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At four temperatures between 17.5 and°@and several surfactant concentrations, the ultrasonic absorption
spectra in the frequency range from 100 kHz to 2 GHz, the sound velocities, and the shear viscosities have
been measured for aqueous solutions of triethylene glycol monohexyl ether. At solute concentrations smaller
than or close to the critical micelle concentration (cmc), the broad-band spectra reveal one relaxation region
reflecting the formation/decay kinetics of oligomeric species. The spectra of the more concentrated solutions
show two different relaxations, one subject to a small the other to a broad distribution of relaxation times.
The former relaxation is due to the monomer exchange between micelles and the suspending liquid. The
parameters of this process largely follow the predictions of the Teul{anlweit theory, which is based on

the AnianssorWall model of micelle kinetics. Close to the cmc, however, the principal relaxation rate shows

a different behavior, which is assumed to also result from the action of oligomeric species. The relaxation
time distribution is considered a consequence of fluctuations in the local micelle concentration. The second
relaxation, which extends over a significantly broader frequency range, can be well represented by the
BhattacharjeeFerrell model of critical concentration fluctuations. For the solution of critical composition,

the relaxation rates of local energy fluctuations derived from the ultrasonic spectra are confirmed by the
(static) shear viscosity data. We discuss these fluctuations as to be due to variations in the local concentration
of micelles.

1. Introduction Near the critical demixing point, fluctuations with long-range
correlations in the order parameter occur. The critical behavior
The formation and dynamics of supramolecular aggregatesof the GEj/water mixtures seems to reveal two grodgSor
in binary liquid mixtures has been a topic of lively scientific one group, light scattering yields correlation length and general-
debate for several years. Still today much interest is directed ized susceptibility data in conformity with the LandaWilson—
toward aggregation phenomena, particularly in view of many Ginzburg renormalization group theory. For the other mixtures,
biophysical problems. Aqueous solutions of nonionic surfactants both quantities exhibit critical exponents that are smaller than
of the type CH(CH,)i-1(OCH,CH>);OH, for which the short- expected theoretically/It has been suggested that this discrep-
hand notation (E; has become popular, offer favorable condi- ancy follows from an incomplete consideration of noncritical
tions for the study of different species of molecular structures. contributions from micellar aggregates in the analysis of
It is well-established that in {€/water systems, depending on experimental data.
the surfactant concentration, the temperature, and the particular |njtially there existed alternative ideas of the microdynamics
composition of the poly(ethylene glycol)monoalkyl ether, mi- in CiEj/water systems. However, the view by Corti and Degior-
celles may be formed and that the mixtures may also possess gjio is now generally accepted that aqueous solutions of nonionic
lower critical solution temperature. The kinetics of micelle amphiph”eS, at a lower critical solution temperature’ may
formation is usually interpreted in terms of the Aniansson  separate into a micelle-poor and a micelle-rich pHaehas
Wall model~> In this model an isodesmic scheme of coupled peen suggested that such critical systems belong to the same

chemical reactions universality class as ordinary (molecularly dispersed) nonionic
binary liquid mixtured It is the aim of a series of papers on
N. + N X N, = the microdynamics of Ej/water systems to illuminate this view
i =N, i=2,..,N Q) ) .

kP by results from ultrasonic spectrometry. An aspect of special

interest is the effect of the critical phenomena on the kinetics
is assumed along with a reasonable size distribution of ag- of amphiphilic molecule exchange between the micelles and
gregates, presupposed to be nearly Gaussian for the micellethe suspending phase.
region. A somewhat refined distribution function has been  Ultrasonic spectrometry has proven a powerful tool for the
proposed recentfyto account for the particular behavior of  study of the kinetics of micelle formatid-2! In conformity
solutions of amphiphiles with high critical micelle concentration with theoretical prediction&23 Debye-type relaxation spectra
(cemg- In eq 1 N; denotes the concentration of aggregates are found for proper micelle systems. In contrast, ultrasonic
consisting ofi surfactant molecules whil& and k’ are the spectra resulting from concentration fluctuations in critical
forward and backward rate constants, respectively. binary mixtures exhibit a characteristic sh&pe’? reflecting a
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broad continuous distribution of relaxation times. Broad-band multiple reflections. At high frequencies ¢ 1 MHz), pulse-
ultrasonic spectrometry is thus a suitable method for the modulated propagating wave transmission techniques have been
investigation of the micelle kinetics and of the fluctuations in applied at variable sample thicknesses.
the local micelle concentration of nonionic surfactant solutions.  Fixed Path-Length Resonator Method.In the resonator

In this article we focus on the systemEz/water. It exhibits measurements, the liquid sample was contained in either of two
a critical micelle concentratiortdne = 0.1 mol/L 33 Yeme = 0.02, different circular cylindrically shaped cavities, the end faces of
Y = mass fraction of surfactant) and a lower critical demixing which were made of piezoelectric quartz disks. At a series of
point (Cerit = 0.6 MOl/L3* Yot = 0.1467 Ty = 44.7°C3%), which resonance frequencies, n =1, 2, ..., of the cell the-value
are promising for spectroscopic measurements at differentof the liquid was determined from the change in the quality
concentrations and temperatures. The system belongs to théactor Q of the cavity when the liquid was exchanged for a
aforementioned group of jE/water mixtures, the critical reference liquid of well-known absorption coefficiéfiTo meet
exponents of which follow the Landawilson—Ginzburg the sample wavelength and the reflection coefficient at the

model, e.g..7 = 0.63 andy = 1.2534 Here ¥ is the critical liquid/transducer interfaces as close as possible, aqueous solu-
exponent of the correlation length tions of sodium chloride or methanol/water mixtures with
3 carefully matched sound velocity and density have been used
EM =45t ) in the reference measurements at°25 At the other temper-
) o atures of measurements, water has been used as reference,
andy that of generalized susceptibility utilizing the sound velocity data according to Bilaniuk and
_ Wong?° the density data as given by KéH,and absorption
x1(T) = 7t ’ ®) coefficients as measured with the aid of the pulse-modulated

wave transmission method. At°C < T < 40 °C, within an

wheret = (Terit — T)/Teri denotes the reduced temperature. oo of 294 the latter data can be represented by the polynomial

