Lower figure: ternary mixture at col point.

ultrasonic measurement of non critical composition of mixtures (NE-CH) and (NE-3MP),
with 2.5 % of (NE) at the three temperatures’#) 25°C and 3(°C have been performed,

in order to identify an additional relaxation process. Debye relaxation pré¢gds in

the nanosecond range has been found. Unfortunately, concerning this Debye relaxation
term, no information could be found in the literature. An assumption is, that the relaxa-
tion term reflects an association process of (NE) similar to that of methanol in hexane,
[93]. The investigated ultrasonic attenuation spectra of the non-col point mixdtersd

a” display the same characteristic, F|§50. In order to determine the lower part of
ultrasonic spectra, where the critical contributions predominates at temperatures between
30°C and theT; of a’, col, a”, two runs for every mixture have been performed in fre-
guency range between 100 kHz and 7 MHz. In FEdh(), the excess attenuation spectra
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Figure 5.49: Frequency normalized ultrasonic attenuation spectra of the ternary mix-
ture of col point composition:o correspond to data close to consolute peint;, and]
represent ultrasonic data at temperaturé@3

of the binary as well as ternary mixtures of critical composition are displayed close to the
consolute point. With respect to the main results of Mistura and D’Arriga]f [14(,

another conclusions has to be drawn in the case of the ternary mixture (NE-3MP-CH).
The sound attenuation does not change in dependence on the number of components. The
low frequency ultrasonic data displayed in Figg1) rather follow the behavior of the
fluctuation correlation lengtBy amplitude (small right plot in Fig5(51)). According to

the Bhattacharjee-Ferrell dynamic scaling model the low frequency ultrasonic measure-
ments, with the relaxation rate from dynamic light scattering have been evaluated for the
a’, the col point and the” ternary mixtures, with the critical amplitudgg as the only
adjustable parameter, according to BR@), with respect to the Debye relaxation term.

The data nicely fit to the empirical scaling functibge, Fig.(5.52. The scaling function

data in the case of the ternary mixturé exhibits a remarkable scatter, due measurement
problems, caused by rather high sound attenuation. Within the limits of this scatter, how-
ever, the data from different runs and different temperatures of measurement fall on one
curve and agree with the empirical scaling function. Unfortunately, the critical amplitude

in all three mixtures demonstrates a dependence on temperature, with smaller magnitude
but similar to that of the binary system (NE-CH). However, the additional relaxation con-
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Figure 5.50: Frequency normalized ultrasonic attenuation spectra of the ternarng’, A,
and a”, v mixtures at 25°C.
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Figure 5.51: Left Figure: plots of low frequency part of the frequency normalized ultrasonic
spectra of the binary mixtures (NE-CH)and (NE-3MP)e as well as of the ternary mixtures
a, A, col point$ anda”, v at critical temperatur@; ; Right figure: re-plot of Fig.6.44) of

the fluctuation correlation functiofy versus the concentration in weight fraction of (3MP).
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Figure 5.52: Scaling function plots according to the Bhattacharjee-Ferrell theory, with
Qy/, = 2.1; Left Figure: ternary mixturea’; Right figure: ternary mixturea”; Lower
figure: ternary mixture at the col point. Open symbols denote run 1 and full symbols run 2.

tribution, represented by the Debye-term, did not impose a significant influence on this
behavior. In the range @&f> 0.04 the values o8sr are constant in a large reduced tem-
perature range and displayed some kind of "background beha@@r,”Fig.(S.SB). In the

critical mixturea’ S ~ 0.85- 10-5s%94m~1, at the col poin&ad ~ 1.39- 10-50%m~1

and fora” S22 ~ 1.20- 10-5%m-1, In comparison, with the binary critical mixture
(NE-CH), 9 ~ 0.8 10-5°%m~1 and with the system (NE-3MP) the largest critical
amplitude,$g ~ 3.02-10°>%“m~1 emerges. As mentioned before, the behavior of the
sound attenuation corresponds with the shape of the fluctuation correlation length versus
the weight fraction of (3MP). A question is whether there is some corresponding relation
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Figure 5.53: Left Figure: Plot of critical amplitudeSsr of three ternary mixtures’, A col
point{ anda”, v versus reduced temperatreRight figure: Plot of the critical amplitude

