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We studied the thermal diffusion behavior of hexaethylene glycol monododecyl eth&g)(d water by

means of thermal diffusion forced Rayleigh scattering (TDFRS) and determined Soret coefficients, thermal
diffusion coefficients, and diffusion constants at different temperatures and concentrations. At low surfactant
concentrations, the measured Soret coefficient is positive, which implies that surfactant micelles move toward
the cold region in a temperature gradient. FgsEgwater at a high surfactant concentratiormaf= 90 wt

% and a temperature af = 25 °C, however, a negative Soret coefficieht was observed. Because the
concentration part of the TDFRS diffraction signal for binary systems is expected to consist of a single mode,
we were surprised to find a second, slow mode fpEgwater system in a certain temperature and concentration
range. To clarify the origin of this second mode, we investigated also, tetraethylene glycol monohexyl ether
(CeEy), tetraethylene glycol monooctyl ethergfz), pentaethylene glycol monododecyl ether4z), and
octaethylene glycol monohexadecyl ethergfs) and compared the results with the previous results for
octaethylene glycol monodecyl ethen(Es). Except for GE4 and GoEs, a second slow mode was observed

in all systems usually for state points close to the phase boundary. The diffusion coefficient and Soret coefficient
derived from the fast mode can be identified as the typical mutual diffusion and Soret coefficients of the
micellar solutions and compare well with the independently determined diffusion coefficients in a dynamic
light scattering experiment. Experiments with added salt show that the slow mode is suppressed by the addition
of Wyaci = 0.02 mol/L sodium chloride. This suggests that the slow mode is related to the small amount of
absorbing ionic dye, less than Py weight, which is added in TDFRS experiments to create a temperature
grating. The origin of the slow mode of the TDFRS signal will be tentatively interpreted in terms of a ternary
mixture of neutral micelles, dye-charged micelles, and water.

I. Introduction formation of a concentration gradient. In the case of a binary
mixture, the flux,J;, of one of the components in response to

Surfactants in solution are used extensively in the production the temperatureT, and concentratio radients mav be
of food, pharmaceuticals, cosmetics, detergents, textiles, and P ’ L, 9 y

paints, and are also important in enhanced oil recovery. written ag
Surfactant systems often exhibit interesting physicochemical
properties due to the difference in chemical composition of the
head and tail groups of the surfactant molecules. In the past ) ) o o
three decades, nonionic surfactants of the general tyy, C whereD is t_hg translational mass diffusion c_oefﬂme@t, the
wherem indicates the number of C atoms in the alkyl chain Soret coefficient, ang the total mass density. The thermal
(the tail), andn represents the number of ethylene oxide units d|ﬁu§|qn coefficientDr is related to the Soret and diffusion
(—OCH,CHy)-OH in the headgroup, have been studied inten- coefficients throughDT_ = DS. In the steady state of the system,
sively! In aqueous solutions, these surfactants form a variety wh_ere the fluxJs va_mshes, the Soret coeff!ment describes the
of structures, including spherical or elongated micelles, lamellae, Fatio of concentration and temperature differences along the
and inverted micelles. The boundaries between different phasesdirection of the gradient. We use the sign convention that the
as well as the structure of the micelles in the micellar phase are SOret coefficient is positive if the first named component is
determined by the hydrophilic/nydrophobic balance gEgin enrlc_hec_i in the colder reg|_thhermaI dnffusmn has important
water, which depends on temperature and concentrafion. apphcanons, for exgmple, in the.separatlon pf solutes. The effect
Diffusion in a multicomponent fluid may be driven by IS related to chemical and physical properties such as the mass
composition, temperature, or pressure gradients. For mixturesOf the molecules, the structure of the solutes, and chemical
subject to a temperature gradient at constant pressure, thermafiteractions. However, the microscopic mech_anlsm of the effect
diffusion, also known as LudwigSoret effect, leads to the IS not yet completely understood, especially for complex

J; = —D(pVwy + pwy(1 — W;)S;VT) (1)

systems.
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systems have mostly been carried out for ionic surfactant
systems. Experiments yielded positive Soret coefficients of the
micelles for all systems studied. Piazza and Guarino also
investigated how the addition of salt changes the Soret effect
and found that, in the dilute regime, the Soret coefficient
decreased with increasing salt contemthile the opposite is
true for higher surfactant concentrations. They interpreted their
findings in terms of the Debye screening length by using an
interfacial tension mechanism proposed by Ruckengtein.
Recently, we studied the thermal diffusion behavior of the
nonionic surfactant gEg in water in a thermal diffusion forced
Rayleigh scattering (TDFRS) experiméfifThe obtained Soret
coefficientsSy were positive for all temperatures and concentra-
tions, and the diffusion coefficients determined by TDFRS
agreed with those obtained by dynamic light scattering (DLS).

