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Crossover behavior in micellar solutions with lower critical demixing point: Broadband ultrasonic
spectrometry of the isobutoxyethanol-water system
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The aggregation kinetics of isobutoxyethanol-water mixtures with lower critical demixing point has been
investigated. Two types of kinetics have been observed, a diffusion-controlled formation of micellar species
and the formation of a microheterogeneous liquid structure, governed by fluctuations in the local concentration.
Ultrasonic attenuation spectra of isobutoxyethanol-water mixtures have been measured between 100 kHz and
2 GHz at 25°C and at several concentrations, covering the complete composition range. With the mixture of
critical composition measurements have been performed at some temperatures near the critical temperature
(T,=299.51 K). In addition to the asymptotic high frequency background contribution, the broadband spectra
reveal a Bhattacharjee-Ferrell relaxation term due to critical concentration fluctuations, a restricted Hill term
reflecting the monomer exchange between micelles and the suspending phase, and two Debye-type relaxation
terms that are assigned to chemical relaxations. The relaxation rates of the Bhattacharjee-Ferrell term exceed
those from static and dynamic light scatteritmmplitudeI’y=5.3x 10° ™), likely due to the effect of a
second parallel pathway of relaxation in the ultrasonic field. The adiabatic coupling constant following from
the amplitude in the ultrasonic spectrum agrees with that from a thermodynamic relgtioh.3). The
restricted Hill term displays the features of an extended Teubner-Kahlweit-Aniansson-Wall model of the
micelle formation and decay kinetics in surfactant solutions with high critical micelle concentraZion (
=0.6 mol/f). The idea of a fluctuation controlled monomer exchange in aqueous solutions Géthylgne
glycol) monoalkyl ether-water mixtures near the critical point is briefly discussed.
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I. INTRODUCTION unimportant for the overall critical behavior but determine
the individual properties of the system.

The structure and microdynamics of liquid mixtures are The opinion is commonly held that a binary liquid mini-
controlled by a delicate interplay of solvophilic and solvo- mizes its free energy by undergoing only one critical phe-
phobic interactions. A prominent example in biophysics isnomenon, formation of micellar structures or demixing.
the formation of bilayer membranes from lipid molecules inHowever, recent ultrasonic studies of mixtures of water with
water[1]. In order to effectively reduce contact of hydropho- various polyethylene glycol monoalkyl ethers ((E;) indi-
bic parts of membrane molecules with water, the chains otated micelles and fluctuations in the concentration to exist
the lipids form a nonpolar phase, separated from the solverstimultaneously{8]. These indications have prompted us to
by polar head groups. Depending on their shape other anperform a broadband ultrasonic spectrometry study of mix-
phiphilic molecules, when dissolved in water, can achieveures of water with 2-isobutoxyethandtC,E;). So far, con-
segregation of their hydrophobic parts also by formingflicting aspects of this binary system have been reported.
spherically, ellipsoidally, or cylindrically shaped micelles. Light scattering[9] and heat capacity dafd 0] clearly ex-
The nonpolar parts of the amphiphiles are then squeezed tmbited critical behavior. Ultrasonic spectra for the
the core of the multimolecular structure. The free energy of a-C,E;—H,O system, however, have been alternatively dis-
binary liquid may be also minimized by separation into twocussed. Fanning and Kruus assigned their excess attenuation
phases, differing from one another by the concentration ofiata to structure relaxation processes but mentioned, in ad-
the constituents. Much attention has been directed towardition, indications of some low frequency contributions from
critically demixing binary liquidd2-7], because concentra- critical phenomend11]. Later, Nikishawa and co-workers
tion fluctuations over a vast range of sizes exist near theiscussed their spectra in terms of two well-defined chemical
critical demixing point. These fluctuations mask specificequilibria, one reflecting the formation of solute-solute and
properties and thus lead to universal characteristics of syshe other one solute-solvent complex&g,13. Recently, the
tems which show otherwise strikingly different behavior. De-concentration dependence in the maximum amplitude of the
spite of the wide interest in critically demixing liquids, at ultrasonic attenuation of mixtures of water with longgEC
present it is not generally clear which features of the molecuhas been extrapolated to predict a critical micelle concentra-
lar interactions are important in propagating the interparticlgion of the order of 0.6 mo# for the i-C,E;—H,0O system
correlations throughout a macroscopic system and which ar@ig. 1). Even though micelle formation of short amphiphilic

molecules may not result in well-defined proper aggregates
with narrow size distribution, as is the case with long-chain
*Electronic address: uka@physik3.gwdg.de amphiphiles in water, the simultaneous presence of two criti-
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107! — . . — T TABLE I. Mole fraction X, mass fractiorY, and concentration
ok /“é’%&ﬁ of surfactant as well as density shear viscosityys at 25°C, and
102F }é:'Ecssa o phase separation temperatdrig of the i-C,E,—water mixtures.
5 CyEs, ~*CE,"
£ 03 4 _ —
3 107 /C@ ] X Y c(mol¢™) p (gem 3 ng (mPas) T, (K)
104 P +0.2% *0.1% =*=0.2% +0.1% +0.2%
B CyoEy 1
5| *CE, . . . 0.011 0.070 0.587 0.9947 1.119
10 10 107 107 107! 1 0.015 0.090 0.759 0.9937 1.194 316.85
C (mol /Y 0.020 0.120 1.009 0.9918 1.320 309.95
) ) ) 0.026 0.150 1.256 0.9894 1.500 303.71
FIG. 1. Maximum values ¢\)may in the ultrasonic excess at- 4 q41 220 1.828 0.9822 1.961 209 91
tenuation spectrad\)ex.= o\ —Bv of mixtures of polyethylene 0.061 0'300 2'472 0.9738 2'550 299'47
glycol) monoalkyl ethers[ CHz(CH,);_;(OCH,CH,);0H,GE;] 0'070 0'330 2'711 0'9710 2.748 299'51
with water displayed as a function of the critical micelle concentra- ~ ) ) ’ ) )
tion C [8]. Full symbols indicate systems with well defin€d 0.099  0.420 3.418 0.9620 3.164 300.55
0.168 0.570 4,561 0.9456 3.646 307.28
o . . 0.262 0.700 5.513 0.9307 3.920 343.15
cal phenomena opens fascinating aspects. Particularly intery 379 ggg 6.219 0.9185 3.891
esting is the question whether or not constraints in the extent 559 1 gog 7531 0.8900