Among a variety of ¢;/H,0 and GE;j/D,O systems gE3z/H,0
evidences a small amplitude of the correlation lenggh= 0.35 5 1 o2
nn). o/ve=(51.71— 1.997K T+ 3.88x 10 “K “T° — 3.05x

Ultrasonic absorption spectra off/H,O mixtures have been 10K ) x 10 m™ (5)
already measured between 3.96 and 11.65 MEnd between
0.5 and 155 MHZ? respectively. These spectra have been  we used a biplanar resonator é&in the upper frequency
discussed in terms of a single Debye-type relaxation process,range (0.8 MHz< v < 15 MHz; cell diameter R = 16.8 mm,
assumed to be due to the kinetics of micelle formation. For more cel| lengthl = 6 mm, fundamental frequency of transducer
concentrated solutions, spectra between 5 and 160 MHz havethickness vibrationst = 4 MHz). In the lower frequency range
been fitted to a double-Debye-term model and have also been(0.1 MHz < v < 2.7 MHz), to reduce the effect of diffraction,
associated to micellar exchange equilibfis&o far ultrasonic a plano-concave céflwas utilized (R = 70 mm,| = 19 mm,
studies did not reveal any contributions from fluctuations in y =1 MHz, radius of curvatur® = 2 m). To properly account
the micelle concentratio?t—37 On the basis of these results, for higher order cavity modes, we always recorded, in the
the opinion has been expressed that the absence of criticalfrequency range around a primary resonance peak, the complex
contributions in the sonic spectra might reflect a characteristic resonator transfer function, using a computer-controlled network
feature of supramolecular binary mixtures, indicating a negli- analyzer (HP 4195A), and fitted suitable theoretical funcfibffs
gibly small coupling between the acoustical waves and the orderto the spectrum. When these functions were applied, allowance
parameter fluctuations. was also made for cross-talk.

In this situation it seemed to be interesting to us to look for In addition to the sound \/e|ocity;S and densityp, the
contributions from concentration fluctuations in an extended apsorption coefficient of the reference should also agree as close
frequency range of measurements. Here we report ultrasonicas possible with that of the sampfeBecause we were unable
spectra between 100 kHz and 2 GHz, measured at fourtp also meet this condition, suitable corrections have been
temperatures between 17.5 and°@for CeEs/water mixtures  calculated to account for differences in thevalues®® For the
of five different compositions. present samples, however, the corrections turned out to be
negligibly small throughout.

Variable Path-Length Pulse-Modulated Wave Transmis-
General AspectsThe absorption coefficient of acoustical ~ sion Method. At frequencies above 3 MHz, the attenuation

2. Ultrasonic Spectrometry

waves in liquids is normally expressed by two terms coefficient of the samples has been measured by propagating a
pulse-modulated wave of frequeneyhrough a cell of variable
a(v) = Bv* + o, (V) 4) sample lengthz3° Possibly existing small instabilities and
nonlinearities of the electronic apparatus were taken into account
Herein, B'v2 denotes a background contribution wih inde- by periodical calibration procedures in which the sample cell

pendent of frequency. aexdv) is the frequency-dependent was replaced by a high-precision below-cutoff piston attenuator
excess part in which we are interested. Because of the “classical’with appropriately chosen relative attenuation increntéft.
absorption, due to viscous friction and heat conductdhee, = Owing to the nonvanishing reflection coefficiemt at the
background contribution to(v) is always present. However, transmitter crystal/liquid and liquid/receiver crystal interfaces,
B' may contain further contributions, for instance, from the standing wave patterns may also exist in excess to the
volume viscosity. The background contribution is small at low propagating wave. In general, the amount of the receiver voltage
frequencies but becomes the dominating term in eq 4 at high |U,| is given by the expression

frequencies. For this reason resonator methods have been used

in the lower frequency rangev (< 15 MHz). When these (14 r)expy(z— z))

methods are applied, the effect of the sample properties in the  |U,| = |U; >
acoustical wave characteristics is significantly enhanced by 1-r"exp(-2y(z— z))

+ Ucexp(idgg)l  (6)
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Hereiny = o + i = o + i27/A, A = cdv, denotes the differences in the temperature of different cells thus did not
complex propagation constamg,considers a prospective small exceed 0.04 K. At the other temperatures of measurement, the
error in the zero-range setting of the distance maiigris an gradients may be somewhat stronger. Nevertheless, the effect
amplitude, andU. and A¢. are the amplitude and phase of temperature fluctuations in the absorption coefficient data
difference of a contribution from electrical cross-talk. In most was small throughout.
parts of the measuring frequency range, the pulsed mode of Errors in thea-measurements with fixed path-length resonator
operation, owing to transit-time differences, allows for an cells predominantly result from an insufficient matching of the
effective separation of the multiple reflections and the electrical sound velocity and density of the reference liquid, from
cross-talk as well. Equation 6 then reduces to the simple incomplete consideration of the spurious higher order modes
exponential for samples with high absorption coefficient, and from inperfect

wetting of the cell surfaces, due to unfavorable surface tension
U, | =Uge *“ @) conditions. In the lower frequency range € 30 MHz), errors
in the variable path-length pulse-modulated wave transmission