In the concentration and temperature range investigated in that

work, CoEg/water forms primarily elongated spherical micelles
and undergoes no structural transitions. In the present work,
we focus on the system;éEg/water, which exhibits rich phase
behavior and the coexistence of spherical and elongated micelle
in a certain temperature and concentration rafig&We studied

systematically the dependence of the transport coefficients on

temperature, surfactant concentration, and salt concentration
Surprisingly, we found for this surfactant system a second mode

in the TDFRS experiment in a certain temperature and concen-
tration range. Since such a two-mode behavior has not been

observed in micellar solutions before, we investigated several
other surfactant systems in order to clarify the origin of the
second mode. Surprisingly, we found for this and several other

systems a second mode in the TDFRS experiment that has not

been observed before.

The paper is organized as follows: in the next section, Section
Il, we present the working equations that are used to analyze
the TDFRS experiments and explain an iterative procedure to
correct for inadequacies of the electronic instrumentations. In
the Experimental Section (Section IIl), we describe briefly the

sample preparation, the experimental apparatus, and the deter

mination of refractive index increments, which are necessary
for the evaluation of the diffraction data. We discuss also the

choice of dye, which is necessary to create a temperaturesfs’

gradient. In Section IV, we present thermal diffusion results
for the GoE¢/water system for a range of temperatures and

concentrations. For a very high surfactant concentration, where

the surfactant forms inverted micelles in water, we observe a
negative Soret coefficient for the surfactant, which is uncommon
for micellar solutions. For lower surfactant concentrations, the
Soret coefficients of GEg/water are positive. For a certain
temperature and concentration range, we observed an unusu
second mode in the TDFRS signal. Results of our investigation
of several other surfactant systemssglfg; CgE4, Ci2Es, and
Ci6Es), also presented in Section 1V, allow us to relate the

appearance of the mode to the distance from the boundary to

the two-phase region. Furthermore, experiments pitdivith

added salt show that the origin of the second, slow mode is
ionic in nature. In Section V, we summarize our results and
present a tentative interpretation of the origin of the slow mode.

Il. Working Equations

A. TDFRS. The diffraction efficiency of the optical grating
created in a TDFRS experiment changes with titna,thermal
grating is formed first and induces at later times a concentration
grating. When the total intensity of the diffracted bedm(t),
is normalized to the thermal signal, the Soret coeffici&ht,
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Figure 1. Measured excitation function in comparison with an ideal
excitation function. Inset shows an enlargement of the plateau.

and the diffusion coefficient), may be determined from the
amplitude and the time constant &f.(t), respectively,

_ ony —1{an . R
Gl =1+ (1) 7 (), St w1 - e

)

The partial derivatives in eq 2 represent the increments of the

refractive indexn, with temperatureT, and mass fractiony;
at constant pressurgy, and are measured separately. The
'scattering vectorg, is also determined independently.

Equation 2 describes a TDFRS signal with a single-mode
decay. In some of the experiments on micellar solutions, a
second, slower mode was also observed. The two-mode TDFRS
signals were well described by the following expression for the
normalized heterodyne intensity

_ on\ ~1fon
el =1+ 1), o,

(S x (L— &P + 5 x (1— e *P),

wy (1 —w,)
P

®3)

where the subscripts f and s stand for fast and slow mode,
respectively, and where the decay times and the amplitudes of
the two modes have been expressed in terms of two diffusion
coefficients,Ds andDs, and two amplitude coefficient§y and
respectively. Our results presented in Section IV show that
the fast mode observed in solutions with two-mode decay is
very similar to the single mode observed in solutions with one-
mode decay. This suggests that the coefficiéntandSrs may
be identified with the typical mutual diffusion and Soret
coefficients of the micellar solutions.

