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1. INTRODUCTION

Ultrasonic spectroscopy has become a valuable tool for the
study of liquids. As sonic signals couple to a liquid via funda-
mental parameters, such as density, viscosity, and heat capacity,
ultrasonic spectroscopy allows us to investigate a wide range of
elementary processes which still today are only incompletely
understood. Due to the presently available measurement fre-
quency range from almost 10 kHz to 10 GHz, ultrasonic
spectrometry provides direct monitoring of dynamic processes
with relaxation times in the range of 20 ps to 20 μs. It thus has the
potential to elucidate liquid properties which are difficult to study
by other methods.

In the frequency range under consideration ultrasonic relaxa-
tion phenomena of solutions or liquid mixtures are discussed in
light of three different mechanisms involving sound attenuation
and, consequently, sound velocity dispersion. Pressure variations
in a sonic field may cause scattering, associated with deformation
and oscillation of particles in suspensions and emulsions,1,2

perturbations of chemical equilibria,3�6 and interferences of
fluctuations in the local concentrations. Such fluctuations may
be critical,7�10 associated with a demixing point, or noncritical,
controlled by diffusion.11�15

Elementary chemical equilibria contribute Debye-type terms
with discrete relaxation times to the ultrasonic spectra, whereas
relaxations due to concentration fluctuations extend over a
broader frequency range, thus reflecting a distribution of relaxa-
tion times. An example is shown in Figure 1, where the excess
attenuation per wavelength

ðRλÞexc ¼ Rλ� Bν ð1Þ

predicted by the Romanov�Solov’ev theory11,12 of noncritical
fluctuations, (Rλ)exc,RS � RRS(ν), is contrasted with a Debye

relaxation term

RDðνÞ � ðRλÞexc;D ¼ AD
ωτD

1þ ðωτDÞ2
ð2Þ

with discrete relaxation time τD. In these relations, R is the sonic
attenuation coefficient, λ = cs/ν is the wavelength at frequency
ν, cs is the sound velocity, and B is the coefficient of the asympto-
tic high-frequency term that contains the Stokes�Kirchhoff
damping16,17 due to viscous friction and thermal conductivity.
In eq 2, AD is an amplitude and ω = 2πν.

In this context broad-band ultrasonic attenuation spectra of
aqueous solutions of nonionic surfactants reveal an interesting
and inexplicable behavior. At surfactant concentrations above the
critical micelle concentration (cmc), the (Rλ)exc data establish a
reasonable flat spectrum over several decades of frequency. As an
example, the excess attenuation spectrum for a mixture of tri-
ethylene glycol monohexyl ether (C6E3) with water is also dis-
played in Figure 1. Such flat spectra are characteristic of binary
liquids near a critical demixing point.10 The spectrum of the mix-
ture of critical composition shown in Figure 1, however, refers to
a temperature far below the lower critical temperature of the
system. At that temperature any critical fluctuations are absent.

As ultrasonic attenuation spectra containing a flat contribution
with relaxation characteristics have emerged for a variety of
critical as well as noncritical polyethylene glycol monoalkyl
ether/water mixtures, they have been generally described by an
empirical sum of relaxation terms R(ν) including a critical term
Rc(ν) even if the systems were not critical.20 In this paper we put
forward an idea of a coupling between noncritical fluctuations
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and elementary chemical equilibria which is capable of featuring a
flat spectrum without resorting to critical behavior and which is
thus able to well account for the experimental results on a
physical basis.

2. THEORETICAL MODEL

2.1. Binary Systems. Let us start with a description of the
ultrasonic attenuation in noncritical mixtures using the bulk vis-
cosity and the equation of state for fluids. The frequency-
dependent complex bulk viscosity ζ(ν) is related to the sonic
excess attenuation per wavelength10,21 according to

ðRλÞexcðνÞ ¼ πω

Fcs2
ðReÞζðνÞ ð3Þ

The Kubo formula22,23 yields the frequency-dependent complex
bulk viscosity as21,24,25