Since the transducer aréais finite, diffraction effects may ~ measurements may result from the empirical correction for
affect the cell transfer function at frequencies below 30 MHz. diffraction losses (eq 8). At higher frequencies 500 MHz),
According to Menzef#4°these effects can be taken into account  the limited resolution and accuracy of the high-precision distance

by a semiempirical correction term, using the relation meters is the dominating source of possible errors. Some of the
B y samples reported here exhibit rather high absorption coefficients
U | = Uge “e@/em 0@ 8) so that power levels higher than usual had to be applied.
As a result of various sources of error, the accuracy of the
with measurements depends on the properties of the samples
9@ =1 2(0.1m) ) themselves. The accuracy can be globally characterized by an

uncertainty ofAa/o. = 0.05 in the data resulting from resonator
We used four different cells to cover the frequency range. measurements. The error may be somewhat highero{ =
Up to about 500 MHz, three cells were available in which 0-1) at smalie and atv < 300 kHz. For the data from pulse-

matched transmitter and receiver transducer disks were operatedicdulated wave transmission r_neasuremexus= 0.02 at 3
at the odd overtones of their fundamental frequency of thicknessMHz = v = 50 MHz andAa/o. = 0.01 at 50 MHz= v = 2

vibrations. The cells mainly differed in the parameters of the Hz. . o B

transducers (3 MHz v < 60 MHz, transducer diameteR The error in the sound velocity iscdcs = 0.001 atv < 3
=40 mm,vr = 1 MHz, quartz‘}83 MHz < v < 120 MHz, Ry MHz and atv > 500 MHz, and it isAcdcs = 0.0005 at 3 MHz

= 60 mm,vr = 1 MHz, quartz®® 30 MHz < v < 500 MHz, = ¥ = 500 MHz. _ _

2Rr = 12 mm,vr = 10 MHz, lithium niobaté’). Between 0.5 Least-Squares Regression Analysis of Measured Spectra.
and 2 GHz broad-band end-face excitatfoof lithium niobate It is common practice to discuss ultrasonic absorption spectra
rods (21 = 3 mm, lengthl, = 10 mnf953was utilized. in either format,o/v? vs v or oA vs v. The former shows the

The sample lengtiz was varied in a computer-controlled background contribution of t_he spectra as a frequency in_depen-
mode using stepping motor drives (up to*Meps per turn) dent partB', which toward high frequencies is asymptqncally
and was measured with the aid of optical grating distance meters @PProached by the data. The latter format, in which the

Sound Velocity Measurements.in the lower part of the ~ Packground part contributes a teifaw to the spectrumg =
frequency range of measurements, the sound velogity the B'cy), is more suitable for a comparison with theoretical models.
samples has been derived from the distances between series of© fit theoretical model relaxation spectral functidig, ),

resonance frequencies, of the cavity resonator cells using the ~ corresponding withod, = (od)exc + Bv data, to the measured
relatiors®43 spectra we used a Marquardt algorififnio minimize the

variance
@~ DA~ di ) — 49,0, 4

c=2al(v,, — vml)/arcco{ 1 N [(od), — R(v,,P)\?

G+ D@1+ 1) = (12)
(10) N-J-14| A,
where HereP;, j = 1, ...,J, are the parameters &fandv,, n = 1,
0Cs ..., N, are the frequencies of measurement)f and A(od),
On = prC; tangwv,/vy), m=1,2, .. (11) denote the absorption per wavelength data and their experimental
T

error, respectively, at,. The use of weighting factors that are
inversely proportional to the absolute experimental errors (1/
A(ad)n in eq 12) leads to the same parameter vaRjés both
formats,al and a/v2.

As will be discussed below, the FerreBhattacharjee spectral
functior?* applies to the measured spectra. This function
involves an integral (eq 18) that has been calculated at 900 points
using the Romberg meth&tand has been interpolated between
these points.

Herein pt and cr denote the transducer density and sound
velocity, respectively. Equations 10 and 11 describe the non-
equidistancy of the cell resonance frequencigsdue to the
incomplete reflection of the sonic waves at the liquid/transducer
interfaces.

At higher frequenciess was derived from the waviness of
the transfer functiofu,(x)/Uo| of the cells (eq 6) due to multiple
reflections of the sonic signal at small transducer spazing

Experimental Accuracy. Fluctuations in the measuring .
frequency were negligibly small. The temperature of the sample 3. CeFa/H20 Mixtures
cells was controlled to within 0.02 K, and it was measured with  Triethylene glycol monohexyl ether §Es) has been pur-
an accuracy of 0.02 K. At room temperature, gradients and chased from Bachem Biochemica (Heidelberg, Germany). The



1088 J. Phys. Chem. A, Vol. 104, No. 6, 2000

Telgmann and Kaatze

TABLE 1: Mole Fraction x, Mass Fraction Y, and Molar Concentration c of Surfactant as Well as Densityp, Static Shear
Viscosity 55, and Sound Velocitycs at Temperature T Displayed for the CsEs/H,O Mixtures (Critical Temperature T = (46.0