The theory for TDFRS experiments assumes a step function
for the excitation of the thermal grating. In actual experiments,

a;pis ideal excitation function is often not realized due to the

limited rising time of the optical grating. Wittko andKter°
developed a method that takes this nonideality into account:
in the course of an experiment, one measures both the TDFRS
signal and the rise of the intensity in one of the fringes of the
optical grating (see Section IIID). This rise in the intensity
represents the actual excitation function of the thermal grating.
The measured TDFRS signal and the measured excitation
function are then deconvoluted in an iterative process to yield
the “ideal” TDFRS signal. We extended the approach of Wittko
and Kaler®® to the case of a two-mode decay and included
error estimates and the corresponding weights in the fits to the
measured signals. Figure 1 displays a typical excitation in
comparison with the ideal step excitation function. The rising
time for the optical grating to reach 98% of the final intensity
value is on the order of 2@s and is followed by a slower
increase of the intensity. The final value of the intensity is
reached after 0.5 s. Because the characteristics of the excitation
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function may change with time, it is necessary to measure the -0.5— T T T
excitation function frequently between measurements.
B. DLS. The autocorrelation function of the scattered light ",
intensityg@(q, t) is related to the normalized field correlation v -1.0f 0, © 7
function g(q, t) by "9 ::: PO
@(g 1) — g 12 S, 15p el D2 m 1
g7(a, ) =B+ 4197(a, 1) (4) = sy 2o
*
whereB and 8 are the baseline and a constant related to the S 20} z 3 . i
coherence of detection, respectivélyMeasured correlation = ¢ v
functions were analyzed by the cumulant method to obtain an ¢
average decay rafe, 2.5 L L L
0 10 20 30
0,
In1gV) | = — Tt + 22 %4 G IR Cofq
2! 3! Figure 2. (an/dT)w,p Of C12Es in water as a function of the surfactant

_ concentration at 20C (), 25°C (@), 30°C (a), 35°C (¥), and 40
wherey; is theith cumulant angu,/T? gives the normalized  °C (#). The samples contained the same small amount of basantol
dispersion of the distribution. When the fluctuation of the yellow typically used in the TDFRS experiment. The open symbols
scattered light intensity is due to the translational diffusive referto a measurement&s (W, = 0.05) without dye. The error bars
motion of the solute molecules, the decay fBtés related to correspond to one standard deviation of the ‘mean for repeated
the translational diffusion coefficient throudh = T'/g2 measurements; they barely exceed the symbol size.

Figure 2 shows the refractive index increments with temper-
ature Pn/aT)w,p Of Ci2E in water as a function of surfactant

A. Sample Preparation.Hexaethylene glycol monododecyl  weight fraction at different temperatures. The samples used for
ether (G2Es; purity = 98%) was ordered from Nikkol Chemi-  the @n/dT)w,, measurements came from the same batch as those

Ill. Experiment

cals, Tokyo. Tetraethylene glycol monohexyl ethegH& purity samples measured in the TDFRS experiment and contained the
= 98.3%) was purchased from Bachem AG, Switzerland. same small amount of basantol yellow. The difference from a
Pentaethylene glycol monododecyl etherAfs; purity > 98%), sample without dye is smaller than 1% (see open symbols in

tetraethylene glycol monooctyl ethergf; purity = 98%), and Figure 2). For the high surfactant concentratiomgf= 90 wt
octaethylene glycol monohexadecyl etheyes; purity >98%) %, we measuredd(/oT)y,p = — 3.71 x 104 K1 at 25°C.
were purchased from Fluka BioChemika, Japan. All surfactants C. Dynamic Light Scattering. The dynamic light scattering
were used without further purification. (DLS) measurements were carried out for angles betweén 20

To prepare the samples for the TDFRS experiment, a smalland 120. A Kr-ion laser was used as the light source
amount of dye needs to be added to the samples. In the(wavelengthh = 647.1 nm). Correlation functions of scattered
experiments, we used basantol yell®g trivalent salt (cobalt light were measured by an ALV-5000E correlator. The cylindri-
complex), which was provided by BASF. Basantol yellow is cal sample cell was placed in a thermostated bath, which was
delivered as an aqueous solution, which contains also smallcontrolled with an uncertainty of 0.C. The sample solutions
amounts of 2-(2-butoxyethoxy-)ethanol and 'Zjthydroxy- were kept at the measured temperature for at least 30 min to
dipropyl ether. Drying the powder before adding it to the ensure equilibrium conditions before starting data acquisition.
surfactant solution did not lead to a significant difference in ~ D. TDFRS. The experimental setup of TDFRS is sketched
the result. The optical density af, was adjusted by addition  in Figure 3. The interference grating was written by an Ar-ion
of 0.001 wt % basantol yellow to 153 cnT. laser operating at the wavelength/of= 488 nm. The grating