Sk versus the fluctuation correlation length, the exponential function line is drawn to guide

the eyes.
weight fraction  p, Cs, Cobs Cper  S5r-10°5, $%-1(T5, 9lbg |9lc

of BMP)  kgm=2 ms?! JgtK! JgtKl LImt Pml
0.000 864.5 1238 1.77 6.24 0.57 0.80 0.10 0.07
0.082 869.8 1240 1.81 3.33 0.82 0.85 0.12 0.11
0.200 840.4 1215 1.82 2.55 1.25 1.39 0.17 0.16
0.300 821.2 1187 1.90 2.70 0.85 1.20 0.16 0.13
0.534 791.2 1098 1.99 2.03 2.90 2.90 0.26 0.26

Table 5.8: Densitiesp, sound velocitiescs, background Cpp, and critical Cpc heat capac-

ities at constant pressure, as well as backgroun@?: and S critical amplitudes and
background g,g and critical g coupling constants in dependence on the weight fraction
of (3MP): background pai€,, has been calculated with the aid of Egd).

between the critical amplituc@?: and the fluctuation correlation length, too. In fact, the
plot in Fig.(5.53 demonstrates an interesting dependence of the critical amplitude and
the fluctuation correlation length in the case of both binary systems and the correspond-
ing ternary mixtures. This is a usual behavior, when considering the two-scale factor
universality relation, which relates the fluctuation correlation ledgtto the critical heat
capacityCpc amplitude. The critical heat capacity amplitude is a substantial quantity in
the expression for the critical amplitude EfX7). Unfortunately, no heat-capacity data
are available for the critical ternary mixtures. However, the amplitude of the singular part
of heat capacity can be derived from the amplitude of the fluctuation correlation Ength
using the two-scale factor universality relation. Moreover, the backgroun€paaf the

heat capacity of the ternary mixture, within an error less then 5 %, can be approximated
assuming an ideal mixing behavior:
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Figure 5.54: Left Figure: Plot of coupling constanfg| versus weight fraction of (3MP);
Right figure: Plot of coupling constanig| versus fluctuation correlation leng#g; e, |g|

derived fromSl',‘gg ; #, |g| derived fromS;..

CBIbE—SMPfCH :CBIEXIC\IE‘FCSE H +Cg'ﬁ,ﬂp MP. (5.27)

wherex}(n= NE,3MP,CH) is the mole fraction of each component &) denotes the
background part of the heat capacity. Values for the pure components have been taken
from literature [L41]. Because of the temperature dependence in the critical amplitude in
the ultrasonic spectra, two different critical amplitudes have been used in order to verify
the coupling constarg. The critical amplitude at the critical poils§r and the critical

amplitude from the backgrou@% which are nearly identical. The evaluated parameters
are presented in Tabl&.g). The behavior of the coupling constant follows again the
shape of the fluctuation correlation length, Fsg5d). In the right plot of Fig.5.54), the
coupling constant is displayed versiss
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5.8 Summarized parameters and surface tension in
critical mixtures
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Figure 5.55: Scaling function data of investigated binary and ternary mixtures: v
ethanol-dodecanee methanol-n-hexaney nitroethane-3-methylpentané&] nitroethane-
cyclohexaney n-pentanol-nitromethane; isobutoxyethanol-watel triethylalmine-water;
ternary mixturess a’ non-col,[1 col, ¢ a” non-col.