+ 0.04)°C)
x, 1072, Y, 1072, ¢, mol/L, o, glcn®, s, Cs, M/s, Cs, M/s,
+0.2% +0.1% +0.2% T,°C +0.1% 103 Pas,+0.2% 300 kHz,+0.1% 100 MHz,£0.05%
0.157 2.0 0.085 17.5 1.000 1.160 1493.2 1493.3
25.0 0.999 0.966 1506.9 1511.9
325 0.997 0.822 1528.3 1526.3
40.0 0.994 0.706 1539.9
0.403 5.0 0.213 17.5 1.000 1.342 1495.8 1500.2
25.0 0.999 1.118 1503.2 15115
325 0.997 0.954 1523.1 1525.8
40.0 0.994 0.829 1531.6
0.664 8.0 0.341 175 1.000 1.605 1496.8 1507.0
25.0 0.998 1.332 1500.5 1516.9
325 0.995 1.152 1513.8 1526.5
40.0 0.993 1.026 1523.0
0.941 11.0 0.469 17.5 1.001 1.942 1497.7 1508.0
25.0 0.999 1.600 1500.1 1514.4
325 0.996 1.392 1510.1 1521.5
40.0 0.993 1.255 1518.6
1.300 14.6 0.623 17.5 0.997 2.365 1493.8 1590.2
25.0 0.996 1.951 1501.4 1516.5
325 0.992 1.676 1505.7 1520.8
40.0 0.988 1.477 1510.3
compound was claimed to be 98% pure. It was used as delivered. 10 " "
Water was deionized by mixed-bed ion exchange, additionally 3
distilled twice, and UV-sterilized. ThegEs/H,O mixtures were
prepared by weighing appropriate amounts of the surfactantinto 1
suitable flasks, which were filled up to the line measure with =)
water. The densityp of the mixtures has been measured o 03}
pycnometrically. The (static) shear viscosity of the sample 3
liquids has been determined with a falling-ball viscometer g5 Ol
(Haake, Berlin, Germany). A survey of the solutions and a =
compilation of thep, 5s, and cs data at the temperatures of 0.03
measurement is given in Table 1. 0.01
Because of the strong dependence of the critical temperature
Terit Upon small amounts of impurities, thy; of the actual 0.003
mixture of critical composition has been measured to within
0.001

+0.04 K by monitoring the light from a HeNe laser scattered
by the sample. Increasing slowly the temperature we foupd
= 46.0°C, which is rather close to the literature value (44.7

10 30 100 300 1000
v , MHz

01 03 1 3

°C®%). During a series of ultrasonic measurements, we did not Figure 1. Ultrasonic excess absorption spectra for th&Efvater

find indications of a noticeable variation d%,, as had been
reported by Zielesny et al.

4. Results and Discussion

Premicellar Absorption (¢ < cmc); Monomer Exchange

mixture with mass fractiolY = 0.02 of surfactant at four temperatures
T. The full lines represent a Debye term (17G, eq 13) and the sum
of a restricted Hill term and a Bhattacharjee-Ferrell tefim>( 17.5
°C, eq 21) with the parameter values given in Table 2.

been analytically represented assuming a simple Debye function

(c = cmc). In Figure 1 excess absorption spectra of the 0.085 with discrete relaxation timep.5” Hence the spectral function

M solution (Y = 0.02) are displayed at four temperatuies
WhenT is raised from 17.5 to 258C the cmc of the system is
passed ove¥ This crossing of the cmc is clearly indicated by
the sonic spectra. Particularly at low frequencies(3 MHz),
additionally strong contributions to the absorption per wave-
length arise if the surfactant concentration exceeds the cmc.
It is interesting to notice that, in conformity with previous
results forn-heptylammonium chloride aqueous solutiéfs,
there already exists excess absorptioe a cmc where only

oligomeric species might be present. Since the cmc is com-

+ By (13)

has been used. Hereimp = 27v and Ap is the relaxation
amplitude.

In the case of-heptylammonium chloride aqueous solutions,
at concentrations slightly above the cRithe Hill relaxation
spectral functioP?~%° turned out to apply to the low-frequency

paratively small here, the amplitude of the excess absorption part of the spectrumw(< 100 MHz). This function, given by

spectrum at < cmc is likewise small so that a considerable
error in the ¢U)exc values results. It is thus impossible to analyze

the shape of the excess absorption in terms of specific relaxation

spectral functions. For this reason the spectrum at 4CZ.bas

Ay(oty)™

(Lt ()™ +By

Ru(v) = (14)
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Figure 2. Ultrasonic excess absorption spectra for thgEgvater 0.03t o
mixture with mass fractioty = 0.08 of surfactant at 17.5C (a) and ’ s )
40 °C (@) and for a GE4/water mixture of the same mass fraction at 0.01 . . X . . , . \
17.5°C (2) and 40°C (O). 0.1 03 1 3 10 30 100 300 10003000
v, MHz

is based on a continuous relaxation time distribution function _. . .
Figure 3. Ultrasonic excess absorption spectra at@5or the GE3/

Gr(In(z/zn)). Parametersty, ny, Sy (0 < my, ny, sy =< 1) water mixtures with mass fractiovi= 0.02 ©), = 0.05 (1), = 0.08
determine the width and shape@#. The Hill spectral function () "= .11 (1), and= 0.146 ). Dashed curves are graphs of the
Ry has been attributed to the monomer exchange pré€éss.  restricted Hill term (eq 20) and the Bhattachari@errell term (eq 15)
compared to “proper” micelle systems, at surfactant concentra-of the Y = 0.08 spectrum. Full curves show the sum of these terms
tions distinctly above the cmc somewhat modified kinetics have with the parameter values obtained from the fitting procedure (Table
been assumédh order to allow for the distribution of relaxation ~ 2)-

times in then-heptylammonium chloride/water spectra. With

the GEs/water system, however, even the Hill relaxation spectral where the amplitudéer is given by

function (eq 14) cannot adequately account for the high- A T8 )
frequency wing in the excess absorption spectrum atcmc Age = Fo o (16)