of concentration fluctuations exist and whether the diameter_
of the micelles, as a second characteristic length, possess
special effects in the power law behavior and kinetics of the B. Acoustical attenuation spectrometry
critical system.

Between 100 kHz and 2 GHz the acoustical attenuation
coefficienta of the liquids has been measured as a function
of frequencyv using two methods. At low frequencies (

Il. MATERIALS <15 MHz), wherea is small, a resonator technique has
been applied in which the path length of interaction of the
sonic wave and the sample is virtually increased by multiple
2-Isobutoxyethanol i¢C4E;, purity =97%) was pur- reflections. The liquid was contained in a circular cavity, the
chased from WakdJapan. The original material has been end faces of which were formed by planar transducer discs
purified using two different methods. First, the three-phasenade of piezoelectric quartz. The attenuation coefficient was
extraction techniquél4,15 has been applied. For this pur- actually measured from the change in the quality factor of
pose, 150 ml of a saturated mixture wfpropanol(Fluka, resonance peaks when the sample was exchanged for a care-
Germany,=99.5%) and quartz bidistilled water were addedfully chosen reference liquifl17]. In order to properly ac-
to 100 gi-C,E; and 120 min-octane(Fluka, =99.5%) to  count for effects from spurious higher order modes, the com-
follow the procedure described in the literatiiet,15. The  plete transfer function of the cell has been measured and
phase separation curve was measured405E; —H,0 mix-  carefully analyzed in a frequency range around a principle
tures with compositions near the critical composition. Arésonance frequency. Two cavity resonators have been used.
lower critical temperatur@,=299.67 K was found which is One resonator cell, with fundamental frequency of transducer

somewhat superior to the literature vallig=299.61 K[16].  thickness vibrationsvr=1 MHz, with cell radius R,
As the yield from the three-phase extraction procedure i35 mm, and cell lengtt, =14 Tm' was suLtabIe ab
20% only, we additionally purified the initiatC,E; material =3 MHz [18]. The (_)ther one #r=>5 MHz, R=14 mm,

by fractional distillation at 318 K and reduced press(28 =6 .mm) was designed for measurements at higher fre-
mbap in a concentric tube column of 64 real plates. Theduencies (1.5 MH= »=<15 MHz [19)).

. : o In the range from 3 MHz to 2 GHzx has been also
critical temperature reached with such distille€,E; was determined by spot frequency measurements. A pulse modu-
T.=299.51 K at a mass fractiori=0.330 of surfactant. The Y Sp ; y AP

; : lated wave was propagated through a variable path length
slightly lower T, is assumed to be due to small traces Of g 4 the attenuation coefficient of the liquid was obtained
water that may still be present after the fractional distillations,yy the variation of the wave amplitude with cell length.
of the isobutoxyethanol. Three specimen cells, each matched to a frequency range,

Mixtures of differenti-C,E, concentration were prepared paye been employed. These cells mainly differ by their pi-
by weighing appropriate amounts of the constituents intaszoelectric transmitter and receiver unit. Between 3 and 60
suitable flasks. A survey of the mixtures is presented in Tabl§iHz, we used disc-shaped quartz transducers; (

I, where besides the concentration data the depsénd the =1 MHz, R;=20 mm[20]). In measurements from 30 to
shear viscosityys at 25°C as well as the phase separation500 MHz a cell provided with LiNb@ transducer discs
temperaturel, are also given. The density has been mea{»;=10 MHz, Rr=6 mm [21]) was available. Both cells
sured pycnometrically, the shear viscosity has been detewere operated at the odd overtonesn{2l)vy, n
mined with a falling ball viscosimeteftype B/BH, Haake, =1,2,..., oftheir transducer fundamental frequency.
Karlsruhe, Germany Above 200 MHz broadband end face excitation of LiINDO

A. 2-Isobutoxyethanol solutions

011501-2



CROSSOVER BEHAVIOR IN MICELLAR SOLUTION . .. PHYSICAL REVIEW E 68, 011501 (2003

rods Ry=1.5 mm, ¢+=10 mm [22,23)) according to the 0.05 —
method by Bonmel and Dransfelfi24] was applied. In mea- 0025 - ° |
surements below 20 MHz diffraction losses due to the finite )

transducer diameters had to be taken into account. We used
the semiempirical relation
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to convert the measured receiver voltage valugge,sinto

the valuesU, to be used in the evaluation routines. In Eq.  FIG. 2. Deviations§(@\) = @A —R(v) of the experimental data
(1), B is the wave number of the wave propagating in the from the model relaxation spectral function for the mixture of criti-
direction, andA, denotes the(circulan transducer surface cal composition at 26 °C plotted vs frequeneyDifferent symbols
area andy(z) has been found by calibration measurementdndicate different specimen cells, open symbols, first run; closed
with liquids of well-known attenuation coefficient. Possibly SYmPols, second run.

