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The ultrasonic absorption spectra betweehHBDand 2x 1®° Hz, the sound velocities at different frequencies,

and the shear viscosities of aqueous solutions of the following nonionic surfactants have been measured:
CeE4, CoEs, CrEs, CgE4, CsEs, CioEs, and G:Es. Most GEj/water systems have been considered at different
temperatures between 12 and 4D and/or at different concentrations (0.01 motLc < 0.33 mol/L). The

results are compared to those for the triethylene glycol monohexyl ether/wgtefHgED) system reported
previously. At solute concentrations around the critical micelle concentration the ultrasonic spectra show one
relaxation term due to the formation/decay kinetics of oligomeric species. At higher surfactant content much
more complicated spectra reveal the simultaneous presence of various processes. All systems are subject to
local fluctuations in the micelle concentration which are described by the BhattachBgeell model here.

The spectra for the shorter surfactantsel; CsEs, C;Es, and GEs, as those for gE;, in addition to the
BhattacharjeeFerrell contribution exhibit a lower frequency Hill-type relaxation term which is attributed to

the monomer exchange process. With th&Lvater and the GEs/water systems the monomer exchange
equilibrium is reflected by two or one relaxation terms with discrete relaxation time, respectively. In the
Ci.Es/water mixture, as a result of the small monomer concentration, contributions from the exchange process
are missing in the spectra. The long chain micelle solutiong&{CCi0Es, Ci2Es) also show contributions

from an ultrahigh-frequency relaxation with relaxation time at around 0.25 ns. It is attributed to the chain
rotational isomerization. The parameters of the different molecular mechanisms are discussed, particularly in
view of the simultaneous action of the monomer exchange and the fluctuations in the micelle concentration.
Also evaluated is the background contribution to the ultrasonic spectra, yielding a shear viscosity relaxation

in the megahertz frequency range.

1. Introduction suspending phase. The resulting ultrasonic relaxational absorp-
tion of the systems appeared to be just the linear superposition
of both absorption mechanisms. The parameters of the monomer
exchange process, however, indicate relations of the micelle
kinetics to the fluctuations in the micelle concentration.

The features of the §Ez/water mixtures have increased our
interest in the interrelations between the mechanisms of
monomer exchange and of the critical concentration fluctuations
in nonionic surfactant solutions. In order to study the relative
importance of these effects in dependence on the hydrophilic/
hydrophobic balance of the surfactant molecules, we performed
broadband ultrasonic absorption measurements for mixtures of
water with the following poly(ethylene glycol) monoalkyl
ethers: @E4, CGES, C7E3, CgE4, C8E5, C10E4, and Q2E5. The
results for these mixtures at different temperatures and surfactant
concentrations are discussed and compared to those foglse C
water reference system.

Due to the great variety in the length of their hydrophobic
part and in the hydrogen bonding abilities of their hydrophilic
part, the series of poly(ethylene glycol)monoalkyl ether&{|C
offers favorable conditions for the study of solute/solvent
interactions with water. A multitude of experimental methods
has been applied in the past to elucidate different types of liquid
structures and their molecular dynamics ¢E@vater mixtures.
Much attention has been directed toward poly(ethylene glycol)
monoalkyl ethers which form nonionic micelles in watér.
Particularly interesting are those micellajE@vater systems
which additionally exhibit characteristics of critical demixing.
Ultrasonic spectra for such;E/water mixtures, however, did
not show contributions from concentration fluctuatién3This
unexpected result is in contradiction to the widely accepted view
that aqueous solutions of nonionic surfactants, at their lower
critical solution temperature, may separate into a micelle-poor
and a micelle-rich pha8and that such micellar systems belong
to the same universality class as ordinary binary critical liquids
of molecularly dispersed nonionic constituefts. Ultrasonic Spectrometry. The sonic absorption coefficient

Recently we performed a broad-band ultrasonic spectrometry a(v) of the liquids has been measured as a function of frequency
study on aqueous solutions of triethylene glycol monohexyl ether v between 100 kHz and 2 GHz and also determined has been
(CeE3).8 The spectra, measured in the frequency range betweenthe sound velocitycy(v) of the samples at some selected
100 kHz and 2 GHz as a function of temperature and surfactantfrequencies using the same methods as in #ie/@ater study?
concentration, revealed the existence of contributions from We utilized particularly a plano-concave (100 kHzv <2.7
fluctuations in concentration, in excess of the contributions due MHz®) as well as a biplanar (800 kHgz v < 15 MHZ9) cavity
to the exchange of monomers between the micelles and theresonator cell for fixed path length continuous wave measure-
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2. Experimental Section
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TABLE 1: Critical Micelle Mass Fraction Yeme, Mean deionized, additionally bidistilled and UV-sterilized water. The

#g%fgggt'gpe’\%umb:rzgql\ﬂogs’}g'?:?giﬁb §$tlca$f2ﬁggL?t?cal densityp of the samples has been measured pycnometrically.
crity crit i i i i

Mixture, as well as Amplitude &, of the Fluctuation The (§tatlc) §hear V'.SCOSWIS. of the mixtures hag been

Correlation Length (Eq 1) for the C,E/Water Systems determined using a falling ball viscometer (Haake, Berlin, FRG).

When not used in measurements, the samples were stored in
a refrigerator. Care was taken to complete all measurements
CoEs 2.0 57 46.0 14.6 0.35 within a few days after sample preparation. No variations of

surfactant  Yemeg 1072 m Terit, °C Yerit, 1002 &, nm

g‘;E“ %g gg* gg'i 16.4 0.30 the critical demixing temperatui&,; were observed during the
CE 0.6* 80* 228 g 0.45* period of measurements. _ _ _
CeE, 0.20 82 39.8 71 0.54 A survey of the GE/water mixtures along with their
CsEs 0.35 80 59.6 9.6 concentration, density, viscosity, and sound velocity data is
C10E4 0.027 100 18.2 2.0 1.07 given in Table 2.

C1oEs 0.0039 160 29.6 1.5 1.4

a Data from the literature5 1519 and from our measurementE.). 3. Results and Treatment of Ultrasonic Absorption

The asterisk indicates values obtained by interpolation of data of similar Spectra

systems. In doing so firstiE with identicalj and different have been . . .

considered. Afterward the small dependence guwas been taken into General Aspects. In Figure 1 an U|tra50nIC_ absorption

account. spectrum of the ¢Es/water system is presented in the format
(0l)exc VS v. Hered = cdv is the sonic wavelength and

ments and four cells for variable path length pulse-modulated

wave transmission measurements (3 Mgz < 60 MHz! 3 () gye = 04 — By 3
MHz < v < 120 MHz1230 MHz < v < 500 MHz13500 MHz
< v < 2 GHZAY. is the absorption per wavelength in excess of the asymptotic