(Figure 1). In addition to the contribution that is due to the

kinetics of micelle formation and decay, there seems to exista Hereind and¥ are the critical exponents for the specific heat

broad-band background contribution as characteristic for critical capacity and the fluctuation correlation lengthrespectively,

systems2.61-64 and z is the dynamical critical exponenf2 = w/wp is the
Critical Absorption. The spectra shown in Figure 1 are reduced frequency with

dominated by the absorption mechanism related to the micelle

kinetics. These spectra thus do not allow for an easy extraction wp = 2DIE* = w a7
of the background contribution. In Figure 2, therefore, results
for a GsEs/water mixture ¥ = 0.08) at two different tempera- D denotes the mutual diffusion coefficientyy is the

tures are compared to those for gEgwater mixture with the characteristic angular frequency of fluctuations, and |T —
same mass fraction of surfactant. Both surfactant systems differ Teritl/Terit Is the reduced temperature. In eq 15 the scaling function
from another especially by the critical temperature, which is F is given by the integral

substantially higher with gE4/H20O (Terir = 66.3°C) than with

CsEa/H0 (Terit = 46 °C). At 17.5°C nearly identical spectra FQ) = §foo X2 Kge(X) " (18)

for both GEj/water systems point at almost identical micelle 7)o 1+ Xz)z K2 ) + Q2

formation/decay kinetics in the surfactant solutions. At°@) BF

however, where the E5/H,O mixture is substantially closer \\hare

to its demixing temperature than theEz/H,O mixture, the

former exhibits distinctly higher excess absorption at low K (x)=x2(1+x2)p (19)
frequencies than the lattern@)exc = 0.8 x 1073, CeE4; (0h)exc BF

= 1.6 x 1073 G¢Es; 300 kHz). andp ~ 0.5 for three-dimensional systems. Bhattacharjee and

These characteristics in the ultrasonic spectra of the two ferrell have also presented other versions of the scaling function.
systems at different temperatures may be taken as a firstyowever, the integral as defined by egs 18 and 19 largely agrees
indication of the existence of a critical part in the absorption \yith the Kroll and Ruhland scaling functi6h’® and is thus
coefficient of the micellar systems. Another remarkable result preferred here.
from the ultrasonic absorption spectra is the finding of the = pModel Relaxation Spectral Function. In view of the
criical and noncritical contributions to obviously not simply  characteristics of the measured spectra, a sum of a Hill term
superimpose. In the case of a linear superposition, the low- anq a Bhattacharjeererrell term appears to be appropriate to
frequency (relative) maximum of thesEs/H,0 spectrum at 40 analytically represent the frequency-dependent ultrasonic excess
°C should exceed that of thesEx/H,O system at the same  gpsorption (Figure 3). It turned out, however, that the relaxation
temperature. time distribution parametersy andny in the Hill term can be

During the past years, the Bhattacharjee-Ferrell mdéf>%  fixed atmy = ny = 1. Hence the reduced Hill relaxation term
which is based on the dynamic scaling hypoth&sf§ has
proven a satisfactory description of the sonic excess absorption T
of various binary liquids with miscibility gag? The Bhatta- Ri(v) =2 Ay
charjee-Ferrell spectral functiofRsr may be expressed as

Wty

e T

() allows for an adequate representation of the micelle kinetics
Ree(v) = Agpw F(Q) (15) contribution. In this spectral terd, = 2R,(v = (277.)"?) as
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TABLE 2: Parameter Values of the Model Relaxation Spectral FunctionRn,(v) As Obtained from the Nonlinear Least-Squares
Regression Analysis of the Ultrasonic Absorption Spectra for gEs/H,0O Mixtures at Different Temperatures T

Y, 1072 T,°C A% 1073 +£10% 1, NS, £5% S, £5%  Agr, 1073 4£5%  wp, 1Ps L, £10% B, 10%2s,40.5%
2.0 17.5 0.005 11 1 41.40
25.0 0.245 447 0.77 0.079 0.1 32.88
325 2.77 909 0.65 0.148 0.1 26.79
40.0 8.85 602 0.68 0.296 0.1 22.92
5.0 17.5 20.0 106 0.82 4.0 2.4 43.34
25.0 16.2 78 0.75 4.9 12.5 34.27
325 13.0 65 0.85 4.7 35 28.35
40.0 10.9 64 0.87 4.9 1.6 26.0
8.0 17.5 21.5 44 0.81 10.4 12 45.46
25.0 16.9 36 0.84 10.4 11 36.62
325 13.1 32 0.68 9.9 11 30.43
40.0 9.7 31 0.75 10.8 3.8 27.0
11.0 17.5 21.4 29 0.77 16.0 17 49.01
25.0 15.5 24 0.69 15.7 18 38.89
325 12.9 22 0.52 14.9 27 33.32
40.0 7.6 23 0.65 14.4 4.0 30.0
14.6 17.5 23.8 19 0.66 27.7 61 51.48
25.0 17.1 16 0.63 23.6 39 41.05
325 11.6 14 0.67 21.8 16 35.45
40.0 9.3 10 0.65 16.4 4.8 32.0
with a Debye relaxation spectral term that follows from eq 20 500 T T T .
atsy = 1. Finally the model function o
1
|
R.(¥) = Ri(v) + Rge(v) + By (21) 400 |
o .
has been fitted to the measured vs v relations. The values = |
of the parameters &,(v), as following from the nonlinear least- .~ 300 | .
squares regression analysis of the absorption data, are displayed - !
in Table 2. © |
Kinetics of Micelle Formation. The relaxation rates,," of 200 | 1
the low-frequency Hill relaxation term (Table 2) largely follow i
the TeubnerKahlweit theory?23which, based on the reaction ! _ o
scheme given in eq 1, predicts 100 F e o~ 1
1 —
\ - °
1 1 X OX\ o~ —
= kb(o—z + a) (22) ol
01 0 01 02 03 04 05 0.6
where c-cmc , mol/L
Figure 4. Relaxation ralterg1 of the restricted Hill term displayed
X=(c—cylc; ~ (c — cmec)leme (23) versus the concentration difference- cmc for the GEs/water mixtures
at 17.5°C (@) and for aqueous solutions nfheptylammonium chloride
In deriving eq 22 a Gaussian distribution at 25°C (O), refs 56 and 71, cme- 0.45 mol/L).
(KN y — KPND/N, = KoIo?(i — ) (24) o 1 , -
i+ T KGN At 32.5 and 40°C the ™ vs X relation shows deviations