existing small instabilities of the apparatus and nonlinearities )
in the electronic devices have been taken into account b{'® frequency ranges of different apparatus and cells, unno-

routinely performed calibration procedures in which the celltic8d Systematic errors exceeding these values appear to be

was replaced by a high precision below cutoff piston attenuUniikely.

ator [25] with matched relative attenuation increment
[20,21. E. Least-squares regression analysis of spectra

It is common practice to discuss ultrasonic attenuation
spectra in either formate/v? versusv or a\ versusv,
where\ =27/ B=c¢/v denotes the wavelength. The former

In the lower part of the measuring frequency range, thdormat accentuates the low frequency part of the spectrum
sound velocityc, of the samples has been derived from suc-and is thus suited to emphasize critical contributions. The
cessive resonance frequencigs, i=1,2, ..., of thecavity  latter format stresses high frequency contributions. It is fre-
cells, also considering the nonequidistant distribution of thejuently more suitable for the comparison with theoretical
vy [17,18. At higher frequencies, thes data were obtained models. In order to fit model relaxation spectral functions
from the waviness in the signal transmitted through the celR(v,Pj) to measuredvA spectra, we used a Marquardt al-
as resulting from multiple reflections at small transducergorithm[26] to minimize the variance
spacing.

C. Sound velocity measurements

1 X ((aN),—R(v,,P))\2
2_ n n ]
X "N=J—1 nZl A(an), ' @

D. Experimental accuracy

Multiple data recording followed by averaging and digital
filtering procedures and a suitable regression analysis lead
negligibly small statistical errors in the andcg values. The
frequency of measurements was also known and kept co
stant with an error that was negligibly small. The tempera
ture of the samples was controlled to withir0.02 K. Tem-

{gere, Py, j=1,...J, are the parameters & and v,,, n

=1, ... N, are the frequencies of measurements\ X, and
I’é(a)\)” denote the attenuation-per-wavelength data and
their experimental error, respectively, af. The use of
weighing factors, which are inversely proportional to the ab-

perature gradients and deviations in the temperature olute errors, in Eq(2) leads to the same parameter values

different cells did not exceed 0.05 K, corresponding with an]c ()Jrr:air;e/vszpewa are treated in the frequency normalized
error of less than 0.1% in the attenuation coefficient of the :
samples. Care has been taken to avoid variations in the mix-

ture composition during measurements. In order to estimate . RESULTS
effects from concentration changes some mixtures have been
measured twice. In the second run, the sequence of measures
ments with the different cells have been passed through iﬂwi
reverse order, using_freshly prepared samples:. As i"usnategisplayed in that diagram is the graph of a Debye-type relax-
by the example in Fig. 2, no changes exceeding the exper Jtion function
mental errors in the attenuation coefficient have been found.

These errors depend on the particular cell used in a fre-

guency range and also on the attenuation coefficient of the - 2
sample liquid itself. Globally, the accuracy of measurements 2 1+ szZD
may be characterized asa/a=0.07, 0.1-3 MHz;Aa/ «

=0.025, 3-30 MHz;Aa/a=0.01, 30-500 MHz;Aa/a  to illustrate that the spectra of the isobutoxyethanol-water
=0.015, 500-2000 MHzAc./cs=0.005, 0.1-500 MHz; mixture are significantly broader than a relaxation term with
Acg/cg=0.015, 500—2000 MHz. Because of the overlaps indiscrete relaxation timep . In Eq. (3), Aj denotes the re-

At two temperatures near the critical one, the frequency
rmalized ultrasonic attenuation spectra ofittE; —H,O
xture of critical composition are shown in Fig. 3. Also

!
a Ap

B’ ()
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FIG. 3. Frequency normalized ultrasonic attenuation spectra of
the i-C,E;—water mixture of critical composition at two reduced
temperatures. The dashed curve is the graph of a Debye-type re-
laxation function[Eq. (3)].

v(MHz)

laxation amplitudeB’ is an asymptotic high frequency back-
ground contribution, and=2mv. At high frequencies, the FIG. 4. Ultrasonic attenuation-per-wavelength spectra for
effect of temperature in our experimental v> spectra is  j.c,E,—water mixtures of different mass fractiafat 25 °C.

small (Fig. 3. At »<2 MHz, however, frequency normal-

ized attenuation data increase noticeably when the tempergpe relaxation term(“ H” [30—37) may contribute to the
ture approache$,. Hence, at low frequencies, there seemsy|trasonic attenuation. Hence, function

to be a substantial contribution from critical concentration

fluctuations. The finding of the concentration fluctuations to 2 )

contribute in the lower part of our measuring frequency R(v)=z Rpi(v) +R{,(v) + Ryt (v) + By (6)
range only points at a small amplitud® in the relaxation =1

rate

was used to analytically describe the measur&dspectra at
25°C. In this function termBv represents the asymptotic
high frequency contribution to the sonic attenuation, as ac-

of order parameter fluctuations. Hettes |T—T,|/T, is the  cording to Refs[33,34

T(t)=Tot %" (4)