Parameters which have been obtained from ultrasonic spectrometry, dynamic light scat-
tering and shear viscosity are presented in Tabl8)( It is a fascinating aspect of the
dynamic scaling theory of ultrasonic attenuation that, due to scaling of frequency data
of different critical mixtures fall on one scaling function, Fig%5. However, the most
curious specific system parameter is the characteristic relaxation rate amplifwadgch
according to Bhattacharjee-Ferrell theory, corresponds with the mutual diffusion coeffi-
cientD and the fluctuation correlation lenggh In Table £.9) parameter§ o andg are
listed for various binary mixtures with critical demixing point. The isobutoxyethanol-
water system exhibits by far the smallest amplitidein the relaxation rate of order
parameter fluctuations. In comparison, with the systgmentanol-nitromethan€y is 35
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critical &o Ay By Ty Oc do Mo XRF [s]
mixture nm 106, Pas K K 1°m?! 10°m?! 1% 10°5,L9%m1
+0.02 +0.02 +200 +20 +0.04 +0.04 +2 +15% +0.02
(n-PE-NM)  0.145  0.21 2558 0 187  0.39 187 1.96 0.106
(NE-CH) 0.160 0.55 2537 -57>1000 0.55 156 N 0.09
(NE-3MP) 0.230 0.23 2877 -84 1.3 0.32 125 2.9 0.29
(ME—HEX)D 0.330 0.29 1500 0.19 1000 0.21 44 0.09 0.11
(EH-DOD)D 0.370 3.80 1728 0 2.4 0.86 6.4 0.07 0.10
(TEA-H,O) 0.107 0.10 4394 0 60 0.9 96 160 0.7
(2,6DMP-H,0) 0.198 0.14 2916 0.20 1000 10 25 3.97 0.17
(i—C4E1/H20) 0.32 0.16 255[171 O 53 0.6 1.77
(a”) 0.195 0.59 2958 -134 4.40 0.80 124 0.85 0.12
col 0.213 0.61 3174 -174 14.40 0.60 102 .39 0.17
(a”) 0.209 0.50 2818 -111 12.89 0.52 117 20 0.16

Table 5.9: Parameters of the shear viscosity, diffusion coefficient and ultrasonic spec-
tra of critical mixtures without and with one additional noncritical contribution and
ternary mixtures: exponenD denotes systems with one Debye processtands for depen-

dence on temperature (in such ca%is presented).

times larger. Assuming, that the life time of fluctuatiarRs= Fgl, as inverse character-

istic relaxation rate reflects intermolecular properties as well the geometry of considered
components the strong variation [of of various liquids can be understood. In addition,
due to the Coulombic interactions, relaxation from a local nonequilibrium distribution of
electrical charges into thermal equilibrium will involve extensive redistribution of ions in
ionic solutions and may, therefore, proceed with a smaller relaxation rate than a molec-
ular liquid mixture at the same reduced temperature. A quantity, which may be taken to
summarize the above mentioned molecular properties, is the surface tensiboon-
sidering critical fluctuations, reflected by the fluctuation relaxationlrgi¢o depend on

the surface tension, a correlation between both quantities should exist. Based on this
idea, Khabibullaev and Mirzaev found a correlation between sound attenuation and sur-
face tension4d, [147]. One of the most important parameters in the determination of
the characteristic relaxation rate is the viscosity. The first relation between surface ten-
sion and viscosity, has been presented by Pelofsky] [as a relation between these two
thermophysical properties:

B
Ino=In4+4+ — (5.28)

Ns

whereA4 and B are constantsy is the surface tension, amg the viscosity. According

to Eq.6.28), this empirical expression can be applied for pure and mixed components.
Several fluids were shown to follow these relationsilkanes, benzene, toluene, xylenes,
phenol and other aromatics;alcohols in the range, water and some aqueous solutions.
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Figure 5.56: Characteristic relaxation rate 'y versus ideal surface tension accord-

ing to Eq.(5.3): (1) ethanol-dodecane, (2) nitrobenzene-isooctane, (3) nitrobenzene-n-
hexane, (4) methanol-cyclohexane, (5) benzonitrile-isooctane, (6) methanol-n-hexane, (7)
methanol-n-heptane, (8) nitroethane-3-methylpentane, (9) nitroethane-cyclohexane, (10) n-
pentanol-nitromethane, (11) isobutoxyethanol-water, (12) 2,6-dimethylpyridine-water, (13)
triethylalmine-water.