of micelle sizes around the mean aggregation nunibés
assumed. Here? is the variance of the distribution function,
and theN; denote the molar concentrations at thermal equilib-
rium. k(= kﬁ) is the backward reaction rate corresponding
with the maximum of the distribution function. Around this
maximumkib A kf’ﬂ is assumed. Deviations from the linear
dependence of the relaxation ra1;7_f=1 upon X emerge at 17.5
°C and, to somewhat smaller extend, also at@5vhere, near
the cmc, ther;1 values increase toward smaller solute con-
centration. In Figure 4 this noteworthy behavior is illustrated
by ther;," data at 17.5C. Also presented in this diagram are
relaxation rate data for aqueous solutions of heptylammonium = k:ﬁ) also nearly constant at~ m. Both k® andk' are only
chloride solutions to show that a similar effect results for ionic weakly dependent upon temperature. The small increage in
surfactants with small hydrocarbon ch&®! It has been also
reported by other scientisté1”.72Qualitatively, an increase in
1;1 with decreasing at ¢ ~ cmc is predicted by an extended
model of stepwise associatfoand is attributed to the premi-
cellar formation of oligomeric aggregates.

from linearity toward higher solute concentrations. The tendency
of ther,," data atc > 0.5 mol/L to exceed the predictions from
eq 22, however, may, at least in part reflect the uncertainty in
the relaxation time values at these high concentrations due to
the strong masking of the Hill-type relaxation by the concentra-
tion fluctuation contributions to the sonic spectra.

According to eq 22 the linear part in thﬁl vs X relation
allows one to determine the ratid/m. Using, in addition,m
and cmc values as obtained by interpolation of literature @dfa,
the k® and k' = kP/cmc?223 values displayed in Table 3 have
been derived. Herek' denotes the forward rate constant
corresponding to the maximum in the distribution functigh (

with T may result from an enhancement of the mobility of
monomers owing to the decreasing viscosity of the suspending
phase. A noteworthy result is the missing of any tendency in
the parameter values that could be taken to suggest a growth of
the mean aggregation number on approaching the critical
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TABLE 3: Values of the Critical Micelle Concentration cmc
and the Mean Aggregation Numberm as Obtained from
Interpolation of Literature Data 3>73as Well as Reaction
Rate Data and Reaction Volumes of the Isodesmic Reaction
Scheme (Eq 1) of Micelle Formation as Following from the
Restricted Hill Relaxation Spectral Term

cmc, Kb, Kf, AV,
T,°C 10°%mollL m 1®s?! 1°smol/Lt cmémol
175 98 57 0.58 5.9 8.8
25.0 92 57 0.59 6.4 7.8
325 86 57 0.57 6.7 7.2
40.0 82 57 0.55 6.8 6.6
1.7
1.4 } :
‘_‘I
g L1} .
-
“'g 0.8 | E
05} |
[ ]
0.2 L = . —— . .
-0.1 0O 01 02 03 04 05 0.6

c-cmc , mol/L

Figure 5. AmplitudeAﬁ and half-maximum bandwidtiAry of the
relaxation time distribution function (Figure 6) displayed as a function
of ¢ — cmc for the GEs/water mixtures at 32.8C.

concentratiorcei; and temperaturégi;. This finding is another
indication for the soundness of the assumption that smsl} C
micelles continue to exist also near the critical point of the
system.

As shown by Figure 5 the relaxation amplitud@ﬁ of the
restricted Hill term are also largely in conformity with the
Teubner-Kahlweit model, which predicts

4 _ m(AV)’eme  (o*/m)X

KRT 1+ (2mX
AV)?’cmc —
7( X) c—cmc (25)
KIRT  (M)emck? + ¢ — cme

Here AV is the reaction volume, which is assurfe# to be
the same AV = AV;, i = 2, 3, ...) in all steps of coupled
reactions (eq 1)k is the adiabatic compressibility extrapo-
lated to high frequencies, arfdis the gas constant. At —
cmc < 0.15 mol/L, theA’, values increase substantially with
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(r,)

Gy

1.5

2

Figure 6. Plot of the relaxation time distribution functidB’,ﬁ(rH) of
the restricted Hill term (eq 30) for dEs/water mixtures at 32.5C and
at different mass fraction¥ of surfactant.

the reaction volume as a function of temperature. ARevalues
resulting from this evaluation of relaxation amplitude data are
also collected in Table 3.

The reaction volume, essentially the difference in the molar
volume of monomers in solution and within micelles, decreases
with temperature. This is likely an effect of hydration. The
voluminous clathrate-like hydrogen-bonded water structure
around the nonionic surfactant molecules is gradually broken
with increasing temperature, when the water properties and
structure tend to approach those of a normal liquid.