The temperatureT of the samples was controlled and high-frequency (background) absorption, with coefficidht
measured to within 0.02 K. Differences in the temperature of independent of. The excess absorption spectrum displayed in
different cells thus did not exceed 0.04 K. The error in the  Figure 1 shows a feature that is characteristic of most ultrasonic
data depends on the properties of the samples and on thespectra under consideration. It exhibitsl)ex contributions over
temperature of measurement. It may be globally characterizeda broad frequency range. The full curve also displayed in the
by Ao/a. = 0.05 aty < 3 MHz, Aoa/a. = 0.02 at 3 MHz=< v figure is the graph of a sum of four Debye-type relaxation terms,
< 50 MHz, andAo/o. = 0.01 atv > 50 MHz. The error in the each term given by an expression of the form
sound velocity values iAcd/cs = 0.001 atv < 3 MHz andv >
500 MHz and it isAcycs = 0.0005 at 3 MHz< v < 500 MHz. Aoty
Fluctuations in the frequency were negligibly small. Ro (V) = 1+ w2 )

Nonionic Surfactant Solutions.In Table 1 some parameters P
are displayed that characterize the micelle formation and critical
demixing characteristics of the iEjfwater systems under rejaxation time, and» = 27v. As illustrated by the spectrum
consideration. With the exception of the indicated data the values ¢ the GEg/water mixture in Figure 1, a sum of four terms with
for the critical micelle mass fractiortm, the mean aggregation  giscrete relaxation time can fairly well account for the measured
numberm of micelles, the mass fractiolc of the critical data. There exist, however, systematic deviations of the
mixture, and the amplitudé, of the correlation length measured data from the relaxation spectral function, indicating

5 that the four-Debye-term model does not mean the optimum
&(T) = &t @) description of the experimental spectra. In conformity with the
treatment of the gEs/water spectrd, we thus also apply
relaxation spectral terms that are based on a continuous
t= (T, — TT.. ) distribution of relaxation times. Particular attention is paid to
erit erit the restricted Hill ternR#(v) 82°and the Bhattacharjed-errell
term Rge(v.2122 The former is defined by

In this termAp is the relaxation amplitudep is the (discrete)

have been taken from the literatdre51519 Here

denotes the reduced temperature arsl the critical exponent
of the correlation length. Within the framework of the Landau
Wilson—Ginsburg model of critical fluctuatioris= 0.63*° For Rimy=2"pAf—
all but the GE4/water system the critical temperatufg;; has 1+ (curH)zs”)l'SH
been determined to withig-0.04, K using the actual mixture

of critical composition. For this purpose the Hile laser light with the amplitude paramete¥y*, a characteristic relaxation
scattered from the samples has been monitored at slowly risingtime ty, and a relaxation time distribution paramesar The

Ty,

®)

sample temperature. R4* (v) term represents the monomer exchange between the
Tetraethylene glycol (§E4) and pentaethylene glycol ¢Es) micelles and the suspending ph&&avhich, according to the

monohexyl ether, triethylene glycol monoheptyl etheyHg), extended TeubnerKahlweit model of micelle kinetié$ at

tetraethylene glycol (§E4), and pentaethylene glycol §Es) surfactant concentrations near the critical micelle concentration

monooctyl ether, as well as tetraethylene glycol monodecyl ether (cmc), is predicted to deviate from the simple Debye relaxation
(C10E4) have been purchased from Bachem Biochemica (Heidel- behavior. The deviations are correlated to the absence of a
berg, FRG). Pentaethylene glycol monododecy! ethgsHs} distinct minimum in the oligomer range of the size distribution
has been delivered by Fluka (Neu-Ulm, FRG). All compounds, of short-chain amphiphile systems near their é&hclhe

with a purity grade between 97% and 99%, have been used asxistence of a relaxation time distribution has in parts been
delivered by the manufacturers. The sample liquids have beenexplained by a development of the extended TeubKahlweit
prepared by weighing appropriate amounts of the surfactant intomodel of stepwise association in terms of Debye-type contribu-
suitable flasks which were filled to the line measure with tions. That analysis indicated the simultaneous presence of two
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TABLE 2: Mole Fraction x, Mass Fraction Y, and Molar Concentration c of Surfactant, as well as Densityp, Static Shear
Viscosity 75, and Sound Velocity at two Frequencies for the ¢E;/Water Mixtures Displayed at the TemperaturesT of
Measurement

Cs, M/s
X, 1072 Y, 1072 ¢, mol/L o, glend 7s, 1078 Pas 300 kHz 100MHz
CE +0.2% +0.1% +0.2% T,°C +0.1% +0.2% +0.1% +0.05%
CsE4 0.560 8.0 0.287 17.5 1.002 1.547 1503.7 1509.8
25.0 1.00 1.267 1514.6 1521.1
325 0.998 1.075 1523.1 1530.3
40.0 0.995 0.929 1530.3 -
CeEs 0.234 4.0 0.125 25.0 0.999 1.046 1518.3 1519.3
0.350 5.9 0.183 25.0 1.000 1.116 1518.9 1521.6
C/Es 0.627 8.0 0.322 12.0 1.001 2.249 1469.8 1473.6
19.0 0.999 2.078 1485.4 1488.6
21.0 0.998 2.057 1489.2 1492.5
225 0.998 2.071 1491.7 1498.1
CeEs 0.213 3.5 0.114 17.5 0.999 1.308 1481.5 1481.3
25.0 0.998 1.116 1499.0 1500.7
325 0.995 1.046 1512.6 1514.9
39.0 0.993 1.020 1522.1 -
0.447 7.1 0.232 17.5 0.999 1.768 1484.4 1484.4
25.0 0.998 1.648 1498.9 1501.7
325 0.995 1.633 1510.1 1513.2
39.0 0.992 1.661 1518.0 -
CsEs 0.018 0.37 0.010 25.0 0.997 0.924 1498.9 1498.5
0.235 4.74 0.125 25.0 0.998 1.100 1502.2 1502.7
0.345 6.81 0.18 25.0 0.998 1.279 1500.3 1503.9
0.470 9.07 0.24 25.0 0.998 1.559 1503.3 1503.9
CioE4 0.110 2.0 0.060 12.0 1.000 2.353 1458.7 1460.7
14.0 1.000 2.384 1465.2 1465.7
16.0 1.000 2.451 1471.6 1472.2
18.0 0.999 2.497 1478.1 1478.2
Ci2Es 0.067 1.5 0.037 17.5 0.999 2.224 1476.7 1479.1
25.0 0.997 2.896 1496.6 1496.7
29.4 0.996 3.234 1506.7 1506.9
« 10 T — r r — . amplitude of the angular frequency (relaxation rate) of order
o parameter fluctuations. The scaling functi®in eq (6) is given
v—('\ by
g
< , AN . P
T |, T =3 X XAEXP
Sl 0 (1 4+ 32X (1 + XO)* + Q2
0103 1 3 10 30 100300 10003000
v, MHz with the reduced frequency

Figure 1. Ultrasonic excess absorption spectrum of th&#04,0 w 5

mixture with mass fractioty = 0.08 of surfactant at 22.5C. Dashed Q =—=owl(wt") 9)
curves are graphs of relaxation terms with discrete relaxation time, @Wp

respectively. The full curve represents the sum of these terms.

