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By means of ultrasonic and Brillouin light-scattering techniques, we have performed extensive mea-
surements of the attenuation coefficient and sound velocity in 2-butoxyethanol aqueous solutions over a
large temperature range. In the more concentrated solutions, the frequency dependence of these proper-
ties is well accounted for by a double relaxation time equation thus excluding contributions from concen-
tration fluctuations. This finding, as well as the overall behavior as a function of concentration and tem-
perature, suggests the presence of alcohol aggregates beyond a characteristic concentration-temperature
line resembling a critical micelle concentration curve in micellar systems. The similarity between the ul-
trasonic behavior and the type observed in nonionic surfactant aqueous solutions, as well as indications
from other experimental sources, strongly supports the possibility that butoxyethanol aggregates are mi-

cellelike structures.

I. INTRODUCTION

The structural and dynamical properties of aqueous
solutions of 2-butoxyethanol (BE) have been studied re-
cently by various physicochemical techniques such as
calorimetry [1,2], densimetry [2,3], ultrasonic spectrosco-
py [4-9], elastic, and quasielastic light scattering
[8,10-12], and small-angle neutron scattering (SANS)
[13]. These experiments support the presence of alcohol
aggregates similar to micelles. The ability of BE amphi-
philic molecules (C;,H,OC,H,OH) to form topologically
ordered surfactantlike aggregates is also suggested by
their chemical structure and phase diagram [12], which
are similar to those of long-chain nonionic surfactants
C,H,, {(OCH,CH,),,OH (polyoxyethylene monoalkyl
ethers, usually denoted as C,E,,). BE can be considered
as a short (C4E;) homologous member of the C,E,
series, so that one expects that static and dynamic prop-
erties of its aqueous solutions exhibit behaviors similar to
those in the corresponding C, E,, solutions.

The interest for BE solutions is manifold. It concerns
the requirements for an amphiphilic molecule to be a sur-
factant. By increasing the hydrophobic alkyl chain
length of simple alcohols (C,E,) and alkoxyethanols
(C,E;) in solutions with water it seems that there are
molecular aggregations changing from short-living fluc-
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tuating associations to microstructures having a well-
defined surface of demarcation. Apart from some bal-
ance of hydrophilic and hydrophobic moities, there is evi-
dence for the requirement of some minimal length of the
alkyl chain to form ordered aggregations. In the se-
quence of C,E, ethoxylated alcohols, BE molecules seem
to have this minimal length.

A related interest to BE aqueous solutions comes from
the oil recovery processes. In fact, the formation and sta-
bility of microemulsions can be enhanced by the presence
of cosurfactants (long-chained alcohols).

In a previous paper [9] we presented ultrasonic absorp-
tion coefficient and velocity measurements in two concen-
trations of BE aqueous solutions. In light of recent
structural and dynamical indications from SANS [13]
and light scattering [12] experiments, this paper extends
our ultrasonic investigations to a wider composition
range and, in addition, we have performed Brillouin
light-scattering (BLS) measurements. From these experi-
ments we hope to gain a better understanding of the ul-
trasonic dynamics and the related aggregation processes
over large temperature and concentration ranges.

II. EXPERIMENT

The samples preparation and the ultrasonic techniques
used for absorption coefficient (a) and sound velocity (c)
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measurements are described elsewhere [9,14]. The con-
centrations investigated in these experiments were
X;=0.015 and X,=0.050 (where X is the molar fraction
of BE) and they add to the previously studied X; =0.030
and X,=0.090. The a and ¢ measurements have been
performed in the frequency (f) ranges 5-250 and 5-95
MHz, respectively, and for temperatures extending from
about 45 °C down to the solidification temperatures. The
accuracy of the ultrasonic velocity is estimated to be
~0.1% at the lowest frequencies and ~0.2% at the
highest. Depending on the frequency range, the accuracy
of the ultrasonic attenuation, as expressed by a/f?, is
around 5-10 %.