For the experiments, we first prepared an aqueous dyewas read by a HeNe laser atl = 632.8 nm. The intensity of
solution with the desired absorption by using deionized water the diffracted beam was measured by a photomultiplier. A mirror
(Milli-Q). Then the surfactant was added and stirred4d at mounted on a piezocrystal was used for phase shift and
room temperature. For most of this work, we used solutions stabilization to obtain the heterodyne signal. The flip mirror
with less than 30 wt % surfactant (see Figure 8). However, for M1 in front of the cell was used to image the diffraction grating
the G2Eg surfactant, experiments were also carried out at a high on a CCD camera to determine the grating vector. The typical
surfactant concentration (90 wt %). After preparation, the grating vector in the experiments was aroune 3100 cnt?!
solutions were filtered by a 0.4bm filter (Spartan) directly which corresponds to a fringe spacing arouwher 20 um. A
into the sample cells. For the TDFRS experiment, we used second flip mirror M2 in front of the CCD camera was used to
quartz cells (Hellma) with a layer thickness of 0.2 mm. The record the excitation function. For the measurement of the
sample cells were sealed tightly by a Teflon stopper. In the light excitation function, a second fiber (multimode) was connected
scattering experiment, we used cylindrical glass cells with an to the photomultiplier and the same recording equipment was
inner diameter of 8.5 mm. The optical path length of the cells used as for TDFRS measurements.
used to determine the refractive index increment with temper- The TDFRS measurements were carried out in a temperature
ature Pn/oT)y,p was 10 mm. range from 20.0 to 40.0C. The temperature of the sample cell

B. Refractive Index Increments. The quantities dn/owy)tp was thermostatically controlled by circulating water with an
for the surfactant systems were determined with a single uncertainty of 0.02C. Deterioration of the sample due to long
measurement cell by means of a scanning Michelson interfer- heating and absorption of carbon dioxide leads to changes in
ometer operating at a wavelength of 632.8 #rin this way, the absorption spectrum. Therefore, we measured the absorption
we obtained {n/owy)Tp = 0.130 atT = 25 °C. Measurements  spectrum after each TDFRS experiment and discarded the
with an Abberefractometer between 20 and 40 confirmed samples when changes were significant.
this value and showed thabr{owi)rp is constant in the E. Dye Influence on the TDFRS Signalin this section, we
investigated temperature rang#/owi)r, = 0.131+ 0.001. study in more detail the influence of the added dye. Ideally,
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Figure 3. Schematic drawing of the TDFRS setup. The two flip mirrors, M1 and M2, and the multimode fiber serve to measure the excitation
function of the optical grating.

the dye is inert, which means that there is no photobleaching

and no dye contribution to the diffraction signal. For organic

mixtures, it has been shown that the addition of an organic dye 1.0
results in very small dye contributions to the signal (on the order
of 0.5%). These contributions do not influence the mean values
of the transport coefficients but lead to slightly asymmetric error
bars? In the case of aqueous systems, it is more difficult to
find an inert dye. Typically, the spectroscopic properties of dyes
depend on pH, ionic strength, and other parameters. We
investigated roughly 30 different water-soluble dyes. Of those,
only basantol yellow and alizarin were inert with respect to the
TDFRS experiment. Because of the strong pH dependence of

the absorption spectrum of alizarin, and because alizarin is onIdeye of an aqueous solution of basantol yellow with various optical
. het
soluble in the presence of the surfactant, we preferred basantodeensities: 3.9 ot (0), 5 ot (v), 5.5 cnT? (left open triangle), 7