) o ) In the expression for the scaling function (eqB)= 0.5 for
relaxation modes, with similar relaxation rates and comparable yree-dimensional systems like the surfactant solutions.

amplitudes, in the ultrasonic spectra corresponding with the | the following the measured spectra of theEvater
isodesmic scheme of coupled reactions near the®ritie  mixtures will be analytically represented by model relaxation
particular shape of the relaxation time distribution underlying spectral function®n(v) which are composed of the background
the restricted Hill term (eq 5) is of low significance here. For - contributionBy and, depending on theE/water system, of a
this reasonRy* has been used for convenience, especially R #term, aRgr term, andRy terms. Each model function has
because this relaxation term allows for a suitable representationeen fitted to the measured spectra using a nonlinear least-

of various experimental spectra of solutions of amphiphiles near sqares regression analysithat minimizes the variance
their cmc823

The Rgr(v) term represents the Bhattacharjdeerrell theory 1 N [(0d), = Ry(v,P) 2
of critical concentration fluctuatior’d:?? It is given by ¥ = (10)
— (27 N—-J-1 n= A(Oj')n
Rer (v) = Agro T F(Q) (6)

TheP;, j =1, ...,J are the unknown parameters Rf(v) and
thev,, n =1, ..., N denote the frequencies of measurements;
PN 1 ST (ad)n aqu(axl)n are the _absorption-per-waveI_ength datqznat
Agr = Agr 2440 (7) and their absolute experimental error, respectively. The inverse
errors A(ald)~! are used as weighing factors in the variance.
In this relationd. denotes the critical exponent for the specific The integral (eq 8) defining the Bhattachardeerrell scaling
heat andz the dynamical critical exponent, andy is the function F(2) has been calculated at 900 points using the

with the amplitude
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Figure 2. Ultrasonic excess absorption spectra gE&H,O mixtures 0.03 |
with mass fractiorlY = 0.04 (A) andY = 0.059 Q) at 25°C. For the ’
mixture with higher surfactant content the dashed curves show a 0.01 , . . . . . . .
restricted Hill relaxation terniRy* (eq 5) and a Bhattacharje&errell ’
relaxation ternRge (eq 6) as following from the regression analysis of 0.1 0. 13 10 30 1003001000 3000
the former spectrum. The full curve represents the sum of these terms. v, MHz

n Figure 3. Ultrasonic spectra in the formadv? vs v for the GEo/H.O
mixture with mass fractioty = 0.08 atT = 12 °C (O) andT = 22.5

°C ([@). The full curves are the graphs of the relaxation spectral function
with parameter values following from the fitting procedure (Table 3).
Dashed curves show the subdivision of the spectrum at 2.l a
Debye ternRy (eq 4,Ro = R4 atsy = 1) and a Bhattacharjed-errell
term (eq 6).

Romberg methoé® The integral has been interpolated betwee
these points in the numerical calculations.

CsE4, CsEs, and C7Es. In Figure 2 excess absorption spectra
of the GEs/water system at 25C are displayed for two
concentrations. These spectra resemble those forgiagvater
mixtures atY > Yene® At around 1 MHz a relative maximum
in the (@1)exc data emerges. The relaxation process correspond- . .
ir\g wit.h this maximum turns out to be subject to a rglaxatio.n ;ﬁeBthrEaF ﬁuﬂ%i%ﬁ%:zv\)/%ue%i:é tgf é\{l]oiiglazeggtzt;r?gd from
time distribution. It can be well represented by a restricted Hill the Nonlinear Least-Squares Regression Analysis of the
term (eq 5) and is attributed to the monomer exchange betweenUltrasonic Absorption Spectra for CsE4/H,0, CsEs/H,O, and
micelles and the suspending phase. The amplitude of this Hill- C7Es/H20 Mixtures at Different Mole Fractions Y of

type relaxation contribution to the spectra (Figure 2) increases Surfactant and Temperatures T

with surfactant concentration, in qualitative agreement withthe Y, T, A# 1073 zy,ns sy Aer, 10° wp, 1s™ B, 10*2s
Teubner-Kahlweit theory of ultrasonic absorption due to the 102 °C  £5% 45% +5% +10%  +20%  40.5%
kinetics of micelle formatio*2728At ¢ > cmc this theoretical CoEs, Yome = 0.02,Yerie = 0.164, Tei = 66.3°C
model predicts an amplitud&yon for the monomer exchange 8.0 175 245 46 073 155 202 44.40
process which is given by 25 148 27 os0 102 33 3024
n(AV)zcmc (oZ/m)X 40.0 13.1 24 0.79 12.4 77 27.00
Apon=—— - (11) CoEs, Yome= 0.023,Tere = 78.4°C
kIRT 14 (oIm)X 40 25 53 297 087 1 7 33.60
59 25 16.3 110 0.70 3.7 32 34.55
where C7Es, Yeme= 0.006, Yt = 0.08, Teri = 22.8°C
8.0 12.0 5.4 98 1* 8.6 0.4 57.46
X = (c — cmc)/eme (12) 190 3.6 98 1* 8.2 0.5 46.30
210 26 95 1* 8.5 0.4 44.24
225 2.2 98 1* 8.6 0.3 43.02

denotes the reduced concentration. In eg\1lis the reaction

volume associated with the monomer exchange. It is assumed

to be independent of the size of the micelles. Within the
framework of the TeubnerKahlweit model a Gaussian distri-
bution of micelle sizes around a mean aggregation nunmber
and with variances? is presumed. Further in eq 145" is the
adiabatic compressibility, extrapolated to high frequencies, of
the liquid andR is the gas constant. Assuming?{m)X < 1 for

the spectra shown in Figure 2, eq 11 yiellgo(Y=0.059)/
Anor(Y=0.04) ~ 2.1 wherea®y*(Y=0.059)A#(Y=0.04)~ 3
follows from an inspection of the spectra. Toward high
frequencies theo(d)exc values of the @Es/water system are
nearly constant. A Bhattacharje€errell relaxation term can
appropriately account for this behavior (Figure 2). Hence the
ultrasonic absorption data of theEg/water mixtures have been
represented by the model spectral function

Ru(#) = Ry"(+) + Rge(v) + Bv

This relaxation spectral function applies also for the spectra
of the GE4 and GE; systems. For the latter this statement is

(13)

a2 The asterisk indicates data that have been fixed.

the theoretical model are displayed in the forraa® vs v. In
this format the model spectral function reads

Ru(v) _ R{'() v Rer(v) N

Cy Cv cy G

(14)

The parameter values f&y(v) as obtained from the nonlinear
regression analysis are presented in Table 3. The amplitude of
the restricted Hill term of the {Es/water spectra is too small

to allow for a clear statement about the width of its underlying
relaxation time distribution. We therefore fixed the distribution
parameter at; = 1. Hence the Hill term was treated as a Debye
term with discrete relaxation time, in conformity with the
extended TeubnerKahlweit model atY > Yeme?* It is
worthwhile to notice that the fEs/water spectra, within the
limits of experimental error, are nicely represented by only five
adjustable parameters if th&,(v) function (eq 13) is applied.