ζðνÞ ¼ V
kBT

Z ¥

0
ÆδPðt1Þ δPðt2Þæ expðiωt12Þ dt12 ð4Þ

where kB is Boltzmann’s constant and δP is the pressure variation
caused by a harmonically alternating sonic field. Virial expansion26,27

gives the equilibrium pressure as

Peq ¼ nkBT � n2

6

Z ¥

0
hðrÞ gð rBÞ d3r ð5Þ

In this equation, n is the sum of concentrations of the constitu-
ents, h(r) = [r dΦ(r)]/dr, with Φ denoting the interaction
potential between two molecules or particles of the liquid,
assumed to be spherically symmetric. Furthermore, g(rB) is the
correlation function, given by

gð rBÞ ¼ 1
V

Z ¥

0
Ænð xBÞ nð xBþ rBÞæ d3x ð6Þ

with angular brackets denoting the equilibrium average. To allow
for variations due to the sonic field, eq 5 is generalized to read

PðtÞ ¼ nkBT � n2

6

Z ¥

0
hðrÞ gð rB, tÞ d3r ð7Þ

From this equation the pressure fluctuations follow as

δPðtÞ ¼ nkBδTðtÞ � n2

6V

Z ¥

0
hðrÞ δnð xB, tÞ δnð xBþ rB, tÞ d3x d3r

ð8Þ
and the instantaneous correlation function reads

gð rB, tÞ ¼ 1
V

Z ¥

0
nð xB, tÞ nð xBþ rB, tÞ d3x ð9Þ

Because of conservation of energy

E ¼ 3
2
nkBTðtÞ þ n2

6

Z ¥

0
hðrÞ gð rB, tÞ d3r ð10Þ

the time dependence T(t) of temperature is related to that of the
correlation function, so that

δPðtÞ ¼ ðconstÞ
Z ¥

0
hðrÞ δnð xB, tÞ δnð xBþ rB, tÞ d3x d3r

ð11Þ
results in coordinate space and

δPðtÞ ¼ ðconstÞ
Z ¥

0
ĥð qBÞ δn̂ð qB, tÞ δn̂ð � qB, tÞ d3q ð12Þ

in momentum space. Here ĥ̂ and n̂̂ denote the spatial Fourier
transforms of h and n, respectively. Let us assume the dynamics to
be controlled by a differential equation28�30

dδnð rB, tÞ
dt

¼ Dr2δnð rB, tÞ �
1
τ0

δnð rB, tÞ ð13Þ

with diffusion coefficient D of fluctuations and relaxation time τ0
characteristic of the elementary chemical process. We then getZ ¥

0
ÆδPðt2Þ δPðt1Þæ expðiωt12Þ dt12

¼ ðconstÞ
Z ¥

0
ĥð qBÞ ĥð pBÞÆδn̂ð qB, t2Þ δn̂ð�qB, t2Þ

δn̂ð pB, t1Þ δn̂ð�pB, t1Þæ d3p d3q

¼ ðconstÞ
Z ¥

0
ĥ
2ðpÞ S2ðpÞ d3p

�iωþDp2 þ τ0�1
ð14Þ

S(p) is the structure factor, which may be taken according to
Ornstein�Zernike,31,32 and ĥ̂(p) may be assumed to be flat,
corresponding with very short range interactions in coordinate
space. On those conditions, the bulk viscosity results as

ζ ¼ ζ0

Z ¥

0

1

ðp2 þ ξ�2Þ2
d3p

�iωþDp2 þ τ0�1
ð15Þ

and the sonic excess attenuation per wavelength as10,21

ðRλÞexc ¼
πω

Fcs2
ðReÞζ

¼ ζ0

Z ¥

0

1

ðp2 þ ξ�2Þ2
ωðDp2 þ τ0�1Þ

ω2 þ ðDp2 þ τ0�1Þ2 d
3p ð16Þ

where ξ is the correlation length of the Ornstein�Zernike ansatz
and ζ0 is a frequency-independent amplitude factor. Equation 16

Figure 1. Ultrasonic excess attenuation spectrum for a triethylene
glycol monohexyl ether/water mixture with mass fraction Y = Ycrit =
0.146 of surfactant at 25 �C.18 The critical demixing temperature of this
mixture of critical composition is Tcrit = 44.7 �C.19 Also shown are the
graphs of a Debye relaxation term (dotted line, eq 2) and a Roma-
nov�Solov’ev term (dashed line). The amplitude and relaxation fre-
quency of the latter term have been adjusted to fit to the low-frequency
part of the experimental spectra. Parameters of the Debye term have
been chosen so that its relative maximum agrees with both that of the
Romanov�Solov’ev term and the experimental spectrum.
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can be exactly integrated to yield