Another interesting characteristic of the low-frequency spec-
tral term is its width as reflected by ttsg-parameter of the
restricted Hill function. Let us ignore the premicellar system
(Y =0.02, 17.5°C), the small relaxation amplitude of which
(Aﬁ =5 x 107%) prevents the excess absorption spectrum from
being analyzed in terms of its particular shape. The relaxation
time distribution parameter values of the other solutions (0.52
< sy < 0.87, Table 2) exhibit considerable deviations from a
Debye-type relaxation behavior for whish = 1. In Figure 6
these deviations are illustrated by a plot of the relaxation time
distribution function G}\(rn) = Gf,(In(z/z)) for the GEs
solutions at 32.5C. The distribution functiorGﬁ(rH) corre-
sponding to the restricted Hill spectral terﬁﬁ(v) is defined

by

surfactant concentration to nearly reach a plateau at high solute

content. At 32.5°C, theAﬁ value at the highest surfactant
concentration (0.623 mol/L) is somewhat smaller than at 0.341
and 0.469 mol/L (Figure 5). Even this deviation, however,

Ri(v) = A‘.:j;""eﬁ(m)lf—;ztz dry, 27)

with
Jo Gl dry =1 (28)

and
ry, = In(z/z,) (29)

The graphs shown in Figure 6 have been calculated by

scarcely exceeds the limits of experimental error. We thus usedanalytical continuatioff of the relation
the mean of the nearly constant amplitudes at higher concentra-

tions € — cmc > 0.2 mol/L) to define a maximum valug,
and to calculate according to

# ooR 1/2
AV = (—A”J";ijc (26)

_ie—fH
1+ (_ierH)ZSH)(l/SH)

Gi(r) = iéf:Re{ } (30)

The amplitude parametes;, follows from normalization
using eq 28.
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80 . . . — ultrasonic absorption spectra. This is a remarkable result since
the agreement between the values calculated from eqs 17 and
=, 60 1 31 on one hand and from the relaxation behavior of the mixture
= of critical composition on the other hand exists without any
401 T adjustment of parameters. Hence the conclusion may be drawn
so that the molecular dynamics behind tRg- term of the model
20 /n ] relaxation spectral function obeys the dynamic scaling hypoth-
esis.

The amplitude?er (eq 16) of the Bhattacharjed-errell term

0 L
1 . . . .
1020 40 60 80 00 in the model relaxation spectral function (eq 21) accordifgo

t, 107
Figure 7. Relaxation rate of fluctuationsp of the Bhattacharjee R JTQZCSA
Ferrell model (symbols, Table 2) versus reduced temperaforethe Age = ~ (33)
CsEs/water mixture of critical compositionY(= 0.146). The full line TB
shows the predictions from eq 17 with the diffusion coefficient estimated ~
from our viscosity data. is related to the critical contributioA and the background part
B of the specific heat at constant pressure
The half-maximum bandwidthary of the symmetrically
shaped relaxation time distribution functions at 32 are c=A%+B (34)
shown in Figure 5. In conformity with the results for the system P
n-heptylammonium chloride/waté&?,the distribution function In eq 33 the coupling constagtis given by®
is rather broad at ~ cmc. Near the critical micelle concentra-
tion, where oligomeric structures are formed instead of proper dT, To,
micelles, nonvanishing\ry values are also predicted by the 9= P dp - p_Cp

extended TeubneiKahlweit modelf For solute concentrations o
distinctly above the cmc, however, the theoretical model yields =BC,TJA—CT (35)

an almost Debye-type relaxation behavior, and small relaxation

time distribution functions have in fact been found with the wherepc is the density of the system at the critical point and
aqueous solutions af-heptylammonium chloride® With the .

nonionic GEs aqueous solutions noteworthy higtry values o, =Cot “+C; (36)

atc — cmc > 0.2 mol/L, whereAry > 1 (Figure 5), may be

taken to be due to local fluctuations in the micelle concentration. is the thermal expansion coefficient. Because there do not seem
According to eq 22, the relaxation ratg® depends on the O exist experimental data for the critical pain the specific
(local) surfactant concentration. Hence fluctuations in the heat, we used the relation

concentration will also lead to local variations in the relaxation ~

. . . . . aAp 1/3
rate as reflected by a relaxation time distribution. Another reason =g = R; =0.27 (37)
for deviations from a single-Debye-term behavior at high Kg

surfactant content may be a deformation of the micelles leading .

to nonglobular shapes. Different curvatures along the surfacet0 calculateA from known&o andpc; data. Relation 37 follows
of nonspherically shaped micelles may result in spatial variations from the two-scale-factor universality concépthat has been
of the rate constants for the monomer exchange at the micellarVerified by results for several binary mixturés(®’87*Taking
surface and may thus also be the cause of a distribution of B = 4185 3kg™* K™%, which is the heat capacity of liquid water

relaxation rates. at room temperature, witl = 57.6 Jkg~! K~* (eq 37),
Critical Fluctuations of Micelle Concentration. For the ~ according to eq 33) = 0.81 follows from Agr. The value
mixture of critical Composition’ the parameters of m term obtained for the COUpllng constant is qulte reasonable, par“CU'

in the model relaxation spectral function (eq 21) may be larly because similar values have been found for other binary
considered in terms of the Bhattacharjéerrell theory of sonic ~ Mixtures2*8: The verification by independent methods of the
absorption. The theoretical model predicts the characteristic 3-value for the GEs/H20 system, however, is still necessary.