In contrast, the attempt has failed to describe the spectra by

confirmed by Figure 3, where absorption data measured for thenine adjustable parameters when using the sum of four Debye

mixture with mass fractiory = 0.08 along with the graphs of

terms and the high-frequency asymptotic term (Figure 1).
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TABLE 4: Parameter Values of the Ry(v) Function (Eq 15) as Obtained from the Fitting Procedure of the Spectra for the
System GEs at 25 °C and Different Mass Fractions Y of Surfactant; Y¢me = 0.0035,Yci = 0.096,T¢ir = 59.6°C

A4, 1078 v, NS Sy Agr, 1078 wp, 1P st Apoun, 1078 Tpuh NS B, 10%s
Y, 1072 +5% +10% +5% +10% +50% +25% +20% +0.5%
0.37 0.19 1380 =1 — — - - 32.26
4.74 3.4 104 0.65 5.9 337 1.9 0.19 35.0
6.81 3.2 108 0.38 3.9 71 3.5 0.25 37.22
9.07 3.6 109 0.28 7.0 138 4.1 0.24 38.67
10
o ]
«
S 1
S
503
<
g o1
0.03f
0.01 : : -~ : : s ]
0.1 0. 1 3 10 30 100 30010003000 NP
o5b—f i b L 4L
v, MHz 0.1 03 1 3 10 30 10030010003000
Figure 4. Ultrasonic excess absorption spectra feE£H,0 mixtures
at 25°C with mass fractiory = 0.0037 @), 0.047 (J), 0.068 €), and v, MHz

0.091 ). Full curves are the graphs of the relaxation spectral functions Figure 5. Ultrasonic excess absorption spectra faE£H,O mix-

used to represent the measured data, with parameter values as following;as- @ Y = 0035 17.5C:00. Y = 0.035. 32.5C: ¢. Y = 0.071

from the least-squares fitting procedure (Table 4). Dashed curves show17 55c-'A v = 0.071. 32.5°C. Full curves show the results of the
the contributions from different relaxation terms for tife= 0.047 regression analysis using a model spectral function (eq 16) that contains
mixiure. a BhattacharjeeFerrell and three Debye-type relaxation terms. The

. . . dashed curves indicate the contributions from the individual terms.
CsEs. In Figure 4 the ultrasonic absorption spectra of the

CsEs/water systems at different surfactant contents are displayed 2.7 : : : : i ‘
at 25°C. Even though our measuring range does not extend to 24 BP—ar

sufficiently small frequencies to enable a complete characteriza- 2‘2 _°\o\§\A\ ]
tion of the spectrum for the solution with smallest surfactant o A\A

concentration Y = 0.0037), sonic absorption with relaxation ‘Té 2¢ \o\ Ny

characteristics emerges already at tHi$~Y.n. This relax- - 1.8 N “a

ational behavior is due to the formation/decay of oligomeric < 1.6t N a 7
species rather than proper miceltsAt higher surfactant 3 | N N

content the low-frequency relaxation reflects the monomer 1.4 °\ “a

exchange between proper micelles and the suspending phase. 12t S .
With the GEs/water system the restricted Hill term representing ~. \AMA'?
this part of the spectrum is rather broad (Figure 4). Correspond- 1t o007
ingly, thes parameter is unusually small. Obviously it decreases 0.7 . ! ) ; ! |
with Y (Figure 4). As will be discussed below (Figure 5) for 10 15 20 25 30 35 40
the GEs/water system, this spectral range can no longer be T.°C

described by one relaxation term with continuous relaxation time
distribution but has to be represented by a sum of two separateﬁgUéSE?/-HAgsofpttiO” Per_t‘;]\’ane”]?th ?S h? fugcéi;){‘ g{ temg%a(tou)re for
H e mixtures with mass fraction = 0. v =
terms. In contrast to the spectra for the mixtures gE{"CsEa, and 320 k2Hz &). The demixing temperature i — 39.8°C. The
and GE; with water, the high-frequency part of theEg/water curves are drawn to guide the eye.
spectra does not only reflect a Bhattacharjeerrell term. At
around 1 GHz a relative maximum points at an additional = CgE4. The GEs/water mixtures appear to be even more
Debye-type relaxation term. Consequently, the model spectralcomplex than the gEs/water mixtures. As shown in Figure 5
function by the spectrum for the compositiof = 0.071 and the
temperaturel = 32.5 °C, there may be up to three relative
R,(v) = RH# (v) + Rge(v) + Ryy(v) + By (15) maxima in the ¢4)exc data, indicating that at least three Debye
relaxation terms are required for an analytical representation.
has been applied to thesEs/water spectra. The parameters of A detailed analysis of the measured spectra reveals also
this function are displayed in Table 4. It turns out that Debye contributions from concentration fluctuations. Their existence
relaxation processes add contributions to the ultrasonic spectrahas been verified by measurements of the ultrasonic absorption
of the GEj/water mixtures in significantly different frequency coefficient at fixed frequencies as a function of temperature.
regions. We therefore discriminate the different spectral regions The series of data presented in Figure 6 for the mixture of critical
of these terms: uh, “ultra high”, 200 ps 7pyn < 500 ps;h, composition show that, contrary to the temperature behavior of
“high”, 2 ns < 7py < 10 ns; |, “low”, 80 ns< 160 ns; vl, “very the background contributions, theA)exc values increase when
low”, 0.4 us < 7py <0.9 us. approachind i, thus pointing at a critical part ia. Therefore,
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TABLE 5: Parameter Values of the Model Relaxation Spectral FunctionRn,(v) Given by Eq 16 as Following from the
Nonlinear Regression Analysis of the Ultrasonic Spectra for the gE,/Water Mixtures at Two Mass Fractions Y of Surfactant
and at Four Temperatures T2

Aoy, 1073 Tpw, NS Ap, 1073 Tpl, NS Agr, 1072 wp, 1P st Aoun, 1072 B, 10125

T,°C +10% +10% +10% +10% +5% +25% +10% +0.5%
Y=0.035

17.5 18 822 2.8 149 3.0 55 15 43.28

25.0 12 661 2.0 157 1.9 10 1.9 33.71

325 1.0 761 15 157 17 4 1.4 2791

39.0 1.2 761* 1.2 157* 2.0 4 1.5* 24.90
Y=0.071

17.5 3.1 667 2.3 83 5.2 17 3.6 47.15

25.0 1.9 493 1.2 93 4.1 4 3.2 37.87

325 12 491 12 107 4.1 5 2.5 32.02

39.0 1.0 491* 0.6 107* 4.1* 2 2.5% 29.93

@ The relaxation time of the ultrahigh frequency Debye term has been fixeslat 0.25 ns throughout. The asterisk indicates data that have
been also fixed in the fitting procedurém. = 0.002, Y¢it = 0.071, Terir = 39.8°C.