The BLS experiments were made in five samples of
composition X=0.015, 0.035, 0.048, 0.052, and 0.070 in
the same temperature range of the ultrasonic investiga-
tion. The measurements were performed using a super-
monochromator with a resolution of 700 MHz. In com-
parison with a Fabry-Pérot interferometer, this apparatus
allows a very good reaction of unwanted stray-light con-
tributions, free spectral range superposition, and a high
luminosity. The exciting light source was an Ar™" laser
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FIG. 1. Ultrasonic (5 MHz, open symbols) and hypersonic
(~5.8 GHz, solid symbols) velocity as a function of concentra-
tion X (BE mole fraction) for some temperatures. Continuous
and dashed lines connecting ultrasonic and hypersonic data, re-
spectively, are drawn for visual purposes.
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5145 A. The scattering measurements were made at a
scattering angle 6=90° with a A6==x1°. The speed of
sound was determined from the peak position of the Bril-
louin doublet and its accuracy is estimated to 1%; the hy-
personic damping was evaluated from the full width at
half maximum (uncertainty =~ 10%).

III. RESULTS

In the water-rich region of concentration BE aqueous
solutions exhibit a closed loop of solubility [9]. A recent
and accurate determination of the low-temperature por-
tion of the phase diagram [12] enables us to locate the
lower critical solution temperature at 7,=49.2°C and
X, =0.052 (see Fig. 8).

The concentration and temperature dependence of the
ultrasonic (5 MHz) and hypersonic sound velocities at 0,
25, and 45°C are shown in Figs. 1 and 2. The first plot
shows that, as usual in aqueous solutions of short-chain
monohydric alcohols [14], the ultrasonic velocity exhibits
sharp peak values (c*) which tend to disappear at high
temperatures. However, unlike the other solutions, in BE
mixtures the corresponding compositions X* shift to-
ward lower values as T increases. The hypersonic (hs) ve-
locities (cy,) also show peak values (c ) whose composi-
tions (XJp,) increase as T decreases. Furthermore,
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FIG. 2. Ultrasonic (5 MHz, open symbols) and hypersonic
(~5.8 MHz, solid symbols) velocity as a function of tempera-
ture for some concentrations. Continuous and dashed lines con-
necting ultrasonic and hypersonic data, respectively, are drawn
for visual purposes.
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ous > X and cj display no regular behavior with T.

As shown in Fig. 3, these findings are related to the
different sound velocity dispersions at various tempera-
tures and concentrations. It is worth noting that for all
the temperatures investigated and within the experimen-
tal accuracy, the sound velocity dispersion is negligible in
the low composition range up to ~X* [15]. Above this
range the velocity dispersion becomes very large and in-
creases as T decreases.

Figures 4—6 show the dependence of the ultrasonic (5
MHz) and hypersonic (~5.84 GHz) attenuation as a
function of X, T, and log,,f. From these figures we can
note the following characteristic trends.

(a) The attenuation isotherms exhibit peak values
(a/f*)*, which increase noticeably (10?—103 times larger
than in pure components) as temperature decreases (see
Fig. 4). This behavior is similar to that observed in solu-
tions with monohydric alcohols [16,17] and nonionic
C,E,, surfactants [18]. The increase of the attenuation
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FIG. 3. Sound velocity dispersion for some concentrations
and temperatures. Hypersonic values at X=0.05 are interpola-
tions between X=0.048 and 0.052. Continuous lines are calcu-
lated from Eq. (7) in the text by using the parameters obtained
in the best fitting of attenuation data to Eq. (2). The reported ¢,
(zero-frequency velocity) is the best-fitting free parameter in Eq.
.
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toward the peak values is very sharp. After an initial re-
gion where a/f? is weakly dependent on X, it suddenly
increases in a narrow concentration range around X .

(b) The composition (X*) corresponding to the a/f?
peaks is higher than X *.

(c) The hypersonic attenuation is much lower than the
ultrasonic one, thus indicating the occurrence of large re-
laxational effects. These effects are much larger at the
higher concentrations.

(d) At X=0.015 the temperature dependence of the ul-
trasonic attenuation (Fig. 5) is reversed with respect to
other concentrations, thus indicating different physical
conditions.