reduced temperature a@g and v are the dynamical critical 2
- i 2
exponent and the critical exponent of the fluctuation correla- B=B'Cs=— 7, )
tion length pcg
&)= got:”, (5)  related to the longitudinal viscosity
with &, independent of temperature. 4
In the upper part of the frequency range of measurements, Ne=3 st 7y (8)

further relaxation mechanisms obviously contribute to the
ultrasonic attenuation coefficient of the mixture of critical
composition(Fig. 3). This conclusion is substantiated by the
spectra for a series af-C,E;—H,O mixtures of different
composition as presented in Fig. 4. In order to accentuate

their high frequency characteristics, those data are depicted Rf'(,,)zzlsz—lAﬁ
in the alternative forma&rA versusv. Also at compositions [1+ (wTy)?H]3%n
substantially different from the critical one, the structure of

the spectra doubtlessly evidences the existence of variod¥ the Hill relaxation spectral functiof80,31. In this func-
relaxation mechanisms. A careful analysis of the spectra  tion, A}; is an amplitudez; denotes the principal relaxation
in terms of various relaxation spectral functions, includingtime, ands is a parameter which controls the width and the
such representing precritical behavi@7] as well as loss shape of the underlying relaxation time distribution function.
mechanisms associated with thermal and viscoinertial IosB{ﬁ(v) has proven suitable for the description of ultrasonic
mechanisms at particle-suspending medium interfacespectra of nonionic surfactant solutions with high critical mi-
[28,29, lead to the conclusion that besides the critical termcelle concentratiorC [8]. We emphasize that the spectra of
(“crit” ) and two Debye term$*D1,” “ D2") also a Hill  the isobutoxyethanol-water mixture cannot be satisfactorily

with shear viscosityys and volume viscosityy,, . Rﬁ denotes
the restricted versiof32],

W TH

(€)
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represented without the restricted Hill term, suggesting micentration fluctuations may relax parallel to diffusion. If this
celle formation and decay mechanisms. The Debye terms parallel pathway is a rate process with relaxation reté,

_ Apiw7p;

Rpi= ,
1+ a)27'2Di

(10

follow from Eq. (3) with Api=ApLcs/(277p;), i=1,2.

Kgr(X) is replaced by
K(x)= 71, 2&%/(2D)+x3(1+x?)P 17

in Eqg. (13). Here,D is the mutual diffusion coefficient con-
trolling the diffusive motions. The rate process leads to a

The critical term reflecting concentration fluctuations isshoulder in the critical contribution to the\ spectra27].

assumed to be given by the Bhattacharjee-Fe(f&@F” )
dynamic scaling theor}35,36|
Rerit(1)=¢sSv ™ °lg(€), 11

with a frequency independent amplitu§eand an exponent

5=ayl(Zyv). Here, ap=0.11 is the specific heat critical

exponen{37,3§

+

C =a—t*“o(1+D+tA)+E+t+B+. (12)
0

p

Since §=0.06, the frequency dependence in tRg(v)
term is predominantly given by the integfd@s] in Eq. (11)

= XA Kgr(x)

lgr(Q)=—
sr(()) wJo(l+x2)2 K3e(x)+ Q2 X

(13
with Q= w/I" denoting the reduced frequency, with+3,
and with

Kgr=X2(1+x?)P, (14

where p=0.5. It is only mentioned that besidgs=0.5

Again, however, a reduction in the number of relaxation
terms of theR(») function was not achieved by substituting
Kgr(x) for K(x).

In order to decrease the expenditure of numerical calcu-
lations, the integralz((2) in Eq. (11) has been replaced by
the simple form[49]

[(Q)=[1+(Q*Q)"™, (18

with n=0.5, m=-2, and Q¥=0.1714),,,, where Q,,
=2.1[36] is the scaled half-attenuation frequency. Taking
0#=0.821, n=0.654, andm=—1.87, the above relation
represents the scaling functidd9] in the more modern
Folk-Moser renormalization group theory of the mode cou-
pling model[50—-52. We also used the latter scaling function
which, however, likewise did not allow for a reduction of the
number of relaxation terms in the spectral functi&u. (6)].
We, thus, finally applied the complete spectral functRiw)
with the Bhattacharjee-Ferrell version

lgr(Q)=[1+0.4140Q,,/0)"?] 72 (19
of Eq. (18) to the measured spectra of th€,E;—H,0 mix-
tures of different composition at 25°C. The parameters of
R(v), as following from the nonlinear least-squares regres-

[35,39, p=1 has been also used to represent experimentalion analysis, are collected in Table 1. Because of the large

spectra 40].

number of adjustable parameters, necessary to represent the

In the above treatment of concentration fluctuations, theneasured spectra accordingly, the uncertainty in the param-

pair distribution function is assumed to follow as
g(k) =kI7*CE,(k), (15

from the Ornstein-Zernik€¢0Z) [41,42 correlation function
Coz(K)=(1+Kk?E») 71, (16)

wherek denotes a wave vector. ¢f=2 is used in Eq(15),

the pair distribution function as considered in the early Fix-
man theory of the coupling of critical concentration fluctua-
tions to acoustical field§43,44] and also in the Kawasaki

mode coupling theory of critical sound absorptiptb,46|

eter values is rather high. Despite of these uncertainties, sug-
gestive trends emerge in the data which will be discussed
below. The use of th&,;; term in the description of spectra
for mixtures of noncritical composition is certainly an em-
pirical approach. Evidently, however, even apart from the
critical point, the Bhattacharjee-Ferrell scaling function ap-
plies well to the measured spectra. For the noncritical sys-
tems, the parameters of this function will not be discussed.