ðRλÞexc ¼ ~RðνÞ

�ðconstÞ
ωτ0 1þ ffiffiffi

2
p 1

ω0τ0

� �1=2

1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þω2τ02

p� �1=2
þ 1
ω0τ0

" #

1þ ffiffiffi
2

p 1
ω0τ0

� �1=2

1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þω2τ02

p� �1=2
þ 1
ω0τ0

ð1þω2τ0
2Þ1=2

" #2

ð17Þ
where ω0 = D/ξ2. This form is particularly simple when an
elementary chemical process does not contribute to the dy-
namics (ω0τ0 f ¥). In terms of Ω = ω/ω0, we then have

~RðνÞ � ~Rðν, fω0τ0g�1 ¼ 0Þ

¼ ðconstÞ Ωð1þ ffiffiffiffiffiffiffiffiffi
2ΩÞp

ð1þ ffiffiffiffiffiffiffi
2Ω

p þΩÞ2 ð18Þ

2.2. Ternary Fluids. It is obvious that surfactant solutions at
concentrations below the cmc belong to the type of fluids that has
been considered before, because monomers are basically the
only solute. At surfactant concentrations above the cmc, how-
ever, the picture changes since monomers as well as micelles
exist. Micelles are subject to a size distribution which is normally
assumed to be Gaussian.33 Here we neglect the size distribution
and characterize the micelles by only one species with aggrega-
tion number equal to the mean m of the Gaussian distribution.
Fluctuations in the concentration of the surfactant are then
considered by

δn ¼ δn1 þ δnm ð19Þ

where δn1 represents the fluctuations of the monomer and δnm
those of the micelle concentrations. We insert relation 19 into
eq 11 and focus on the mixed part

δPðtÞ ¼ ðconstÞ
Z ¥

0
hðrÞ δn1ð xB, tÞ δnmð xBþ rB, tÞ d3x d3r

¼ ðconstÞ
Z ¥

0
ĥðqÞ δn̂1ð qB, tÞ δn̂mð � qBÞ d3q ð20Þ

since the δn̂1 δn̂1 part has already been considered above and the
δn̂m δn̂m part is significantly smaller than the others. The quan-
tities ĥ, n̂̂1, and n̂̂m are the spatial Fourier transforms of h, n1, and
nm, respectively. For sinusoidal sonic fields the mixed part under
consideration leads to an additional contribution to the bulk
viscosity at surfactant concentrations above the cmc, namely

Δζ ¼ðconstÞ
Z ¥

0
ĥðqÞ ĥðpÞÆδn̂1ð qB, t2Þ δn̂1ðpB, t1Þ

� δn̂mð� qB, t2Þ δn̂mð� pB, t1Þæ expðiωt12Þ d3p d3q dt12

¼ ðconstÞ
Z ¥

0
ĥðpÞ ĥðpÞÆδn̂1ð pB, t2Þ δn̂1ð�pB, t1Þæ

�Æδn̂mð pB, t2Þ δn̂mð � pB, t1Þæ expðiωt12Þ d3p dt12 ð21Þ

The dynamics of concentration fluctuations are assumed to be
controlled by diffusion relations corresponding with eq 13:

dδn1ð rB, tÞ
dt

¼ D1r2δn1ð rB, tÞ �
1
τ1

δn1ð rB, tÞ ð22Þ

and

dδnmð rB, tÞ
dt

¼ Dmr2δnmð rB, tÞ �
1
τm

δnmð rB, tÞ ð23Þ

where D1 and Dm denote the diffusion coefficients of the mono-
mers and the micelles, respectively. Relaxation times τ1 and τm
are characteristic of a monomer�monomer (dimerization) reac-
tion and a monomer�micelle (monomer exchange) reaction,
respectively. Leaving the setting of structure factors S1(p) and
Sm(p), eq 21 now becomes (i2 = �1)