(e) At X=0.05 (very close to the critical concentration
X,=0.052) and for T—T,, a/f? displays a rather
smooth increase (see Fig. 5 and Ref. [9]), while the sound
velocity exhibits abnormal changes (see Fig. 2 and Ref.
[7D. These findings contrast with the behavior usually
found in normal binary critical mixtures.
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FIG. 4. a/f? (in log,, scale) as a function of concentration
for some temperatures at 5 MHz (ultrasonic) and ~5.8 GHz
(hypersonic). Lines are drawn for visual purposes.
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IV. ANALYSIS OF DATA

In order to elucidate the dynamical properties of a sys-
tem by ultrasonic methods, it is important to obtain accu-
rate relaxation spectra in a wide frequency range. Our
ultrasonic absorption measurements were performed at
several (9—13) frequencies in the range 5-250 MHz. By
considering the hs data at ~5.84 GHz, we cover about
three decades of frequency so that the set of experimental
points is satisfactory for probing different relaxation
equations.

In view of the possible mechanisms responsible for ul-
trasonic losses in BE aqueous solutions (see Sec. V), we
checked our absorption data against the following relaxa-
tional behaviors.

(a) Single-relaxation-time equation: In this case the ul-
trasonic attenuation assumes the form

a__ 4
f? 1+e%?
where 0 =27f, 7=(27fz )" ! is the relaxation time and
fr the corresponding frequency, 4 is the amplitude, and
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FIG. 5. Ultrasonic attenuation (a/f?) at 5 MHz as a func-
tion of temperature for some concentrations. Inset: the same
plot (different scale) in pure components and for hypersonic
data as in the investigated solutions.
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B is a contribution at frequencies well above the investi-
gated range. The corresponding excess sound absorption
per wavelength is

(@A )y = %—B ch=$ch (1)
with a maximum value (strength) given by
p=(aM = Afrc/2 . 1"
(b) Two-relaxation-time equation:
7"‘;= 1+Aw‘27% 1+Aw227% +B . )

The strengths corresponding to the two processes are
given by

[Jq:AlfR]C/z, ,LL2=A2fR2C/2. 2"

Equations (1) and (2), or, in general, discrete distributions
of relaxation times, are predicted by the so-called quasi-
chemical models where sound attenuation is related to as-
sociation reactions (see Sec. V).

(c) Romanov-Solovyev (RS) equation (Ref. [19])
(concentration-fluctuation model):
%=ARS(X, T)Fgs(0*)+B . (3)

In this equation the ultrasonic attenuation is related to
the perturbation of concentration fluctuations produced
by the passage of sound waves. Agrg(X,T) is an ampli-
tude and Frg(w*) is a known [17] scaling function com-
ing from the assumption of a continuum (Debye) distribu-
tion of diffusive relaxation times 7, =(2Dgq?)" ! associated
with the decay of each ¢ component of the spatial fluctua-
tions spectrum. In these relations D is the diffusion
coefficient and o*=w/w,, where w, =2DqZ, is a
characteristic maximum frequency of fluctuations (see
Sec. V).

(d) Ferrell-Bhattacharjee (FB) equation (Refs. [20,9])
(critical attenuation):

7a2~=AFB(X,T)FFB(a)*)+B . 4)

This equation properly describes the ultrasonic attenua-
tion in binary critical mixtures as due to the coupling of
sound waves to critical concentration fluctuations.
App(X,T) is an amplitude, Fpg(o*)=0* /(1+0**%)?isa
scaling function, and 0* =w/wp, where wp, =2DE %is a
characteristic relaxation rate associated with energy fluc-
tuations and £ the correlation length of the system. We
check Eq. (4), which is valid for critical mixtures, since
the low-T ultrasonic behavior in alcohol solutions resem-
bles that observed near a demixing point of a binary criti-
cal mixture and, in addition, our high-7 absorption mea-
surements extend to about 4°C from T,.
(e) Cole-Davidson (CD) distribution (Ref. [21]):

a
Z_ACD

B .
. cos”Osin(30) +B, (5)
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FIG. 6. Log-log plot of the sound attenuation (a/f?) as a function of frequency for some concentrations and temperatures. Lines
are best-fitting curves to the two-relaxation times Eq. (2) with parameters reported in Table I.

where @=arctanwr, and 8 and 7 are parameters charac-
terizing the width and the maximum relaxation time in
the asymmetrical Cole-Davidson distribution. The use of
Eq. (5) is suggested from the possibility that a structural
relaxation (i.e., frequency-dependent compressional and
shear elastic moduli) takes place in our system as a conse-
quence of aggregation phenomena. Similar effects have
been found, for example, in micelle-forming binary sys-
tems [22]. For =1 Eq. (5) reduces to Eq. (1).