IV. DISCUSSION
A. Relaxation of critical fluctuations

For the mixture of critical composition ultrasonic attenu-

results. Hence, parametgmay be used to relate the scaling 4ion spectra have been also recorded as a function of tem-
function of different theoretical models to one another. A'm'perature betweeff =295.15 K (T.=—4.36 K, correspond-

ing at a reduction of the number of relaxation terms in theIng with t=0.015) and T=299.45 K (T,=—0.06 K, t
analytical representatlo.n of the measured spectra, we empiriz 0.0002). According to Eq(11), the Bhattacharjee-Ferrell
cally treatedq as an adjustable parameter. However, no Satfheory predicts for the sonic attenuation n@ar

isfactory description of thexA spectra was obtained using

R(v) with one less noncritical relaxation term aqe- 3.

Following Endo’s treatment of noncritical concentration

a/VZZSV71'06+(a/V2)bg, (20

fluctuations [47,48, we have extended the critical term with the background contributiona(/vz)bg. Using the low
R.rit(v) assuming a second pathway to exist by which confrequency data only (200 kHzr<2 MHz), the a/v?-
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TABLE II. Parameters of the relaxation spectral function defined by(Bgused to describe the ultrasonic attenuation spectra of the
isobutoxyethanol-water mixtures at 25 °C.

X Agr (10°%) T (10°s™h)  Ap1 (1073  mpy(ns) Af (10°) 7y (ns) sy Ap2(10°%) 7y (ns) B (ps)
+30% +50% +30% 30% 30% 30% 30% 30% 30% 5%
0.011 1 1 0.74 2 0.1 34.0
0.015 3 8 5 2 0.69 4 0.12 345
0.020 7 73 59 22 0.67 6 0.11 35.1
0.026 4 0.03 16 95 91 18 0.65 8 0.08 36.6
0.041 21 0.05 12 136 97 12 0.53 13 0.09 394
0.061 37 0.08 0.2 109 71 6 0.49 14 0.15 46.2
0.070 39 0.1 68 5 0.48 14 0.15 49.2
0.099 32 0.3 0.5 100 76 2 0.44 19 0.16 56.6
0.168 16 11 7 35 93 1 0.42 34 0.14 64.7
0.262 3 125 3 12 78 1 0.40 44 0.18 81.1
0.379 2 2 42 0.7 0.38 53 0.18 88.6
1.0 62 0.08 73.8

versusv~ % plot att=0.0002, in fact, defines a straight line here. Calculating-({2) according to Eq(21) the relaxation
(Fig. 5. Hence, the background contribution to the fre-ratel’ of order parameter fluctuations has been used as fol-
quency normalized attenuation is largely independent.of lowing from the analytical description of the broadband
The slope of the line yields the amplitude fact®= (3.4  spectra by the spectral functid®(») defined by Eq(6). In
+0.1)x10° s 9%m™1, Fig. 6, thesd" values for the mixture of critical composition
Since close tdT., the experimental data follow the pre- are displayed as a function of reduced temperatues t
dictions of the Bhattacharjee-Ferrell theory, we have calcucovers a rather broad range of values, corrections for cross-

lated the scaling function from the low frequency attenuatiorover effects have been applied following the simple proce-
data as dure proposed by Bhattacharjee and Fef&3]. This proce-

dure is based on a crossover correlation factor
F(Q)=(aN)crit(v, T (aN)crie(v, To), (21 -
t/it=[1+pB/(£q.)]", (24
where
B which relates to an effective reduced temperatureln Eq.
(@) crit(v, T)=aN (v, T) = (aN)pg(¥,T) (22 (24), B=1.18[53] and the characteristic noncritical cross-

is taken as the difference between the measured data and tR¢S" Wave numberqg. has been determined as 0.46

background part. AﬂDlzo atT:TC (Tab|e ||), the back- X1079 m. At tZOOOOZ/t:].OlS, while att=0.015?/_t
ground part is given by =1.24. Hence, at larger noticeable crossover corrections

are required which, however, do not alter the qualitative be-
(aN)pg(v,T)= RDz(v,T)+Rﬁ(v,T)+ B(T)r, (23 havior of the relaxation rate data. Using thdgg) data, the
scaling function shown in Fig. 7 follows. It is in reasonable

200 T T T T T
107 T T T T T T
= 4
g 10° et
% 100 STV
o _‘,«105_ __WM J
—~ 70 z 2
o€ =10t @0/05’ :
50 o
Nl 10°f o
% S
30 102 1 1 1 1 1 1
01 02 05 1 2 5 10 20
10t

20
05 07 1 15 2 3 5

10—6 v-1,06 (HZ-IAOG)

FIG. 6. Relaxation ratd” of order parameter fluctuations vs
reduced temperaturte Points show data from ultrasonic spectrom-

FIG. 5. Frequency normalized attenuation excluding the backetry after corrections for crossover effects. Error bars indicate an
ground part for thé-C,E; —water mixture of critical composition at uncertainty of+0.1 K in the critical temperature. Circles shdw
299.45 K displayed as a function of % The line shows the Values from static and dynamic light scatter{i6@]. The full line is
theoretical prediction for the critical part in the sonic attenuationthe graph of the power laEq. (4)] with the theoretical exponent
coefficient[Eq. (20)]. Zov=1.93.
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—_
L

curing in parallel to the concentration fluctuations indeed
. couples to the sonic field but not to the optical field, so that
it does not contribute to the relaxation rdtedetermined by