Finally, the Eq.5.28), gives an additional indication for correlations between surface ten-
sion and mutual diffusion coefficient, and consequently between mutual diffusion and
the fluctuations correlation time. However, it has long been known from experiment that
do/0x = 0 (x denotes composition) at the critical point[] in binary mixtures. Theory
predicts more specifically that, as the critical point is approached, the surface tension
as function of reduced temperatugevanishes according to power law with an critical
exponentr

o(g) = opet (5.29)

The critical exponent, is related to the correlation length exponeniby the Widom [.7]
scaling law:

p=(d—1)J (5.30)
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in whichd is the spacial dimension of the system. Unfortunately, it is not possible to find
for all considered systems experimental literature dataypprobably, due to experimen-

tal problems in the determination of this quantity. Nevertheless< 5[ an expression for

an ideal surface tension for a mixtus§;, has been presented as mole fraction weighted
quantity:

olds = xoa+ (1—X)0B, (5.31)

hereA, B denote the components arthe mole fractionX = X¢) at critical compaosition.
Surface tension data for pure liquids of all components of binary mixtures presented in
Table 6.10 have been found in the literaturét{1], where for every component the sur-

face tension of four temperatures is listed. Values at temperatures between the tabulated
ones could be obtained by linear interpolation with an error of less #ta@i2 mN/m.

Taken into account the critical temperature of a mixtures as well as using tre3dy.(

the surface tensioui,g"B has been calculated, Tab®10. In order to perform qualitative

critical Mo &0 oa(Te)  08(Te) 0%(Te, %)
mixture 10s nm mNmImNm?! mNm1?
+2 +£0.02 +0.1 +0.1 +0.1
isobutoxyethanol-water7[/] 53 0.320 27.69 71.66 70.82
ethanol-dodecane{] 6.4 0370 38.62 24.52 34.11

nitrobenzene-isooctané4 16 0.300 42.86 20.66 30.09

]
nitrobenzenexhexane {49, [144],[1459 20 0.350 42.28 16.68 27.69
2,6-dimethylpyridine-waterl[23 25 0.198 35.44 70.47 68.37
methanol-cyclohexanée'{] 27 0.330 20.47 22.20 21.34
benzonitrile-isooctanel i 39 0.270 21.61 21.82 18.58
methanolr-heptane [47] 44 0.260 21.30 16.68 18.99
methanoln-hexane 3 69 0.350 21.30 18.67 19.98
triethylamine-water 36 90 0.107 20.89 73.01 69.00
nitroethane-3-methylpentanad 125 0.230 31.94 17.45 24.70
nitroethane-cyclohexané () 156 0.162 32.34 24.85 28.23
n-pentanol-nitromethane’ 187 0.145 25.12 37.48 32.72

Table 5.10: Amplitude of the characteristic relaxation ratel g, and of the fluctuation
correlation length &o, surface tensionoa(Tc), and og(Tc) of components A, B and ideal
surface tensiono',fB(Tc,xc) of the mixture, according to Eq.(5.31).

studies of a correlation between characteristic relaxation rate and the surface tension, both
guantities have been plotted against another in 5igg. Unfortunately, the data points

do not represent any analytical behavior. Nevertheless, the plot displays three groups of
binary critical systems. Group (I) represents binary mixtures, where the characteristic
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Figure 5.57: Amplitude of the life time of concentration fluctuations in dependence ok,
according to Eq.6.32: (1) ethanol-dodecane, (2) nitrobenzene-isooctane, (3) nitrobenzene-
n-hexane, (4) methanol-cyclohexane, (5) benzonitrile-isooctane, (6) methanol-n-hexane, (7)
methanol-n-heptane, (8) nitroethane-3-methylpentane, (9) nitroethane-cyclohexane, (10) n-
pentanol-nitromethane, (11) isobutoxyethanol-water, (12) 2,6-dimethylpyridine-water, (13)
triethylamine-water.