0.08 — . . " . . . . around the maximum of the Gaussian distribution of micellar
0.07 sizeg"?8andk® is taken as this almost size independent value
(K = Kom).
T 0.06 In order to reduce the number of unknown parameters in the
£ 005 fitting procedure, a Debye-type relaxation process has been
“a assumed for the gE4/water spectrag; = 1 in eq 5, hence
sl 0.04 R+#(v) — Row(v)) and the relaxation timep,; has been fixed
o at an estimated value of 0. Due to the small cmc of the
o~ C,.Es/water system, contributions from the monomer exchange
2 003 to its spectra have been neglected at Al — 0 if cmc— 0,
S eq 11). Neither the shape of the ultrasonic absorption spectra
nor their dependence upon temperature yields indications for
0.02 ng contributions from concentration fluctuations. Obviously, only
L L At L ' : at frequencies below our measuring range do critical phenomena
03 1 3 10 30 10030010003000 add contributions to the sonic spectra. For consistency with the
v, MHz results for solutions of shorterE, we nevertheless considered

Figure 7. Ultrasonic absorption spectrum in the fornt? vs v for a BhattacharjeeFerrell term in the description of the ultrasonic
. noel 14 ; + i i
the GiEJ/H,O mixture with mass fractiolY = 0.015 at 17.5Q), 25 absorption data. We fixed, however, the characteristic frequency

B . 5
(d), and 29.4°C (). The curves are graphs of the spectral function wp of this term at the values following from the relatiéd
defined by eq 22 with the parameter values given in Table 6.
_ v __ kBT zv
Wp = Wyt t

3170 o3

the suitable model relaxation function for theEg/water system (19)

reads

Hereinkg is Boltzmann’s constanty is the amplitude of the
Rn(v) = Rpu(v) + Rp(v) + Rge(v) + Rp(v) + By (16) correlation length (eq 1, Table 1), ang is tFr)le viscosity
. o amplitude, defined by the temperature dependence
The parameters d®n(v) as derived from the fitting procedure
arecr: collected in Table 5 ' . ndT) = not—(z—S)v (20)
10E4 and CyEs. As illustrated by the examples given in
Figure 7, the ultrasonic absorption of the mixtures of longer
nonionic surfactants is small and it is dominated by a monoto-
nous increase of thex/v? data toward lower frequencies.
According to the TeubnerKahlweit modek’28the relaxation

of the shear viscositys close toTei. This treatment of the
spectra turned out to be useful because it allows for an
intercomparison of the Bhattacharjeleerrell amplitude of all
Cigj/water systems under consideration.

time There is evidence for two further contributions with relax-
1/1  X\-1 ational characteristics to the spectra for the solutions qf Iopger
Trmon = —(—2 T) a7) surfactants. Due to the small amplitudes of these contributions,
K\o? M however, no statements can be made on possibly underlying

. relaxation time distributions. Hence we assumed simple Debye-
of the monomer exchange process is so large that the correyype processes and applied the model spectral functions
sponding relaxation process is located at the lower frequency
limit of our measuring range. In eq XK denotes a particular R, (v) = Ry, (») + Rge(v) + Ry (v) + Royn(v) + Bv  (21)
backward rate constant of the isodesmic reaction schefile

and

kfi P
N, + Ni,lf N, i=2,..,N (18) R, (¥) = Rye(#) + Roy(v) + Royy(v) + By (22)

underlying the theoretical model of micelle formation. Applying to the GoEs/water and GEs/water spectra, respectively. The
this scheme of coupled chemical equilibkPa~ ko is assumed parameter values for these functions are presented in Table 6.
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TABLE 6: Parameter Values of the Model Spectral Functions Defined by Eqs 21 and 22 as Obtained from the Regression
Analysis of the Ultrasonic Absorption Spectra for the GoE4/Water System (Y = 0.02) and the G Es/Water System (Y = 0.015),
Respectively

Aoy, 1073 Agr, 1073 Aon, 1073 Tph, NS Apun, 1073 Tpuh NS B, 10 *?s
T,°C +10% +10% wp, 1Ps? +10% +10% +10% +10% +0.5%
C10E4, Yeme= 0.000 27Y¢rit = 0.02]T¢ie = 18.2°C
12.0 0.27 0.12 86* 0.34 7.8 2.4 0.4* 50.63
14.0 0.23 0.14 41* 0.27 9.1 2.8 0.4* 45.70
16.0 0.16 0.17 12* 0.36 55 2.0 0.4* 44.20
18.0 0.07 0.22 0.12* 0.26 8.2 2.6 0.4* 40.50
Ci2Es, Yeme= 0.000 039,Y;it = 0.015,Teit = 29.6°C

17.5 - 0.050 103* 0.22 2.8 2.7 0.38 41.09
25.0 - 0.043 16* 0.27 2.2 2.9 0.23 31.95
29.4 - 0.033 0.04* 0.11 9.4 1.6 0.43 30.09

aFor the GoEs/water system the relaxation time of the very-low-frequency Debye term has been fixgd &t 700 ns. Data marked by an
asterisk have been also fixed in the fitting procedure.

4. Discussion 3.5 : : : .
Asymptotic High-Frequency Absorption; Shear Viscosity & Ci2E;0015
Relaxation. The asymptotic high frequency ultrasonic absorp- 3 L 4
tion (eq 3) reflects attenuation mechanisms due to viscous i ’,0 T
friction and heat conduction of the sample. For nonmetallic
liquids the latter effect is small as compared to the former. Hence 55 CyoE, 002 |
the contribution from the final heat conductivity is normally [\ _Q_Qﬁ‘ﬁ
neglected and thB coefficient of the asymptotic high-frequency % AN n ¢
contribution to the absorption per wavelength (eq 3) is related £ 7L \A\A \l-.l/C7E30408 |
to the shear viscosity #s32 £ B, A ‘.
- Ay \, C,E,0.071
2724 <15 _\Hfo g e \'A'\A‘é
B— —2(§773 4 ,7\/) (23) . N \ ©CE.0.146
pCS +\ V\ B\ CE
° N _~GE 0035
, i , : N YV E 008
Herens is the shear viscosity at the highest frequencies of the I+ + g\ —‘i‘!)lCGESO 03 ]
measuring range angl, is the volume viscosity at the same O% 06540.02
frequenciesy, is related to the curl-free part of the sonic field. 9&
B may contain contributions from relaxation mechanisms with 0'50 IO ' ' ‘
relaxation frequencies above the measuring range. If such 1 20 o 30 40 50
mechanisms are absent T, C
5 Figure 8. Static shear viscosity of thejE/water mixtures with mass
nins =15 (24) fraction Y displayed as a function of temperature. Pure water3glata

and s values for the @Es/H,O systerfi have been taken from the

is predicted from theoretical consideratidi§*Measurements ~ literature.
of liquid nobel gases confirm this value of the viscosity ratio,

p— 1 2-8 1 T 1 i T ¥ 1 1 1 4
whereasny,/ns = 2.68 for water at room temperature. This CEO0 @—0—
considerabley,/ys value of the associating liquid is an indication 24t o 0
for the existence of a high-frequency structure relaxation.