Δζ ¼ ðconstÞ
Z ¥

0
ĥ
2
ðpÞ S1ðpÞ SmðpÞ d3p

�iωþ D1p2 þDmpþ τ1�1 þ τm�1

ð24Þ

The widely accepted primary Aniansson�Wall�Teubner�
Kahlweit theory of micelle formation33�35 proceeds from the
assumption of a Gaussian distribution of micelle sizes, which
leads to two Debye-type relaxation processes with discrete relax-
ation time in the ultrasonic spectra. The fast process is due to the
monomer exchange, and the slower one, with relaxation fre-
quency well below the frequency range under consideration,
represents the redistribution of micelle sizes.34,35 Hence, con-
sideration of the size distribution of micelles cannot account for
the flat contributions to the experimental spectra. For this reason
we argue that there might be an effect of structure as the structure
factors S1(p) and Sm(p) of monomers and micelles, respectively,
cannot have the same form.
Structure factors are not given by genuine principles, so there

is some ambiguity in selecting suitable forms of these factors.36

The monomers may reveal Ornstein�Zernike31,32 behavior,
Ŝ1(p) = (const)(p2 þ ξ1

�2)�1, corresponding to the position
correlation

S1ðrÞ ¼ ðconstÞ expð � r=ξ1Þ=r ð25Þ

with characteristic length ξ1. For the micelles we presume a faster
structure factor falloff at large r and a stronger correlation of
micelle positions at small r. We therefore postulate the form

SmðrÞ ¼ ðconstÞ expð � r=ξmÞ=r2 ð26Þ

with characteristic length ξm in the position space. If 1/ξm = 0,
the Fourier transform Ŝm of Sm is 1/p, and if p is very small,
then the Fourier transform is ξm. Accordingly, we propose a
simple momentum�space form

ŜmðpÞ ¼ ðconstÞðp2 þ γ2=ξm
2Þ�1=2 ð27Þ

in which γ is a parameter that can be adjusted into a redefinition
of ξm. Again we approximate ĥ(p) by a constant, and the addi-
tional contribution to the bulk viscosity becomes

Δζ ¼ ðconstÞ
Z ¥

0

d3p

ðp2 þ ξ1
�2Þðp2 þ ξm

�2Þ1=2
1

�iωþDeffp2 þ τeff�1

ð28Þ

where Deff = D1 þ Dm and τeff
�1 = τ1

�1 þ τm
�1. The

contribution to the excess attenuation per wavelength finally



follows as

ΔðRλÞexc ¼ ðconstÞ
Z ¥

0

ω d3p

ðp2 þ ξ1
�2Þðp2 þ ξm

�2Þ1=2
Deffp2 þ τeff�1

ðDeffp2 þ τeff�1Þ2 þω2

ð29Þ

3. DISCUSSION

3.1. Analogy to the Previous Relaxation Model. Experi-
mental spectra of binary liquids exhibiting noncritical concentra-
tion fluctuations and elementary chemical reactions have been
well represented by a “unifying” model29 that combines aspects
of prior theories.11,12,14,15,28,36,37 We first inspect how the func-
tion ~R(ν), defined by eq 17, fits the relaxation function Rum(ν) of
the unifying model. The latter is given by the integral relation

RumðνÞ ¼ ðconstÞ
Z ¥

0

q2 dq

ð1þ 0:164qξþ 0:25q2ξ2Þ2
ωτg

1þω2τg2

ð30Þ

where τg
�1 = Dq2 þ τ0

�1. Let us first restrict to the limiting
situation in which no elementary chemical processes exist. For
the limiting forms the spectra should be broadest because the
dynamics is just governed by diffusion. In Figure 2 the graphs of
functions ~R#(ν), as defined by eq 18, and Rum(ν) at τg = D

�1q�2

are displayed along with that of a Debye term RD(ν). Here and in
the following we are predominantly interested in the shapes of
the functions, which, for reasons of easy comparison, are thus
shown in a normalized format.