—

gle
ZlZ
f§<§ 0.5 7 light scattering. If this is true, then the ultrasonic spectra
TIT o3 i strictly should not be analyzed in terms of a linear superpo-
; [f sition of common relaxation spectral functions, as R{e)
38015 _ function defined by Eq(6). Rather a coupling of the concen-
ol v tration fluctuations to a chemical mode, similar to Endo’s
01 1 10 10° 10° 10* 10° 10° 107 10° ansatz[Eq. (17)], should be considered in a rigorous treat-
Q ment of the spectra.
FIG. 7. Scaling function data for theC,E; —water mixture of The Bhattacharjee-Ferrell theory relates to the amplitude

critical composition at five reduced temperatutesnd for the  Of the critical term in the frequency normalized sonic attenu-
ethanol-dodecane mixture of critical composit{@4]. The fulland  ation[Eq. (20)] of the mixture of critical composition

dashed lines are graphs of the Bhattacharjee-F¢iell(19)] and

the Folk-Mosef{Eq. (18)] scaling function, respectively. wzécpccS(Tc)

B 2T,

Ql/ZFO
2

692

(27)

~2

agreement with the scaling function for the simpler system Chb

ethanol dodecangb4] and also with the theoretical predic- ¢, the adiabatic coupling constagtas well as the singular
:lr?gosryfrom the Bhattacharjee-Ferrell and the FOIk'Moserparthc and background paft,, of the heat capacity

Also shown in Fig. 6 are data of the relaxation rate Cp=Cpet 0+ Cpp. (28)

I'=2D/¢& (25 Using Cp.=A*/ay and C,,=B* [Eq. (12)] and A*
. ) ) =6.1 J/kgK as well aB™ =3740 J/kgK[11], g=1.3 fol-
of order parameter fluctuations as following from static andigws from S=3.4x10°5 s %% m1 (Fig. 5 and cy(T,)

dynamic light scattering10]. These measurements yielded —1456.97 m/s. If X=0.27 [37,57,58, and p(T.)
§0=(0.316-0.004) nm for the amplitude of the fluctuation _q 9715 gcm? is used, the two-scale factor universality
correlation lengtf Eq. (5)] if the exponent in the power law relation[38]
was fixed atv=0.63. Additionally,
Kg
D=Dyt"* 26 =X— 29
0 (26) &o A p(To) (29)

was found withDy=(2.66+0.03)x10 °m? s71 and v*
=0.643+0.002, vyielding I'g=2Dy/£5=5.3x10° 571,
Hence, as mentioned above, the amplitude in the relaxatio
rate of the systeni-C,E;—H,O is rather small, e.g.l'y
=35x10° s'! for methanol-cyclohexand55], I'g=122
x10° s~1, 3-methylpentane—nitroethafi6], andI" =181 9=Cppe
X 10° s ! n-pentanol-nitroethangs7]. Because of the com-
paratively smalll’y value data af)<<1 are missing in the

experimental scaling functiofFig. 7). Whereas thd" data ; . :
from the static and dynamic light scattering follow He) temperature_wnh pressure aCIong the critical line and the .ther
mal expansion coefficienty; at constant pressure. With

with the universal exponer,v=1.93 (Fig. 6), the relax- dT./dp=(39.8£0.2)x10 ®Kbar* and a%=(0.67

ation rates from the ultrasonic spectra are noticeably larger a1 c PN,
and the exponent in the dependence upon the reduced teﬁgjosz 112 folll<ows [i%\G?a\g?erenTngt(v?/i?r::%el)jalll?e fr|c<)m the
perature is significantly smaller thaf,v, if there exists X ' i

. . i > ultrasonic measurements. This is another confirmation of the
power law behavior at all. This result attracts attention sinc

: . Jow frequency contribution to the ultrasonic spectra to be
normally thel' data from ultrasonic spectra either comply

, : . - correctly assigned to critical fluctuations in the concentra-
with the theoretically predicted power law or exhibit a ten- ; y g

dency rather toward amplituddg, smaller than those from ton.
light scattering, provided the half-attenuation frequency in
the scaling functiofEq. (19)] is fixed atQ),,=2.1. We sug-

gest that the special characteristics in the relaxation rates of Let us return to the assumption of a critical micelle con-
the isobutoxyethanol-water system are due to the presence oéntration for the isobutoxyethanol-water system. In Fig. 8,
different parallel pathways of relaxation in the relevant timethe amplitudes of the Hill-type relaxation term are displayed
(respectively, frequengydomain. Likely, the formation of along with the aqueous solutions of the cationic surfactant
oligomeric micellar structures offers such a pathway in addin-heptylammonium chloridéHepAC)) and of the nonionic
tion to the diffusion controlled concentration fluctuations. surfactant triethylene glycol monohexyl etherg&s). For
This line of reasoning includes the idea that the process odhe latter systems, the existence of micellar structures is in-

yields A*=8.9 J/kg K, resulting in somewhat smaller value
gzl.l. Alternatively, the adiabatic coupling constant, ac-
cording to

dT. TozrcJ

—<-—_P 30

may be calculated from the variati@T. /dp of the critical

B. Micelle kinetics
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50 — - L - tuitively, no Hill-type ultrasonic attenuation is found
~ (Aumax=0). At c only somewhat smaller thad, however, a
40 + / 1 gentle increase iAymax OCCUrS, in contrast to the predictions
A:' A, of the Teubner-Kahlweit theory of the ultrasonic attenuation
30t ! 1 . of solutions of proper micellef64,65. This theory is based
| on the Aniansson-Wall model of micelle formation in solu-