(f) Approximate Cole-Cole distribution (stretched
form) (Ref. [22]):
< 4 +B . 6)

2 1+ (e

Arguments similar to those in item (e) suggest the use of
this equation. For a=0, Eq. (6) reduces to Eq. (1).

We first fitted our ultrasonic and hypersonic absorp-
tion data to Egs. (1)—(6). For this purpose we used a
computer least-squares procedure which gives for each
spectrum the set of parameters ( 4;,7;,B,...) of each equa-
tion, which minimizes the root-mean-square (rms) devia-
tion. The reliability of each equation to fit a spectrum
was established by comparing the corresponding rms
minima and taking into account the number of free pa-
rameters in each equation. By using this criterion we
found that all the attenuation spectra are, in general,
better accounted for by discrete relaxation equations [Eq.

(1) or (2)] rather than by the continuous ones [Egs.
(3)-(6)]. For the sake of comparison and in view of the
discussion in Sec. V, we show in Table I the fitting pa-
rameters and the rms minima corresponding to Eq. (2)
and to the RS equation (3). Some fittings of the experi-
mental points to Eq. (2) are shown in Fig. 6. In particu-
lar, the results from the fitting can be summarized as fol-
lows.

(i) X=0.015: At high temperatures (7T =25°C) these
samples display a two-relaxation-time behavior (fast and
slow processes), but for 7'<25°C the attenuation data
can be described either by a single (fast) process, Eq. (1),
or by the RS equation (3).

(ii) X >0.03: The ultrasonic spectra in these samples
over the whole temperature range conform to Eq. (2).
[Note: For X >0.03 the hypersonic data lie systematical-
ly down the fitting curves (see Fig. 6). This finding indi-
cates the presence of additional relaxation processes
above ~300 MHz. However, the strengths of such pro-
cesses are so small (take into account the logarithmic
scale in Fig. 6) that we can neglect them for further dis-
cussions.] Even if for some temperature it happens that
the quality of the fit (rms minimum) to one of the remain-
ing equations [(1), (3)-(6)] is comparable to that of Eq.
(2), this finding looks casual and not systematic, as Eq. (2)
does. Table 1 of Ref. [9] shows that the ultrasonic spec-
tra in samples X=0.03 and 0.09 exhibit a best fitting to
Eq. (2) and sometimes to Egs. (3) and (4). However, these
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TABLE 1. Best-fitting parameters to the single and double relaxation equation (2) and to the RS equation (3). [f (MHz); 4,B

(1077 cm™'s2).]

B rms
T (°C) fi S Su A, A, Ags Eq. 2 Eq. (3) Eq. 2 Eq. 3)
x=0.015
45 8 41 24 1314 253 2309 18 30 4.5 17.3
25.2 6 50 17 833 91 1335 28 38 2.5 11.5
15.1 52 112 45 73 36 35 2.1 1.8
5 216 658 27 38 41 40 2.9 2.3
0.15 370 2205 33 40 45 44 4 35
x=0.03
50.3 16 73 46 1335 290 2372 36 66 16.7 20.3
47 7 54 22 3240 574 5344 33 121 13.5 77
25 9 49 28 3716 837 6601 41 102 10.4 59.1
x=0.05
452 5 50 14 5758 558 8860 52 139 10.2 77.1
35.1 4 48 17 5869 829 6946 64 208 7.7 106
25 6 45 29 3492 1072 5429 84 174 29.5 97.6
14.9 5 42 27 5693 1589 7929 87 210 20.6 132.8
3.9 8 38 26 7732 2053 14 106 108 220 25.6 128.9
-5 7 39 16 17607 1735 32115 139 301 40.2 142.7
x=0.09
45 3 63 19 5784 474 4188 78 154 25 76.2
25 6 65 50 1753 685 2401 102 160 21.6 67.3
5 9 61 63 2308 1388 4295 126 183 30.5 76.2
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FIG. 7. Temperature dependence of the strengths (1) and relaxation frequencies (f) at (a) X=0.015 and (b) X =0.03. Continuous
lines connecting solid symbols refer to the fast (4) process, dashed lines and open figures to the slow (/) one. Lines are drawn for

visual purposes. Note the different scale in the two figures.
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data, when reanalyzed taking into account the additional
hypersonic data, show undoubtable best agreement to Eq.
(2). Strengths and relaxation frequencies of the fast and
slow processes as a function of T are shown in Figs. 7(a)
(X=0.015) and 7(b) (X =0.03).