angular frequency (eq 17) Noncritical Concentration Fluctuations. The Bhattachar-
jee—Ferrell term Rge(v) in the model relaxation spectral
Wy = kBT/(3JT770§g) (31) function (eq 21) is based on the idea of fluctuations that span

a broad regime of correlation lengths. Rather surprisingly, this
to be given by the amplitudeg and&, of the shear viscosity ~ term applies also to the spectra for mixtures of noncritical
nsand correlation lengtB, respectively. The viscosity amplitude ~ concentrations. Only the)p data for the mixture of critical

is defined by the relation composition, however, show the theoretically predicted behavior
) (eq 17, Figure 7). Thevp values for the other mixtures are
nT) = not‘(z‘3)V (32) almost independent of temperature. These unexpected charac-

teristics inwp may be due to contrary effects. In the noncritical
and&p by eq 2. In eq 3%kg denotes Boltzmann’s constant. In  mixtures the “normal” reduction imp whenT, is approached
egs 31 and 32 the viscosity is treated without considering a (eq 17) may be compensated by a simultaneous enhancement
background contribution, which is clearly a simplification. Using of the correlation length. This idea is in conformity with the
eq 32 just to interpolate our viscosity data (Table 1) and taking appearance of small droplets in noncritical mixtures at their
Eo=0.35 Nm! wo = 7.4 x 1® s 1 follows at T¢yir. Assuming phase separation temperature, whereas critical systems exhibit
wo independent of temperature, théependence abp (eq 17) schlieren only. Such observations have been reported for the
as displayed in Figure 7 results. As also illustrated by that isobutoxyethanol/water systéfnand also for mixtures of
diagram thesevp values nicely agree with the data from the nitrobenzene and isooctaffdn conformity with thewp values,
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— ©-0.623 Figure 9. Adiabatic compressibilitys (eq 39) of the GEz/water system
O—n o o— ’ shown as a function of surfactant concentratiofihe values for water
1 L I L have been calculated usigand p data from the literaturé®+
10 20 30 40 50
T °C function of surfactant concentration (Figure 9). The reduction

5>

Figure 8. Volume viscosity to shear viscosity ratig/ys (eq 38) for In Ks when the solute IS added to water again reflects the
water @) and for the GEswater mixtures of different surfactant  disturbance of the voluminous hydrogen-bonded water network
concentration plotted versus temperatlirdhe water data have been  Of high compressibility {s = 4.479x 1071 m? N~?, water 25
calculated usings values from Bilaniuk and Wontf, B-values from °C). At T = 25 °C the adiabatic compressibility increases with
this laboratory, and density and shear viscosity data according td'Kell. ¢, indicating that in more concentrated solutions again highly
) . . compressible structures are formed. This is particularly true at
the amplitudes for_ the BF term of noncritical composition also higher temperatures (32.5, 4@C) where the effect of the
do not show a noticeable dependence upon temperature (Tablg,ygrogen network in the water properties is already somewhat

2). . . o o reduced.
Volume Viscosity; Adiabatic Compressibility. As reflected

_by theB value§ (Table 2), the asymptotic _high-frequency part 5 conclusions

in the ultrasonic spectra of thesEs/water mixtures shows the

normal behavior. At each temperature of measurentnt The broad-band ultrasonic absorption measurements of the
increases monotonically with surfactant concentration. For CeEs/water system as a function of composition and temperature
aqueous mixtures, for which the heat conductivity contribution confirm previous results for agueous solutions of the cationic

to the high-frequency sonic absorption is negligibly sria! surfactant-heptylammonium chloric® inasmuch as the forma-

B depends linearly upon the shear viscosifyand the volume tion of oligomeric species at concentrations smaller than, or

viscosity,,. Hence it is possible to calculate the viscosity ratio about equal to, the cmc is clearly reflected by the sonic spectra.
At surfactant concentrationwell above the cmc, the amplitude

" o 4 and relaxation time of the ultrasonic relaxation process, which
—~=B > 3 (38) is related to the monomer exchange between micelles and the
s 27, suspending liquid, follows the predictions of the Teubner

Kahlweit theory?223 Only close to the cmc the relaxation rate
from the B and s data. Theoretical considerations yiejgns increases at decreasiig This behavior is assumed to be due
= 2/38for liquids without relaxation process at frequencies  to the formation of micelles from oligomeric species. In contrast
above the measuring range. For water, however, considerablyto the TeubnerKahlweit model, the monomer exchange
higher viscosity ratios are found,(s = 2.68, 25°C?"). These  relaxation term is subject to a relaxation term distribution that
high values have been taken as an indication of the existenceseems to predominantly result from fluctuations in the local
of a high-frequency structure relaxation in the hydrogen-bonded concentration and thus in the relaxation rate.
water network. Solutes tend to disturb the water structure and |n excess of the absorption due to the monomer exchange,
to thus give rise top,/ns values smaller than those of the there exists also a critical contribution to the ultrasonic spectra
associating solvent. The viscosity ratio of theEgwater of the GEs/water mixtures of critical composition. The Bhat-
mixtures in fact decreases monotonically with surfactant con- tacharjee-Ferrell modet*55is sufficient here to describe these
centration (Figure 8). At least at low solute content, however, contributions, since their amplitude is small as compared to that
a relative minimum emerges in thyg/ns vs T relation, an effect  from the micelle kinetics. It is thus not necessary to use more

that presently cannot be unambiguously explained. recent theoretical approac&®? in order to appropriately
A relative minimum results also when the adiabatic com- describe the measured ultrasonic spectra. This is in particular
pressibility true because the values for the relaxation aas®f local energy
- fluctuations as derived from (static) viscosity data nicely agree
Ks=p Cg (39) with those extracted from our spectra. Also reasonable is the

value of the coupling constang (= 0.81). Unfortunately,
of the GEs/water mixtures at temperature is plotted as a g-values from independent experimental methods are missing.
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We interpret the critical contribution to the sonic spectra to

Telgmann and Kaatze

(42) Kaatze, U.; Wehrmann, B.; Pottel, R. Phys. E: Sci. Instrum.

reflect fluctuations of the concentration of complete micelles. 19874 20, 1025.

However, further studies are necessary and are currently in
progres® to reach a definite conclusion on the mechanisms

underlying the dynamics of thesEs/water mixtures.

The BhattacharjeeFerrell relaxation spectral function applies
also to the spectra for thegEs/water mixtures of noncritical
composition. Thewp values obtained for those mixtures,
however, do not follow the predictions for a critical system.
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