~R#(ν) and Rum(ν) both extend over a significantly broader
frequency range thanRD(ν). However, a small deviation between
both former functions exists. It is due to the different modeling of
the interaction forces between molecules. Whereas very short-
range interactions and a structure factor featuring Orn-
stein�Zernike behavior have been presumed throughout when
deducing ~R(ν), in deriving Rum(ν) an Ornstein�Zernike ansatz
has been used to represent the long-range correlations (r g ξ)
only. Short-range correlations (r < ξ) have been considered by a
nearly exponential decay, as originally proposed by Montrose
and Litovitz.36 A suitable choice of ĥ̂(p), which has just been
taken to be flat here, will result in a closer agreement between
~R#(ν) and Rum(ν). Here we do without a more sophisticated
interaction potential because we are predominantly interested in
ternary systems.

3.2. Comparisonwith Spectra for Binary Liquids. In Figure 3,
as an example, experimental excess-attenuation-per-wavelength data
are presented for mixtures of water with an alcohol, for aqueous
solutions of some derivatives of urea, and for mixtures of water with
an ethylene glycolmonoalkyl ether. Again the spectra are shown in a
normalized format, throwing information on the frequencies νm of
the relative maximum in the spectra and also the maximum values
R(νm) themselves away. We only mention that useful pieces of
information, such as a correlation between νm and the hydrophobic
character of the organic constituent, had been derived from the
original relaxation function of the unifying model.29

Except for 1-propanol/water the data in Figure 3, within the
limits of their experimental uncertainty, condense on one curve.
This “master curve” agrees perfectly with Rum(ν). Hence, it
slightly deviates from ~R#(ν). Only at lower frequencies (ν/νm <
0.1) do the 1-propanol/water data tend toward the latter
function (eq 18). As mentioned before, the deviations of the
majority of the data from the ~R#(ν) function can be simply
accounted for by an appropriate choice of ĥ̂(p).
A narrowing of the relaxation spectral function follows not just

from a suitable choice of the structure factor but also from
consideration of an additional chemical equilibrium, i.e., from
taking the original R~(ν) function (eq 17) with finite τ0. The effect
of a finite τ0 is illustrated by the inset in Figure 4, where, in
addition to the limiting version ~R#(ν), the function ~R(ν) is
shown at (ω0τ0)

�1 = 1/4 and (ω0τ0)
�1 = 4. This is the range of

parameter values that covers the presently available experimental
spectra, especially those for aqueous solutions of derivatives of
urea,29,40 for which some spectra are given in the main part of
Figure 4. Obviously, spectral function ~R(ν) fits well to the
experimental data.Wemention that at (ω0τ0)

�1 = 4 this function
almost agrees well with the often empirically applied restricted
Hill function41�43

R�
HðνÞ ¼ ðconstÞ ωτH

ð1þ fωτHg2sHÞ3=ð4sHÞ
ð31Þ

If sH = 1

RHðνÞ ¼ R�
Hðν, sH¼1Þ ¼ ðconstÞ ν=νm

ð1þ 2fν=νmg2Þ3=4
ð32Þ

Figure 2. Graphs of the relaxation spectral function ~R#(ν) at the
vanishing elementary chemical process (dashed line, eq 18), of the
relaxation functionRum(ν) of the unifyingmodel (full line, eq 30), and of
a Debye relaxation term RD(ν) (dotted line, eq 2), shown in the
normalized format R(ν)/R(νm) versus ν/νm.

Figure 3. Ultrasonic excess-attenuation-per-wavelength spectra in the
normalized format R(ν)/R(νm) versus ν/νm for mixtures of water with
1-propanol38 (b, X = 0.12; X = mole fraction of the nonaqueous
constituent), 2-isopropoxyethanol39 (2, X = 0.15), and n-ethylurea40

(O, X = 0.1). In the inset results for aqueous solutions of
1,2-diethylurea40 (9, X = 0.02; 0, X = 0.036; Δ, X = 0.041) and a
solution of 1,1-diethylurea40 (1, X = 0.041) are given. Attenuation data
between 100 kHz and 5 GHz were measured at 25 �C. The dashed lines
are graphs of the relaxation spectral function ~R#(ν) as defined by eq 18.
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In such events ~R(ν) may thus be favorably used to discuss
experiments within the framework of a physical model rather
than a simple description in terms of an empirical relaxation
function.
3.3. Application to Surfactant Solutions. It is important to

notice that in the above treatment no critical contribution to
Deff has been taken into account. Also reaction diffusionmechan-
isms, which sometimes produce particular dynamical behavior,44

are completely absent for reactions of the form A þ A T A2

and A þ B T C.45 Nevertheless, contribution Δ(Rλ)exc is
able to feature the flatness in the high-frequency part of the
ultrasonic attenuation spectra of noncritical polyethylene glycol
monoalkyl ether (CiEj)/water mixtures (Figures 1 and 5), which
appears to be particularly distinctive at surfactant concentrations
close to the cmc (Figure 5). The high-frequency limit of eq 29
is given by