In order to have a further check on the assignment of
our relaxation spectra to a single- or double-time equa-
tion and on the related parameters u; and f;, we per-
formed a self-consistency test by using the sound velocity
data as a function of frequency. The sound velocity
dispersion corresponding to Eq. (2) is given by

o o
Mve? M irein

where ¢, is the sound velocity in the limit ®—0 and it is
assumed that [c¢*(w)—c3]/c3 <<1. A similar equation
holds for single relaxation. By using the parameters yu;
and 7,=(27f;)” ", previously obtained in the absorption
fits, and taking c( as a free parameter, we calculated the
sound velocity curves Eq. (7). The good agreement with
experimental points is shown in Fig. 3.

2

T

cHw)=c3 |1+ , (7)

V. DISCUSSION

There is little doubt that the peculiar concentration
and temperature behavior of ultrasonic propagation in
aqueous solutions with alcohols is attributable to relaxa-
tion processes connected with molecular associations
[16]. There are at present two kinds of models describing
the ultrasonic relaxation due to the nonrandom distribu-
tion of concentration in binary mixtures. In the so-called
quasichemical models [23,24], the formation of stable in-
termolecular groups (complexes), whose equilibria are
perturbed by sound waves, is assumed. Strength and re-
laxation frequency corresponding to this mechanism are
related to a relaxational compressibility [which depends
on the volume (AV) and enthalpy (AH) changes of the
reaction] and to the reaction rates, respectively.

The quasichemical approaches have been severely criti-
cized [25,26,16] on the grounds of physical reasons since
they assume the existence of stable complexes of definite
size rather than a more realistic distribution of sizes or
multistep reactions. In addition, even if the thermo-
dynamic and kinetics parameters involved in the reac-
tions can be determined from the experimental ultrasonic
data, it is not clear whether they have a real physical
meaning since they cannot be evaluated independently.

The concentration fluctuation approach [19] to sound
propagation in nonuniform binary mixtures eliminates
some of the previous problems. The shift of the equilibri-
um of concentration fluctuations due to the temperature
and pressure changes associated to sound waves leads to
relaxational volume (AV) and enthalpy (AH) contribu-
tions. Since each g component of the Fourier expansion
of concentration fluctuations decays with a relaxation
time 7, =(2Dg?)”", one obtains a distribution of relaxa-
tion times extending from infinity to a minimum
Tmin=(2Dq2 .. ) 1=(I%,,/2D), where q,,,, is a g cutoff
associated with a minimal fluctuation size [_;, (Debye
cutoff). The analytical form of the sound attenuation
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from this approach is given by the Romanov-Solovyev
equation (3), where the amplitude Agg(X,T) is related to
D, I, and to a complex thermodynamic parameter
which depends on the second derivative of ¥V, H, and
free-energy G of the mixture. Although the amplitude
can in principle be evaluated independently, the lack
and/or the accuracy of thermodynamic data make the
comparison with the experimentally obtained Agg(X,T)
very difficult. For this reason, the comparison of the ex-
perimental data to the fluctuation model is usually re-
stricted to the analysis of the frequency dependence.

As shown in Sec. IV, our ultrasonic spectra in more
concentrated solutions (X =0.03) are well accounted for
by a two-relaxation-time equation. Such a result allows
us to exclude the possibility that concentration fluctua-
tion models can explain the ultrasonic spectra in such
systems, because they predict a continuum distribution of
relaxation times. Furthermore, we can give an additional
argument against the RS model. As previously discussed,
this model predicts a maximum relaxation frequency
fy=D/wl%,, where [, is an unknown parameter
which would be of the order of intermolecular spacings
[19] (25 A). We compared the parameter f,, obtained
by the best fitting to Eq. (3) at X=0.05 and different tem-
peratures (see Table I) with independent evaluations of D
and /_;,. For this purpose we used the experimental D
recently obtained by quasielastic light-scattering (QELS)
experiments [12] (D =3.5X1077, 6.4X1077, 4.8X107°,
and 1.5X107° cm?s ™! at T=45, 25, 15, and 5 °C, respec-
tively) and taken to be [, =¢, where £ is the correlation
length (§=60, 15, 12, and 8 A) of the centers of scatter-
ing in SANS experiments [13]. With these values we get
D/7rlrznin=0.32, 9, 0.09, and 0.08 MHz. By comparing
these values with the fitted f,, in Table I, we can see that,
apart from the value at 25°C, the order of magnitude of
D /712, is much lower than f,,. Even taking for [, a
reasonable value of 5 A, we find again D /72, <<f,.
Thus we can conclude that the relaxation frequencies ob-
served in our samples in the investigated frequency range
(f =5 MHz) are not related to concentration fluctuations
whose contribution, if any, lies below the experimental
frequency range. An opposite conclusion was found in
solutions with short-chain alcohols such as ethanol [17]
and 1-propanol [27].