2
< o *
© 20t Nl * S tions with small C. The Aniansson-Wall model proceeds
* from an isodesmic scheme of coupled reactit—69

/
C (Y
10 "CsEs Il 1;i-g4E, 9] .
k;
/ ! .
0 o’ 1 A’A N 1 Nl+ Ni*l‘:\Ni , |:2,3, ey (36)
0.070.1 0.3 0.7 1 3 7 Kr

FIG. 8. Maximum amplitude in the Hill relaxation spectral term with nearly Gaussian size distribution

[Eqg. (33)] vs surfactant concentratianfor the i-C,E;—water mix- e e AP P
ture at 25 °C @), for CgE;—H,0 mixtures at 17 °CQ, [62]), and (ki 1Ni+a = kiN)/Ni =K/ (i —m) (37)
for aqueous solutions of the cationic surfactaifiteptyl ammonium

chloride at 25 °C 4,[61]). of aggregates. Herédenotes the number of amphiphiles per

aggregatekif andk{ are the forward and reverse rate con-

disputable, even though the critical micelle concentrationstants, respectivelyn is the mean aggregation number, and
are likewise high:C=0.4 mol¥, HepACI, 25°C[61,67; a? is the variance of the size distribution. Assuming, in ad-
C=0.098 mol¥, CsE;, 17 °C[61]. For reasons of compari- dition, identical reaction volumeaV=AV;, i=23, ...,
son, Aymay data are shown, because the spectra for théor all individual steps in the coupled scheifig. (36)], the
HepACI-H,O system had been represented by the complet&eubner-Kahlweit theory yields

Hill function [30-32 1

7T(AV)2N 1. o? a9
Ay(oT )mH Hmax— o N1X —X
Ru(v)= o, . @) KSRT m
[1+(wTH)ZSH](mH+nH)/(25H)
and

instead of the restricted versidizg. (9), my=1,n,=0.5].
Parameter . 1 x

THmax~— kﬁ _2+= ) (39

(o m

Atmax= 2Ru(VHmax) (32

considers the effect of the relaxation time distribution paramWith the adiabatic compressibilitxs extrapolated to fre-
etersmy,ny, sy e (0,1) in theamplitudeA, and Af_ﬂ re- quencies well above the relaxation range and with the scaled

spectively[32]: concentration
Anmax=2Aul (Mg /Ng) ™ML+ my /ngy) ~ (MaF ) HEs) x=(c/C—1). (40)

(33 These relations predict neither the finite amplitddg,, ., In

the ultrasonic relaxation terr(Fig. 8) nor with c strongly
decreasing relaxation rates, .« (Fig. 9 at c<C. In the
third segment, however, at somewhat larger thaC the

Here, vuymax= (27 Tumay) ~* IS the frequency at which the
Hill spectral function adopts its maximum value

dRy(v) d’Ry(v) Apmax Values follow the Teubner-Kahlweit model: they first
d» =0, T <0. (34 increase withc and then flatten at higher concentrations. Ac-
YHmax Y max cording to relatior(38), the amplitude at high surfactant con-
tent
The relaxation timery a4 iS related to the characteristic Hill
relaxation timery as _ m(AV)?
Aﬁmax: lim Apymax= - C (412)
Thmax= TH(My /Nyg) ~ YR, (39 e ksRT

The Aymax data of the -C,E;-H,O solutions exhibit all char- is indeed independent af if N;=C is assumed. From a
acteristics of the “four-segment” mod@b3] proposed to de- physical point of viewA a5 has to decrease withat high
scribe the main aspects of the behavior of short-chain anmsurfactant concentration since the monomer exchange be-
phiphiles in solution. The data for thegE; and HepACl tween the micelles and the suspending phase, which is re-
solutions display only the first three segments of this modelflected by the Hill relaxation term, will not exist at low water
At concentrations distinctly smaller than the critical mi- content. Therefore, the decrease in the amplitude values of
celle concentratior€ only monomers exist. As expected in- thei-C4E;—H,O system at>2.2 mol/ is the expected be-
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7 T T T T T smaller thanC. This relaxation term with unusually high
relaxation rate is again due to the formation and decay of
6F1 1 small supramolecular premicellar structures. As expected in-
tuitively, the relaxation rate decreases in the concentration
51 o range aroundC when, at increasing, the aggregation num-
< 4 ber of these structures increases.
% 45 1 In order to avoid some approximations in the original ver-
~£ ' y, sion of the analytical Teubner-Kahlweit theory, the extended
o 30 1 model of stepwise association has been numerically evalu-
= : ated. That treatment of the coupled reaction schéBEm
2 | 1 (36)] revealed a relaxation time distribution in the monomer
: 3 exchange process, in correspondence with the finding of a
I & '\oﬁ 1 restricted Hill relaxation time distribution in our spectra. We
W\, " thus state that, in fact, the ultrasonic spectra of the

i-C4E;—H,0 system indicate the formation of micellar struc-
tures as characteristic of short-chain surfactant solutions with
high critical micelle concentration.