For reasons of comparison the shear viscosity vabpes & 2r C,E;0.08 © © ol
(=n{v—0)) of the aq_ueo_usiEj solutions_ (Tab_le 1) are plotted A: 1.6 | C,E,0.071 4 4
versus temperature in Figure 8. Also given in that diagram are = u T .

5 ,36 = - =
the water daté? values for the EEj/water systent and = 1.2 SCEO 14—y o9
additional values for the §£4/H,0 mixture of critical composi- ~ i C.E.0.08
: . 08F .. 783 -
tion.3” The s values for the aqueous solutions of shortgf,C |- ---=3 Qo NG mmmmmmmmmmm—m - -
similar to those for water itself, decrease withThey increase 04r CE 0\3? 1
with surfactant concentration. The data for th&egwater and oL 0= CoE-0015 4
the GEs/water systems slightly increase whEapproaches the 12 ‘5 )
critical temperature, in conformitywith the theoretical predic- -0.4 —
tions (eq 20). The solutions of longerE exhibit a strong 11 13 1517 19 21 23 25 27 29 31 33
increase in the shear viscosity at rising temperature. The same T.°C

behavior has been already found previolislgnd has been . . . ) . .

. . - Figure 9. Apparent volume viscosity-to-shear viscosity ratio versus
assigned to structural changes of the mlc_elle_s. A transition from temperature for some;E/water systems, including &€5/H:0# The
almost globular to extended (prolate ellipsoidally or tubularly gashed line represents the limiting vafig(eq 24).
shaped) micelles could be the reason for the unusual temperature
dependence of the viscosity. Consequently, the apparepts ratios for these systems toward

Despite the high shear viscosities Be&alues for the GE4/ higher temperatures become smaller than the limiting value (eq
water and GEs/water systems are small (Table 6) and close to 24) and even negative values are found (Figure 9). Thé (
the B values for water at the same temperature, respectively. 575)appdata have been calculated from the (static) shear viscosities
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Figure 10. Shear viscosity as a function of frequency of theEy/ 0 Q Al/ ) , . ) ,
water mixture withY = 0.02 at 17°C (triangles) and the gEs/water
system withY = 0.015 at 25°C (points/circle). The statigs values o 005 0.1 015 02 025 03
have been measured with a falling ball viscometer, the data at 10 MHz X/m

with a shear impedance spectroméferhe high-frequency data (open
symbols) result from an evaluation of the asymptotic high-frequency
contribution to the ultrasonic spectrum (eq 23).

Figure 11. Relaxation rate %/, of the restricted Hill term vs parameter
X/m. Dashed curves are graphs of the predictions from the Teubner
Kahlweit theory for the monomer exchange process (eq 17).

ns{(v—0) using eq (23). The finding of extraordinarily smajli(

7s)app data indicates a dispersion in the shear viscosity of the 25 T T ' T ' Mereees
long chain surfactant systems. Utilizing a shear impedance )
spectrometet® we therefore measured at frequencies between

6 and 20 MHz the shear viscosity of the¢Es/water mixture 20 ¢

at 17°C and that of the GEs/water system at 25C. We found

ns(v=10 MHz) values distinctly smaller (Figure 10) than the = « 15 L

static values;s(v—0). Let us assume the (reaj)/ns ratios for e
the GE4/H,0 and for the GEs/H,O mixtures, due to the small N
surfactant concentration, to resemble those of water. This ﬁc: 10
assumption seems to be justified by the apparent viscosity ratios

of the GEs/water system withy = 0.02 (Figure 9), which are

very close to those for water at the same temperatyygs(= 5t
2.68, water, 25°C). If this assumption is accepted, we can
calculate the shear viscosipyv=1 GHz) at around 1 GHz from

the B values of the ultrasonic spectra. Thegél GHz) data, 0 ! - s ! -
also shown in Figure 10, may be taken to confirm our idea of -0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13
a shear viscosity relaxation in the present frequency range of X/m

ultrasonic measurements. This idea is also supported by recen}:_ . . .
. . igure 12. Hill term amplitudeA4# of the GE3/H,O mixture at 17.5
results from ultrasonic (100 kHz to 5 GHz) and shear impedance ocg displayed versusqmr.) The curves show thé predictions of the

(20 MHz to 120 MHz) spectrometry of long-chain alkanes and e pnesKahiweit model (eq 11) for different widths of the (Gaussian)
alcohols, which yielded also a shear viscosity relaxatfon. size distribution of micelles: full curves? = 50; dashed curvey? =
Viscoelastic behavior of concentrateghEs/water mixtures has 100; dotted curveg? = 150.
been also inferred from ultrasonic attenuation spectrometry in
the frequency range-5155 MHz3° Here we got direct evidence > 0.02), up toX/m = 0.1, the concentration dependence of the
of a shear viscosity relaxation in solutions of long-chain poly- relaxation rate is in conformity with the predictions of the
(ethylene glycol) monoalkyl ethers from the addditional shear Teubner-Kahlweit model which yields a linear dependence of
impedance measurements (Figure 10). A full enlightenment of 7y~ uponX/m (eq 17,74 = Tmom). From the slopes of thay !
the viscosity behavior of long-chain;E systems, however,  versusX/m relations plotted in Figure 1% values between
requires further broad-band shear impedance measurements. 0.1 x 1®° st (CgE4/water, 25°C) and 0.6x 10° s71 (CoEs/
The (pv/15)app ratio of the other @j/water systems shows  water, 25°C) result.
the normal characteristics (Figure 9). It decreases with solute At around the cmc, deviations from the linear dependence
content, indicating that the particular voluminous water structure of the relaxation ratey~* upon the reduced concentration may
significantly changes with increasing surfactant concentration. occur, as indicated by thesEs/water system (Figure 11). Such
There is also a tendency toward lowgy/{s)app Values at higher deviations have been especially found for systems with high
temperatures where the effects from the special water propertiescritical micelle concentration, such as-heptylammonium
are smaller than at lower temperatures. chloride (cmc= 0.45 mol/L, 25°C?3) andn-hexylammonium
Monomer Exchange. For some GEj/water systems the  chloride (cmc= 0.9 mol/L, 25°C*9), and have been attributed
relaxation ratesy ! of the Hill-type relaxation term, assigned to the formation/decay kinetics of premicellar oligomeric
to the monomer exchange process in the micelle formation/decayspecies. Atc < cmc this oligomer region exhibits a negative
kinetics, are displayed versiémin Figure 11. The plots shown  slope in thery~! versusX/m relation.
in this figure reveal threeX/m regions of different solution Deviations from the TeubnetKahlweit model (eq 17) at
behavior. Above the concentration range around the cffia ( higher surfactant contenX{m > 0.1, Figure 11) are due to
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TABLE 7: Reaction Volume AV of the Monomer Exchange TABLE 8: Characteristic Frequency wp of Critical
Process, Calculated According to Eq 25 for ¢(Ej/Water Concentration Fluctuations, as Taken from the Ultrasonic
Mixtures with Critical Micelle Concentration cmc Spectra (Tables 3-5) on the one Hand and as Calculated