As previously noticed, the interpretation of the ul-
trasonic spectra on the grounds of chemical association
reactions poses some physical problems. However, the
nonequivocal discrete distribution behavior indicates that
specific relaxation processes are responsible for the ob-
served ultrasonic dynamics. We will show in the follow-
ing that the concentration and temperature dependence
of the ultrasonic behavior, as well as the indications from
other sources, allow us to assign the underlying relaxa-
tional processes to peculiar association reactions.

An inspection of the concentration dependence of the
sound velocity and absorption (Figs. 1 and 4) shows that
our system is characterized by three concentration
ranges. The first, which extends from X=0 to about
X =X}, is characterized by the sudden increase of the
sound velocity in contrast with the almost insensitivity of



44 MOLECULAR AGGREGATIONS IN WATER-2-BUTOXYETHANOL . ..

the sound attenuation and absence of significant disper-
sion effects. Then, in a narrow concentration range
around X, the ultrasonic velocity inverts its increasing
trend, while the ultrasonic absorption exhibits an abrupt
increase accompanied by noticeable relaxation effects up
to X%. The range X <X <X} then corresponds to a
second characteristic concentration region, while for
X >X? (the third region) the anomalous ultrasonic be-
havior starts to disappear.

The abrupt changes around X clearly reflect some
structural modification in the system. This finding is
confirmed by the behavior of several other properties
which have been reviewed by Kilpatrick et al. [28]. Ac-
cording to these authors, many experiments in BE plus
water solutions indicate that there exists a narrow con-
centration range (0.016=<X <0.021 at 25°C) beyond
which BE molecules self-aggregate, giving rise to “micro-
phases” of micellelike BE-rich and water-rich domains.
A similar conclusion was reached by Ito et al. [10,11] by
interpreting Rayleigh scattering spectra and by Kato [29]
by evaluating the Kirkwood-Buff parameters of the mix-
tures. More direct evidence for BE aggregations is given
by recent SANS [13] and light-scattering experiments
[12]. According to the above indications, we consider the
narrow concentration range around X as reminiscent of
the critical micelle concentration (CMC) of a binary sur-
factant system. By plotting the temperature dependence
of X from Fig. 1, we obtained the CMC-like curve of BE
aqueous solutions shown in Fig. 8.

The existence of a CMC-like curve implies that in solu-
tions where X < Xcpmc the alcohol molecules are not ag-
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FIG. 8. Coexistence curve (low-T portion) of BE-water solu-
tions and the related CMC-like curve (dashed line) as obtained
from the ultrasonic velocity maxima in Fig. 1.
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gregated but monomolecularly dispersed in the water
while for X > X ¢ (Where X ¢ represents the value of
the critical micelle concentration), alcohol aggregates are
formed. With reference to Fig. 8, we can see that our
samples of X=0.015 at T <25°C are located below the
CMC-like curve, while the remaining solutions are al-
ways above this curve. As shown in Sec. IV these two
groups of solutions are characterized by different behav-
iors. In fact, the ultrasonic spectra in the first group are
accounted either by a single time Eq. (1) or by the RS
equation (3), while a double (fast and slow processes) re-
laxation is observed in the second one. However, the
values of the relaxation frequencies from Eq. (1) in the
first group of solutions (see Table I) suggest a physical
continuity with the fast process found in the remaining
samples so that we will associate the spectra at X=0.015
and T <25°C to a single (fast) relaxation. This assump-
tion, even if unnecessary, allows us to rationalize the
overall experimental ultrasonic behavior by assigning the
fast-relaxation process to equilibria of type