0 1 1
02 02 06 1 14 18 22
¢-C(mol /™)

FIG. 9. Relaxation rate, .., [Eq. (35)] of the Hill term as a . .
function of surfactant concentration exceeding for the C. Chemical relaxations

1-C4E,-water mixiures @, 25°C), the GE;—H,0 mixtures (0, In addition to theR.,;;(») term, the spectra of all mixtures
gog[[glz]])) and then-heptyl ammonium chloride solutionsA( and also of puré-C,E; display the high frequency Debye
' termRp,(v) with relaxation timerp, between 0.08 and 0.18

havior. This part of theA,,a,cversuse relation has been ns (Table I). Except the mixture with the smallestC,E,
assigned to the fourth segment in the description of shortcontent &=0.0113), the critical mixturex=0.0698), and
chain surfactant solutiof$3]. purei-C,E; also the low frequency Debye-type relaxation

In the third segment of the concentration range, the relaxterm Rp;(») with relaxation time between 2 and 140 ns is
ation rateﬂ;r:’lr-]ax of the HepACI and the €E; solutions fol- ~ found. The spectrum of pure isobutoxyethanol may be alter-
low the Teubner-Kahlweit theory[Eq. (39)]. The natively evaluated to yield two Debye relaxation&p,
ThmaVersuse relation for thei-C,E;—H,0 system show a =0.0022,75,=0.9 ns;Ap,=0.062,75,=0.08 ns. We men-
broad minimum at>C, probably a reflection of the high tion that somewhat simpler ultrasonic attenuation spectra of
critical micelle concentration. aqueous solutions of short-chain  2-ethoxyethanol,

The special characteristics of solutions of short-chain am2-isopropoxyethanol, ~ 2-butoxyethanol,  and (22-
phiphiles, particularly the finding ofAuna0 and butoxyethoxyethanol[70] also contain a high frequency
dr,L./dc<0 atc<C and of a relaxation time distribution D&bye-type relaxation term (0.05sp,=<1 ns). Solutions
in the relaxation term representing the monomer exchang®’ Poth latter systems also display a Debye term at lower
have been qualitatively explained by an extended model offequencies (4 ns 7p,=<90 ns)[70]. _
stepwise associatidi69]. In this model, the size distribution At least the high frequency Debye term, which doubt-
of micellar aggregates is obtained from reasonable assum|£SSlY exists in the pure organic liquid, obviously reflects a
tions on the forward and reverse rate constants of the couplddl€mical equilibrium of ¢E; molecules. The formation of
reaction schemgEq. (36)]. The extended model of micelle Nydrogen-bonded dimers
kinetics indicates that the relative minimum in the distribu-
tion function, located in the oligomer region of aggregation
numbers is much less pronounced with short-chain am-
phiphiles than with surfactants forming proper micelles.

Hence, there exists a noticeable concentration of small SUtom monomers. as characteristic for carboxylic adifis—

pramolecular structures in the solutions. In addition, a cOn3) has heen considered, as well as structural isomerizations
siderable concentration of oligomeric structures catC

emerges from the extended model. Furthermore, at concen- o

trations near the critical micelle concentration, the relative CE—=(CE)* (43)

maximum in the size distribution of aggregates is missing. Co '

Another feature of this extended model of stepwise associa-

tion is a slight increase in the mean aggregation number including the formation of double hydrogen bondegclic,

with surfactant concentration. “c”) dimers from single H-bonded linear ¢(” ones [71—
An ultrafast acoustical relaxation process, reflecting ther3]

monomer exchange between the oligomeric species and the

kf
2GE=(CE), (42
kr

k

suspending phase results from the extended model. In con- kf
formity with the data shown in Figs. 8 and 9, there exists an (CiEj)g:(CiEj)g. (44
ultrasonic relaxation already at concentrations somewhat KT
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The data for the-C,E;—water mixtures, however, do not tween the micelles and the suspending phase seems to fit to

follow either concentration dependence the experimental findings. These findings are summarized by
. e 21/ the maximum valuesd\)ax In the ultrasonic attenuation-
75 = (8K'k'c+k™) (45 per-wavelength spectra of -water mixtures, which in Fig.

1 are displayed as a function of the critical micelle concen-
tration. Over a range of more than four orders of magnitude,
T the (aN)may Values are correlated wit@ of the solutions.
5 (46) i 8 ~ e .

Approaching the critical demixing point of the surfactant so-
predicted[74] for the dimerization reactiofiEq. (42)] and  lutions, diffusion controlled local fluctuations in the micelle
the structural isomerizationgEqs. (43) and (44)], respec- distribution are accompanied by local fluctuations in the
tively. Likely, the inherent concentration dependence in theénonomer concentration. Therefore, the monomer exchange
chemical relaxations is largely masked by the formation ofoetween the micelles and the suspending phase is largely
micelles and by the critical fluctuations in concentration ofgoverned by the fluctuations in the local concentration of the

or

the isobutoxyethanol-water mixtures. micelles. Hence, the kinetics of micelle formation and decay
which, via volume changes of the monomers, couples to the
V. CONCLUSIONS sonic fields, is subject to concentration fluctuations. In a rig-

orous model of the ultrasonic attenuation spectra, the micelle

The ultrasonic spectra of isobutoxyethanol-water mixture§ormation and decay and the critical concentration fluctua-
reveal the simultaneous formation of micellar structures andion processes should thus be coupled. The linear superposi-
of critical concentration fluctuations. Similar results havetion of theR,;;(v) andRE(y) relaxation term in our spectral
been obtained recently for various othgEwater systems  function[Eq. (6)] may thus be considered a simple approxi-
for which the existence of a critical micelle concentration ismation only.
generally acceptef62,75. The general trends in the ultra-
sonic spectra of polgthylene glycol monoalkyl ether-water ACKNOWLEDGMENTS
mixtures, including low weight (&; [8] promote the view on
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