According to Eq 19 on the Other Hand, for the GE/Water

surtfactant  T,°C cme, 10° moliL AV, cn¥/mol Mixtures at Reduced Temperaturet, as well as
CoEs 175 98 8.8 Characteristic Frequency Amplitude mg Assumed To Be
25 92 7.8 Independent of Temperature
23-5 gg g -g oo (Tables 35) wo(eq19)  wo,
- ° 2 —1 —1 —1
CEa 175 93 95 surfactant T,°C t, 10" 10°s 10°s 10°s
25 80 9.1 CeEs 175 8.93 6H-1.6 71 7.38
32.5 65 8.8 25 6.58 36 40
40 60 8.7 325 4.23 15.9: 1.3 17
CeEs 25 73 8.7 40 1.88 4.8+ 0.6 3.6
C/E;3 12 23 9.0 C/Es 12 3.65 0.42+ 0.03 4.0 2.30
19 23 7.4 19 1.28 0.48t 0.06 0.54
21 23 6.3 215 0.61 0.3% 0.04 0.13
22.5 23 5.8 22,5 0.10 0.29t 0.04 0.004
CgE4 17.5 9.0 10.9 CsEs 175 7.13 143 11 1.75
25 7.6 9.2 25 4.73 4.3+ 0.1 5
325 7.0 7.7 325 2.33 474 0.1 1.3
39 6.8 7.1 39 0.26 1.99-0.2 0.019
CeEs 25 9.2 11.7 CioE4 12 2.13 0.083 0.14
14 1.44 0.041
interactions between micelles. The aggregates can no longer 16 076 0.012
be considered isolated species in a solvent consisting of water CoE i? 5 91'%69 8'28% 0.05
and monomers (with concentration= cmc). Local fluctuations 58T 15 0.016 :
in the concentration and thus activity corrections have to be 204 0.066 0.00004

taken into account. In addition, changes in the micellar shape
may affect the monomer exchange at high surfactant concentra
tions.

In Figure 12, as an example, the relaxation amplitégéof
the GEs/water mixture at 17.5C is plotted versuX/m. Also
shown for three different widths? of the micellar size
distribution function are graphs for the monomer exchange
relaxation amplitude (eq 11). Tk values from the measured
spectra largely follow the trend given by the Teubriéahlweit
relation (Figure 12). Because there do not exist experimenta
data in the X/m range between 0 and 0.02, no definite
conclusions can be drawn on the width of the Gaussian size

distribution function (Figure 12). Since, on the other hand, the f qiff f ts of th factant is doubtl

constant plateau region at higi/m (eq 11) is nearly reached rom different parts ot the surfactant is doubtiess an over-
by the measurements, we used 8énax = Au(X—o) values S|mpl|f|cat_|on. In addition, theAV data derived from the Hill _
at high surfactant concentration to calculate the reaction volumes®™M amplitudes depend on the cmc of the system (eq 25) which

: . is a concentration range rather than a definite value.
f the GEj/water m, usin 11) in the form " . . oo
of the GE/water system, using eq (11) in the format Critical Fluctuations. There clearly exist contributions from

AV values of GEs and GEs result inAVcy, = 1.5 mL/mol (25

°C) and the difference in the reaction volumes gE€and GE4
yields AVe = 2.4 mL/mol (25°C). These data, however, do
not allow for a consistent description of the set of reaction
volumes (Table 7). With the éEs/water system, for example,
AV = AVcp, + 14.7 mL/mol, as calculated with the aid of eq
26, is distinctly larger than the value 7.8 mL/mol derived from
the relaxation amplitude data (eq 25, Table 7). There may be
Iseveral reasons for this discrepancy. Let us just mention the
following, probably most important ones. In view of the complex
interplay of a variety of factors in the hydration properties of a
molecule, the linear superposition of hydration effects (eq 26)

# =RT\L2 concentration fluctuations in the ultrasonic absorption spectra.
AV = Msj (25) This result of our measurements becomes particularly obvious
m(cmc) in the intercomparison of spectra for theEg/water system and

the GE4/water systerfisince the critical temperatures of these

The AV values following thereby are collected in Table 7. The pinary liquids are significantly different from another. The
Ci10E4/H20 mixture has been omitted here because of the small critical contribution is also inferred from the seriescotiata at
relaxation amplitude of the monomer exchange process. fixed frequency measured as a function of temperature (Figure

The reaction volume is predominantly given by the difference ). with many GEj/water spectra, however, the contributions
in the hydration properties of the monomers and th& C  from concentration fluctuations to the EJwater spectra,
molecules incorporated in micelles. Hence it mainly reflects the however, is largely masked by those from the monomer
reduction of the clathrate-like hydrophobic hydration region exchange process. We therefore used the phenomenological
around the hydrocarbon chain, when the surfactant enters a«c|assical” BhattacharjeeFerrell theory and did not additionally
micellar aggregate. Since the voluminous hydrogen bond apply recently published more specific mod#ists
structure of water SucceSSiVely breaks down with rising tem- The app“cabmty of the Bhattacharj%erre” theory may

perature, the reaction volume decreases WithAs a first be examined by comparison of the experimental characteristic
approximation theAV values of a GEj molecule might be  frequency data with the predictions of eq 19. In doingégo
considered a simple sum values from Table 1 have been used agdalues have been
) i estimated from thegs data of the mixtures (Table 2). In addition,
AV = AVCH3 +(0—-1) AVCH2 +JAVE (26) in order to obtain temperature-independeptvalues, T = T,
has been taken. The resulting, and wp data and also the
of volume changes that are ascribed to the termina @Hup, characteristic frequencies from the measured spectra are pre-

the CH groups, and the ethylene oxide groups (E) of the sented in Table 8. In the evaluation of the ultrasonic spectra
nonionic surfactants. If this is accepted, the difference in the for the GoEs/water and GEs/water mixtures, the theoretical
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TABLE 9: Critical Part A of the Specific Heat at Constant _ 3 3 Kge(X,Xy)
Pressure and Amount|g| of the Coupling Constant for the F(Q) = —f — (29)
CiEj/Water Systems, Includingi—C4E/H,0%° T (1 + %) Kgl(xx,) + Q7
surfactant A JkgtK1 gl ) o

—CEMO 829 119 whereKge(X) = x%(1 + x?)P is exchanged by

CeEa/H-0 57.6 0.81 &

C/E3/H0 27.1 0.85 % —_ S

CeE/H,0 15.7 0.80 Kee0,) = gl 00x) (30)