A+W, = AW, —(AW,,), 8

and the slow one to the alcohol self-association reaction
rAa=4A4,, 9)

where W and A are water and alcohol monomers, respec-
tively, and W,,, 4,, AW, , and (AW,,), molecular com-
plexes. Similar assignments have been made in previous
ultrasonic studies in water solutions with alcohols of
large hydrophobic groups (l-propanol [30], ¢-butanol
[24,31], 2-n-butoxyethanol [6,8], 2-iso-butoxyethanol
[32]). However, these studies were limited to T =25°C
and do not allow for testing the role of temperature on
the alcohol aggregation phenomena.

The absence of aggregates for X <X ¢ does not mean
that single alcohol molecules do not affect the structural
properties of water. On the contrary, as shown by the
sudden increase of the sound velocity as well as by the be-
havior of other physical properties [33], BE molecules
modify the tethraedrical network of water. Such
modifications are usually explained on the grounds of
structural models [14]. The most frequently used model
is the clathrate-hydrate model where each alcohol mole-
cule is supposed enclathrated in a water cage. At higher
concentrations, where the amount of water is insufficient
to accommodate all the alcohol molecules in a single wa-
ter cage, two or more alcohol molecules can enter a
merged clathrate. According to Tamura, Maekawa, and
Yasunaga [24], and depending on the concentration, we
then associate the fast-relaxation process to association
reactions of type Eq. (8) where (AW,,) and (AW,,), are
clathrate hydrates and merged clathrates, respectively.

Let us consider the temperature dependence of the
strengths (u;) and relaxation frequencies (f;) of the two
processes at X=0.015 [see Fig. 7 (a)]. These parameters
display a different behavior below and above 25°C. For
T <25°C the slow process is absent and the frequency f,
of the fast one takes very high values at low 7. By con-
trast, for T'=25°C both f; and f), take approximately the
values found in more concentrated solutions [Fig. 7(b)].
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According to our assignments, these findings indicate
that, for T <25°C, the alcohol aggregation is negligible,
whereas for T'= 25 °C it gives a (small) contribution to the
sound absorption. Since, in first approximation, the re-
laxation frequencies involved in chemical equilibria de-
pend on the concentration of the species, whereas the
corresponding strengths depend on the volume change
(approximately the size of the aggregates), we can under-
stand the large increase of f, at low T as due to the in-
creased concentration of clathrate structures when the al-
cohol molecules are not aggregated. By contrast, the
concentration of clathrates decreases at high T where al-
cohol aggregation takes place.

In the more concentrated solutions (X = 0.3) both pro-
cesses are present and their characteristic frequencies
(f;=6-9 MHz, f,~40-60 MHz) slightly depend on X
and T being of the same order of magnitude as those at
X=0.015 and high T [see Fig. 7(b)]. These findings again
support the coexistence of alcohol and clathrate aggre-
gates. However, the strengths of both processes are
much higher than at X=0.015. According to our inter-
pretation it means that the aggregates are much larger
taking a maximum value at X=0.05.

The low-T behavior of two processes in the samples
X =0.03 deserves some discussion. Comparing Fig. 4 and
Fig. 7(b) we can see that the noticeable increase of the at-
tenuation peak at X =~0.05 as T decreases is related to
the large increase of both y; and u,. We must observe,
however, that the presence of peak values in the plot
a/f?* vs X and their anomalous increase at low tempera-
tures is not peculiar to solutions with associating alcohols
(such as 1-propanol. t-butanol, and butoxyethanols). As
known, these characteristic features are also observed in
solutions with short monohydric alcohols [9,17] or al-
cohols containing small hydrophobic groups (e.g., 2-
propanol [34], allyl-alcohol [31], 2-propoxyethanol [35])
where ultrasonic spectra exhibit a single-relaxation be-
havior or conform to concentration fluctuation models.
On the other hand, SANS studies [13] in these systems
confirm the absence of alcohol aggregates, so that their
ultrasonic peak values must be related to the fast process.
From Fig. 7(b) we can see that u; and pu, are of the same
order of magnitude and both noticeably increase as T de-
creases. This observation can explain why the a/f? peak
values in solutions with nonassociating alcohols take
values lower than those in the associating ones (see Fig. 6
in Ref. [9]).