relaxation rate decreases with increasing surface tension, while group (ll) displays an op-
posite trend. The third group (1) shows the behavior of binary aqueous solutions, with
by far the largest surface tension. However, this kind of qualitative studies give an in-
dication that there must exists an additional parameter which interacts additionally with
the surface tension. In fact it has been argued by Fisk and Widom and recognized later
as an aspect of the tow-scale factor universality that there exists a universal combination
of critical amplitudes involving the surface tension amplitudg [153. According to
Brézin [154], the simplest way to define the universal combination is to notice that the
free interfacial energy per unit area (dividedhp ), multiplied by an area as defined by

the correlation length, is both temperature independent and universal in the vicimity of
Owing to this argument, the following expression can be writted); [

a(e)&(e)®

X =
kBTc

, (5.32)
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5.8 Summarized parameters and surface tension in critical mixtures

whereX = 1/4. 1k andk is a dimensionless quantity between 1.39 and 1.57 from theory,
ks, is Boltzmann’'s constant ardis the reduced temperature. However, it was also re-
ported in [L54], thatk lies in the interesting range between 0.5 and 2.00. ThebEB3g)(
plays a key role in understanding the nature of critical wetting and it is likewise a power-
ful expression, which connects the surface tension and fluctuation correlation length. As
mentioned before, no data of surface tension according t&dER2§)(are available in the
literature the quantitatively analyze E6.32). However, using the same surface tension
values, calculated with the aid of Ef.81), the dependence of the characteristic relaxa-
tion ratel o, and accordingly the life time of fluctuations could be studied as a function of
the correlation length as well as surface tension. In fact the qualitative plot of life time of
fluctuationsl'gl demonstrates a linear dependence on quatifig.(5.57). Once more

it should be underlined, that this are only qualitative studies.
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6 Conclusions and Outlook

In this thesis dynamic light scattering and shear viscosity measurements have been per-
formed and broad band ultrasonic spectrometry was carried out in the frequency range be-
tween 180 kHz and 500 MHz. Evaluating the experimental data for liquid mixtures of crit-
ical composition particular attention has been given to the applicability of Bhattacharjee-
Ferrell dynamic scaling model and to corrections for the effects from the crossover from
Ising to mean-field behavior. Three types of critical liquids have been considered: bi-
nary mixtures without complex background contributions in their ultrasonic spegetra (
pentanol-nitromethane, nitroethane-cyclohexane, nitroethane-3-methylpentane, methan-
ol-hexane, and ethanol-dodecane), binary mixtures with additional relaxations in the time
domain of critical fluctuations (2,6-dimethylpyridin-water, isobutoxyethanol-water, tri-
ethylamine-water), and ternary mixtures with concentrations selected along the plait-point
line (nitroethane-3-methylpentane-cyclohexane). With the latter system interest has been
particulary directed to the dependence of critical parameters up on the concentration of a
constituent.

In the homogenous region near a consolute point the critical dynamics of binary lig-
uid mixtures without additional sonic relaxations can be consistently represented by the
Bhattacharjee-Ferrell theory. The scaling function of the more recent Onuki and Folk-
Moser theories exhibit systematic deviations from the experimental data. Using the for-
mer theory the scaled half-attenuation frequefy, nicely agrees with the value 2.1

as predicted by Bhattacharjee and Ferrell. An exception is the systpantanol-nitro-
methane for which the slightly small€l, , = 1.86 is found. A noteworthy result is the
finding that relaxation rate data from dynamic light scattering and shear viscosity mea-
surements can be used in the theoretical description of the ultrasonic spectra.

In the case of the critical binary mixture nitroethane-cyclohexane an anomalous varia-
tion in the amplitude of the critical contributid®sr has been found. This temperature
dependence is obviously due to a temperature dependence in the adiabatic coupling con-
stantg which results from the predominance of thelependent thermal expansion coef-
ficient. If this effect is disregarded scaling function data from different temperature runs
do not condense onto one curve. In the critical binary liquids ethanol-dodecane as well
as methanol-hexane a relaxation process, with relaxation time in the nanosecond range
Tp = 19.1 ns, andp = 2 ns, respectively, has been found. It was assigned to a reaction in
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which n alcohol molecules associatertaners. Assuming this relaxation to contribute its

low frequency wing to the spectra, where special temperature dependent measurements
for the ethanol-dodecane and methanol-hexane mixture of critical composition were per-
formed, leads to an excellent agreement of the experimental scaling function with the
theoretical form of the Bhattacharjee-Ferrell model. This is a noteworthy result because
the evaluation of experimental data needs only one adjustable parameter.