ΔðRλÞexcðν f ¥Þ ¼ ðconstÞ
Z ¥

0

ω dp
p

Deffp2

ω2 þDeffp4

¼ ðconstÞ
Z ¥

0

ωp dp
ω2 þDeffp4

¼ ðconstÞ
Z ¥

0

ω dQ
ω2 þQ 2

¼ const ð33Þ
Hence, the additional contribution to (Rλ)exc, resulting from the
mixed part δn̂1 δn̂m in the pressure fluctuations (eq 20), clearly
reveals frequency-independent high-frequency behavior. Nor-
mally this contribution will not dominate the input from the
monomer fluctuations, coupled to the micelle formation/disin-
tegration kinetics, but since the latter decrease toward high
frequencies, Δ(Rλ)exc may prevail in that frequency range.
We now address the finding of the especially distinctive

flatness of excess attenuation spectra near the cmc (Figure 5).
Aiming at an exact performance of the integral in eq 29, we first
focus on the limiting situation in which the elementary chemical
reactions are absent (1/τeff , ω) so that eq 29 reads

ΔðRλÞexc ¼ ðconstÞ
Z ¥

0

ω d3p

ðp2 þ ξ1
�2Þðp2 þ ξm

�2Þ1=2
Deffp2

Deff
2p4 þω2

ð34Þ

Substituting p by q/ξm, we get

ΔðRλÞexc ¼ ðconstÞ
Z ¥

0

ωq2 dq

ðq2 þ 1Þ1=2ðq2 þ fξm=ξ1g2Þ
q2

q4 þ fω=Deffg2ξ4

ð35Þ
which, assuming a shorter range of interaction for micelles than
for monomers (ξm , ξ1), leads to

ΔðRλÞexc ¼ ðconstÞ
Z ¥

0

Ωq2 dq

ðq2 þ 1Þ1=2
1

q4 þΩ2 ð36Þ

where Ω = ωξm
2/Deff denotes a scaled frequency. Looking at

high Ω, we find

ΔðRλÞexc ¼ ðconstÞ 1� 2
π

ln Ω

Ω
þ :::

� �
ð37Þ

Assuming, on the other hand, a large characteristic length for the
micelle structure factor (ξm. ξ1), a closed-form relation follows
immediately as

ΔðRλÞexc ¼ ðconstÞ 1� 2
π

Ω ln Ωþ π=2

1þΩ2

� �
ð38Þ

The high-frequency limit of this function obviously agrees with
eq 37. Hence, in the high-frequency limit, the solution to eq 29 is
independent of whether ξm , ξ1 or ξm . ξ1.
Equations 37 and 38 hold for absence of chemical reactions

(1/τeff f 0). Because a vanishing reaction rate of the monomer
exchange is predicted at the cmc,34 we thus expect a flat high-
frequency contribution to the attenuation-per-wavelength spec-
tra near the critical micelle concentration of the liquid. At higher
surfactant concentration, τeff becomes finite so that, in addition
to the diffusion-controlled concentration fluctuations, a second
pathway to reach equilibrium after a disturbance is available to
the system. In conformity with the results shown in Figure 5, such
an additional pathway tends to narrow the relaxation time
distribution and, consequently, the spectra.29