According to our picture, the very large increase of u,
and pu; in low-T solutions should be associated to the
growth of large clathrate (or merged clathrates) struc-
tures and alcohol aggregates, respectively. Apparently
this conclusion disagrees with SANS experiments [13],
which show the presence of large BE aggregates whose
size monotonically decreases as T decreases. However,
recent QELS experiments [12] show noticeable increases
of both scattered intensity and mean hydrodynamic radii
(up to ~2000 A) for 0.03 <X <0.07 as the temperature
decreases below ~25°C. This apparent contradiction
with SANS results was ascribed to the different scale
lengths probed by neutron- and light-scattering experi-
ments and interpreted as due to an interaction process
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among micellelike alcohol aggregates that gives rise to
the formation of large clusters of correlated micelles.
The presence of these structures can explain the large in-
crease of the low-frequency ultrasonic strength p; at low
T. The microscopic picture of BE solutions at low T em-
erging from the above analysis is then that of systems
containing large water-rich and alcohol-rich domains as
if it were a microscopic unmixing. Similar conclusions
have been found previously by means of different experi-
ments in BE [11,29] and #-butano [36] solutions.

One last point deserves discussion. Since BE can be
considered as a short homolog (C,E,;) of larger nonionic
surfactants C,E,,, we can compare the ultrasonic behav-
ior in our system with that in C,E,, micellar aqueous
solutions. Borthakur and Zana [18], by investigating
solutions with C¢E;, C¢E;, and CgE¢, found a behavior
quite similar to that in our BE solutions. In particular,
they observed the characteristic a/f? vs X peaks (which
increase as temperature decreases) as well as a slow- (2—-6
MHZz) and a fast-relaxation processes. They ascribed the
two processes to a surfactant exchange reaction in the
micelles [as in Eq. (9)] and to an equilibrium between
“surfactant bond” water molecules and free-water mole-
cules, respectively. This analogy supports that alcohol
aggregates in BE solutions are micellelike, as suggested in
Refs. [1,28,12].

The similarity of the ultrasonic propagation in nonion-
ic surfactants and in BE solutions becomes very striking
as the critical behavior is concerned. In contrast to the
molecular binary critical mixtures, in both systems the
critical divergence of the ultrasonic attenuation as a func-
tion of temperature looks, in fact, very smooth near the
critical point (see Fig. 5 and Ref. 18]) and the sound ve-
locity display in our system an abrupt increase (see Fig.
2). These findings call for further detailed experiments
near the critical point, but they seem to be related to the
micellization processes occurring in these systems. We
have shown previously that the presence of large-scale
aggregates limits the characteristic frequency of concen-
tration fluctuations (f, =D /7&?) to values below the
frequency range of ultrasonic experiments, so that in this
range one mainly detects the slow and fast processes asso-
ciated to clathrates and alcohol aggregates. The per-
sistence of such aggregates up to the critical temperature,
can maintain low f), even in the proximity of the critical
point. Under these conditions, the smooth increase of
a/f?for T— T,, shown in Fig. 5, can be due to a contri-
bution from the high-frequency tail of the critical concen-
tration fluctuations.

VI. CONCLUSION

To explain the concentration, temperature, and fre-
quency behavior of the ultrasonic velocity and absorption
measured in concentrated BE aqueous solutions we as-
sumed the coexistence of water-rich (clathrate hydrates)
and alcohol-rich (micellelike) domains. This assumption
is supported by the concentration dependence of the ul-
trasonic properties, by the unequivocal double-
relaxational behavior of the spectra, and by several re-
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sults from other experiments. An independent quantita-
tive analysis of the characteristic frequencies of concen-
tration fluctuations shows that contributions to sound ab-
sorption from this mechanism lie in a frequency range
below the one investigated.

From our assumptions and from the overall tempera-
ture and concentration behavior of the sound propaga-
tion, we found that at low temperatures the size of the
clathrate structures grows, while the small micellelike al-
cohol aggregates are likely to interact together giving rise
to very large clusters of correlated particles. The ap-
parent lack of critical divergence of the sound absorption
at high temperatures near the critical point is explained

as due to large noninteracting micellelike aggregates
which limit the characteristic frequency of concentration
fluctuations to values below the frequency range of ul-
trasonic experiments.
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