Use of the Bhattacharjee-Ferrell model for the analytical representation of the critical
part in the ultrasonic attenuation spectra of more complicated systems allows for a favor-
able description of further relaxation terms. With the assumption that the contributions
from chemical relaxations contribute additively to the critical contributions the ultrasonic
spectra as well as the scaling function of the critical systems can be well represented
in terms of the Bhattacharjee-Ferrell model. This was shown for the binary mixtures
isobutoxyethanol-water and 2,6-dimethylpyridin-water. The system triethylamine-water,
which includes two Debye-type relaxation terms, reflecting noncritical chemical reac-
tions in addition to the high-frequency part, indicates a coupling between the critical
dynamics and the noncritical relaxation terms. The experimental scaling function agrees
with the Bhattacharjee-Ferrell function only, when both Debye relaxation terms are al-
lowed slow down near the critical point. This is also true for the term that is assigned to
a monomolecular structural isomerization of TEA which is expected to be independent
from fluctuations. This finding may be taken to indicate water to play a noticeable role in
the essentially uni-molecular isomerization. Water probably participates in the relaxation
due to an extensive rearrangement of hydration shells associated with the isomerization
of TEA. Unfortunately, it is difficult to study the behavior of the Debye-type relaxations
without interferences by the critical term in the attenuation spectra. However, the slowing
of critical relaxations near the critical temperature, has been also reported by Procaccia,
Krichevskii and Wheeler.

The results for ternary mixtures demonstrate, that the texafanol-point anch” systems
(nitroethane-3-methylpentane-cyclohexane ) can be also well represented by the empiri-
cal Bhattacharjee-Ferrell scaling function with scaled half attenuation frequepgy=

2.1. For most quantities, such as the characteristic relaxation rate amlguthe am-

plitude of the fluctuation correlation lengé, as well as the background paramet&s

B, andT, of the shear viscosity, an evident dependence on the weight fraction of the
third component (3-methylpentane) results. Especially, studies of the crossover behavior
in dependence of the distance of the reduced temperature from the critical temperature as
well from the used model of background viscosity indicate that only by viscosity measure-
ments in a wide temperature range the correct determination of the fluctuation correlation
length amplitude,o and the cut-off wave numbetg, gp (and consequentllyp) is guar-
anteed. Furthermore, the results of the low frequency sound attenuation measurements
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do not confirm the conclusion by Mistura that close to the col point the critical absorp-
tion should decrease with increasing number of components. In the case of the ternary
systems of the present thesis this quantities corresponds rather with the fluctuation corre-
lation length from dynamic light scattering. The same correspondence can be found with
the critical amplitudeSsg, which seems to demonstrate the same anomaly as the well
known binary system nitroethane-cyclohexane.

Additionally, in order to more closely consider the large variation of characteristic re-
laxation rate amplitud€&g of various binary systems, its dependence on surface tension
of that quantity has been considered. Unfortunately, there are only insufficient surface
tension data at the critical point. Therefore only a qualitative analysis of such correlation
could be done. This analysis revealed a dependenicg of the surface tension.

In summary, the results clearly demonstrate that the Bhattacharjee-Ferrell theory and the
crossover theory nicely represent the experimental ultrasonic attenuation data as well as
the shear viscosity and dynamic light scattering data. This is true for binary and also for
ternary mixtures. Experimental critical exponents agree with those from theory. There
Is, however, a necessity for the development of new theories treating the coupling be-
tween chemical relaxations and critical fluctuations. Furthermore, more investigations on
ternary mixtures with the aid of broad-band ultrasonic are necessary to show that the dy-
namic scaling theory of Bhattacharjee-Ferrell applies also to those systems.
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