Ci10E4/H20 2.02 0.54

Ci2Es/H20 0.90 0.33 R(~1) is a dimensionless const&hand
values had already been used as fixed parameters, in order to (3 1
enhance the significance of the other parameters in the fitting ksT 37 r@E- T,def) -t Ef u
procedure. With the gEs/water mixture of critical composition, I'(x,x) = P\Gﬂ R 8- 1 3=
both sets otvp values almost perfectly agree with another. With s F(3 -7, def) ( u)
the GEs/water and @E4/water systems, the agreement between d 31)

the theoretical and the experimentg) data is less satisfactory,

probably due to some interference of the critical contribution s the relaxation rate of the order parameter fluctuations within
in the spectra with contributions from other mechanisms. the droplet model. The dynamic droplet model is based on the
Nevertheless, the order of magnitude of the experimental datagssumption of a fractal nature of the mixture. It involves a
agrees with the predictions from the BhattacharjEerrell minimum lengthR; = xy/k which is identified with the micellar
theory. ) radius here. Parametdr (=2.5) denotes the fractal dimension
According to of the presumed clusters in the liquid mixture an=2.2) is
an exponent characterizing their size distribution. Furthermore

g = Blc(AgeT/(wA)) 2 (27)
R Tay) = [t dt (32)
the amplitudeAgr of the BhattacharjeeFerrell term (eq 7) is y
related to the coupling constagbf the binary liquid of critical is the incomplete Gamma function and
composition’ In eq 27 A and B are the critical contribution
and the background part, respectively, of the specific beat u= (Xl/x)df 1+ XZ)dTIZ (33)

constant pressure. Since there are godata available, we
utilized the relation

aAp \13
Eo( p”) =R." =027

We found that the use & instead of the origindF function
does not noticeably alter the form of the predicted ultrasonic
spectra. Only the dependence of the spectra upon the reduced
temperature is somewhat different for both scaling functions.
Evident deviations, however, result only at temperatures dis-

g (28)

that follows from the two-scale-factor concepti6ffto calculate
A values from the knowt, and & data and from the density
per at the critical point. We used thg value for water (4185 J
kg~1 K1) for the background pah of the (water-rich) mixtures.
TheA and|g| data of the presentiE/water systems and also
of the previously studied isobutoxyethanol/water mixture (
C4E1/H,0) of critical compositiof® are given in Table 9. It is

tinctly apart from the critical, where the correlation lengtfs
comparable with the minimum lengB. Applying the modified
scaling function in the regression analysis of th¢EgBvater
spectra resulted imp values which, within the limits of errors,
agreed with those obtained from the Bhattacharfeerrell
model® The reason for the small effect of the finite micellar
size may be the larg& value which, neaf, leads to a small

realized that a noticeable contribution to the distinct dependenceinfluence of the relevant quantityi/§. Hence, at least in the
of the critical amplitudeédsr upon the surfactant molecule length  mixtures of water with the shorterE, the effect of the non-
originates from a corresponding dependence in the critical part vanishing micellar size in the critical sound absorption can be
A of c,. Another contribution results from a dependence of the neglected.
coupling constant on the length of theg0molecules. The order Chain Isomerization. In the spectra of solutions of longer
of magnitude of theg| values for the ¢E/water systems isin  CiE;, an ultrahigh-frequency relaxation exists with a relaxation
accordance with coupling constants for other binary liquid time 7y, at around 0.25 ns (28C, Tables 4-6). Due to the
mixtures?6:50 small cmc of those systems, this relaxation is unlikely to reflect
For the G, Es/water mixtures nonuniversal critical exponents a monomer process. Special hydration effects have been
have been found previously and high noncritical background discussed in the literatuPeHowever, such effects should be
contributions to the relaxation rate of the order parameter also present in short-chain surfactant systems. In addition,
fluctuations have been reported>3 These characteristics have dielectric spectrometry showed that the hydration water resi-
been suggested to reflect effects from the nonvanishing size ofdence and reorientation times of similar molecules are smaller
the fluctuating micelles and have been discussed in terms ofrather than 0.25 n¥.58 We therefore suggest the ultrahigh-
the dynamic droplet model. Dynamic light scattering measure- frequency relaxation to reflect structural isomerizations of
ments of mixtures of water with ¢&3 and GoE4>* as well as hydrocarbon chains within the micellar cores.
Ci2Es%® are in conformity with this model. However, there does Previous broad-band ultrasonic studies on agueous solutions
not exist a theory describing the ultrasonic properties of a liquid of cationic, anionic, zwitterionic, and nonionic surfactants also
mixture in terms of the droplet model. In order to study the revealed a high frequency relaxation process with relaxation
effect of the finite micellar size in the sonic spectra, we therefore time between 0.1 and 0.31 ns (Table®4%). This relaxation
substituted the scaling functioR(Q2) in eq 6 by a modified time does not show a noticeable dependence upon the cmc or
version the head group of the surfactant molecule. The assumption of
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TABLE 10: Relaxation Time r,, of the Ultrahigh-Frequency (16) Zielesny, A.; Belkoura, L.; Woermann, Ber. Bunsen-Ges. Phys.
Relaxation Process for Aqueous Solutions of Surfactants and Chem.1994 98, 579.
for some Liquid Alkanes at 25°C (17) Binana-LimbeleW.; Van Os, N. M.; Rupert, L. A. M.; Zana, R.
J. Colloid Interface Sci1991 144, 458.

surfactant/alkane cme, mol/L  zun, NS (18) Schubert, K.-V.; Strey, R.; Kahlweit, M. Colloid Interface Sci.
sodium decyl sulfate 0.008 62 1991 144, 21. _ o
n-octyltrimethylammonium bromide 0.14 031 (19) Corti, M.; Minero, C.; Degiorgio, VJ. Phys. Cheni984 88, 309.
n-decyltrimethylammonium bromide 0.06 0592 27£(1210) Menzel, K.; Rupprecht, A.; Kaatze, BWcoust. Soc. An1998 104,
n-dodecyltrimethylammonium bromide 0.014 15 : )
n-tetradgcyltrime¥hylammonium bromide 0.003 626 (21) Bhattacharjee, J. K.; Ferr_ell, R. Rhys. Re. A 1981, 24, 1643.
n-hexadecyltrimethylammonium bromide ~ 0.001 G626 (22) Ferrell, R. A.; Bhattacharjee, J. Rhys. Re. A 1985 31, 1788.
1-palmitoyi-(63%), 1-stearoyl-(37%) 0.130 (23) Telgmann, T.; Kaatze, U. Phys. Chem. B997 101, 7758.

glycero-3-phosphatidylcholine (24) Telgmann, T., Kaatze, U. Phys. Chem. B997 101, 7766.
hexadecylsulfopropy! betaine $10°5 0.240 (25) Marquardt, D. WJ. Soc. Indust. Appl. _I\/Iatf‘l963 2, 2.
pentaethylene glycol monooctyl ether 0.009 0.23 (26) Press, W. H.; Tenkolsky, S. A.; Vetterling, W T.; Flannery, B. P.
entaethylene glycol monododecyl ether ~ x 1.0 0.23 Numerical Recipes in GCambridge University Press: Cambridge, 1992.

D eonne B 0 o8t (27) Teubner, MJ. Phys. Chem1979 83, 2917.
n-dodecane -~ 0'1251 (28) Kahlweit, M.; Teubner, MAdv. Colloid Interface Scil198Q 13,
n-tetradecane - 0.1ges61 L ;
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