Figure 4. Ultrasonic excess-attenuation-per-wavelength data plotted in
the normalized format R(ν)/R(νm) versus ν/νm for aqueous solutions
of n-butylurea40 at 25 �C (2, X = 0.0095;Δ, X = 0.0156;0, X = 0.0178;
9, X = 0.0199; O, X = 0.0234; b, X = 0.0257). Dashed lines show the
limiting relaxation function ~R#(ν) at the vanishing chemical process
(ω0τ0 f ¥, eq 18), the full lines are graphs of the function ~R(ν) at
ω0τ0 = 4, and the dotted line shows the same function (eq 17) at
ω0τ0 = 1/4. Figure 5. Ultrasonic excess attenuation spectra for a C6E3/H2O

mixture with mass fraction Y = 0.02 at four temperatures (O, 17.5 �C;
b, 25 �C; 9, 32.5 �C; 2, 40 �C18). At 17.5 �C < T < 25 �C the mixture
composition corresponds with the cmc.46 AtT = 17.5 �C the spectrum is
analytically represented by a Debye term with a discrete relaxation time.
Passing over the cmc, the spectra reveal a broad low-frequency relaxation
term and a flat high-frequency contribution.

http://pubs.acs.org/action/showImage?doi=10.1021/jp201015s&iName=master.img-004.png&w=168&h=94
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4. CONCLUSIONS

A theoretical model has been derived that provides a closed-
form solution for the ultrasonic attenuation spectra of binary
liquid mixtures and solutions exhibiting noncritical concentra-
tion fluctuations coupled to an elementary chemical process.
Within the framework of a Kubo formalism,22,23 the model pro-
vides the coupling between the dynamic processes through the
cross term in the autocorrelation function of the pressure fluctua-
tions. If, for simplicity, a flat molecular interaction function is
assumed in the q space, corresponding with highly short range
interactions in the coordinate space, a reasonable limiting form
of the spectral function results at the missing chemical process.
This limiting function indeed deviates slightly from a previous
unifying relaxation model29 and also from the majority of
relevant experimental spectra. The small deviations, however,
may be avoided by using a more suitable molecular interaction
profile.

In correspondence with the unifying model, a chemical
process with finite relaxation time tends to reduce the broadness
of the spectral function. Available experimental data are pre-
dominantly found in the range 1/4 e ω0τ0 e 4, where τ0 is the
relaxation time characterizing the chemical equilibrium, ω0 =
D/ξ2, D is the diffusion coefficient of concentration fluctuations,
and ξ is the correlation length of the structure factor, assumed to
follow Ornstein�Zernike behavior.

Extending the above treatment, it is possible to model the flat
contributions which have been discovered in the ultrasonic excess-
attenuation-per-wavelength spectra of nonionic surfactant/water
mixtures at concentrations above the cmc. In our simplified
theoretical treatment of surfactant systems, the size distribution of
micelles has been neglected. Hence, the micelle formation/
disintegration kinetics has just been considered by the dimerization
reaction and the monomer exchange with micelles of mean
aggregation number. Nevertheless, the model is already capable
of featuring a flat high-frequency contribution to the spectra, if
different structure factors are assumed for the monomers and the
micelles.

The model also accounts reasonably for the experimental
result that the excess-attenuation-per-wavelength spectra are
particularly flat at surfactant concentrations near the critical
micelle concentration. As the relaxation rates of the chemical
equilibria are prone to become very small at the cmc, the
dynamics of the liquids is largely controlled by diffusion, asso-
ciated with a broad spectrum. At higher concentrations the
spectra narrow because the elementary chemical processes with

nonvanishing relaxation rate offer additional pathways to re-
spond to external disturbances.

Because of the supposed coupling between (noncritical)
concentration fluctuations and the micelle formation/disintegra-
tion kinetics, the finding of a correlation in a wide range of data
between the maximum values (Rλ)exc

max in the excess attenuation
spectra and the critical micelle concentrations of CiEj/water
systems (Figure 6) becomes quite understandable. In the fre-
quency range in which the maxima in the spectra are located, the
ultrasonic attenuation is dominated by the micelle formation/
disintegration kinetics coupled to fluctuations. Only at higher
frequencies where contributions due to these processes are
already downsized does the additional flat contribution discussed
in this paper dominate.

So far the discussion has been restricted to nonionic surfac-
tants since, in solutions of ionic surfactants, an additional cou-
pling between the micelle formation/disintegration and the
counterion association/dissociation imposes further complica-
tions.47,48 Work is in progress to also include ionic surfactant
systems.
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