yellow and employed it throughout the experiments described -1 (2), 10 cn? (O, O). The inset shows the concentration signal
here. Basantol yellow has already been used successfully infor the highest and lowest dye concentrations.
numerous studies on polymer solutidf%and with another
nonionic surfactant systeti.As it turns out, this dye has a
physical effect on the micelles of some of our nonionic tions fvi <5 wt %) is the contribution of the dye around 5%.
surfactant systems. To separate these effects from potentiaBecause of the smallness of the dye contribution to the TDFRS
spurious dye effects, we estimate in this section contributions signal, we neglect it in the following.
of the dye itself to the TDFRS signal. Later, in Sections IV We also investigated the distribution of the dye in the micellar
and V, we investigate and discuss the effect of the dye on solutions. For @E4, CgE4, CioEs, Ci2Es, CioEs, and GgEg, we
interactions between micelles. prepared aqueous solutions with surfactant concentratigns
As a first test, we measured the diffraction signal for five = 2.5% and for GE4 with wy; = 5%, which are above the critical
aqueous solutions of the dye. For an inert dye, there should bemicelle concentration. All solutions contained a typical amount
no concentration contribution to the signal but only a thermal of basantol yellow and were quenched by3°C into the two-
contribution, which becomes identical with the excitation phase region. After the temperature quench, we waited until
function at long times. Figure 4 shows a comparison of the the surfactant-rich and the water-rich phases had formed. In the
excitation function for aqueous solutions of basantol yellow with case of the long-chain surfactant systemgEg; Ci.Es, and
various optical densities between 3.9 and 10~ ¢tnat a CieEg/water, the color of the upper, surfactant-rich phase was a
wavelengthl = 488 nm. The inset in Figure 4 shows a clear deep orange and that of the lower phase was colorless. For the
concentration contribution to the signal for the highest dye shorter-chain surfactantssEs, CgE4, and GoEs, the colors of
concentration. However, at typical dye concentrations, the the surfactant-rich and water-rich phases were a deeper and
amplitude of the concentration signal is very low and typically fainter orange, respectively. Foi4Es, we also tested the effect
below 1% of the total signal. From the time dependence of the of salt on the distribution of the dye and found that even an
diffraction signal, we can also determine the thermal diffusivity amount of salt that is sufficient to suppress the second mode

Gt/ @-U-

0.5}

R Y TR R TR
t/ms
Figure 4. Excitation function @) in comparison with heterodyne signal

of water. The extrapolated thermal diffusiviy, = 1.37 x (see Section IV.C.) does not change the color of the phases.
1073 cn? s71 for an optical density of 2 ¢t at a temperature  For the G.E, systems studied here, the dye distribution between
of T = 25 °C compares well with the literature value Df;, = the two phases reflects the surfactant concentration; the dye is

1.45 x 1073 cn? s1 for water?* From the concentration  enriched in the surfactant-rich phase and depleted in the water-
contribution to the TDFRS signal in agqueous dye solutions, we rich phase. The surfactant concentration in the water-rich phase
estimate that the contribution of the dye to the amplitude of the decreases rapidly with increasing chain length of the alkyl chains
concentration signal for a measurement of the surfactant in waterof the surfactant$® Because the dye concentration in the water-

is typically below 0.5%. Only for very low surfactant concentra- rich phase, as indicated by the color of the phase, also decreases
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Figure 6. Diffusion coefficient of G.Es/water in dependence of
surfactant concentrations at different temperatdres 20 °C (W, O),
25°C (@,0), 30°C (a4, 2), 35°C (v, V), and 40°C (4, ©) determined

by TDFRS (solid symbols) and DLS (open symbols). In the case of
two-mode TDFRS signals, the data presented in this graph were
determined from the fast mode. For both TDFRS and DLS measure-
ments, the solutions contained basantol yellow.
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Figure 5. Normalized heterodyne signgilet measured for GEs (Wi
=5 wt %) at different temperaturds= 20 °C (O), 25°C (O), 30°C
(a), 35°C (v), and 40°C (¢) (upper figure) and GEs (w; = 15 wt
%, T = 20°C ([@)) (lower figure), respectively.

which is reached at around 508. The difference in the signals

is quite striking. While in the case ofigEg, the diffraction
intensity increases steadily before reaching its steady-state
plateau, in the case of €&, the diffraction signal passes
through a maximum and decays to the final equilibrium value.
This two-mode behavior of the TDFRS signal is characteristic

rapidly with alkyl chain length, we conclude that the dye for Cy,E¢ solutions at higher temperatures and lower surfactant

molecules are attracted to the surfactant molecules. NeverthelesConcentrations  (see Figire 8) a”éj was not observed for
the temperature grating in the TDFRS experiment is not concentrations abovev; = 25 wt % in the investigated
expected to be influenced by this attraction because, first of EMperature range.

all, all experiments were performed in the homogeneous micellar . AS @n independent test of our TDFRS results, we performed
L, phase with a homogeneous surfactant distribution. Further- dynamic light scattering (DLS) experiments omEs in water

more, we did not observe a shift of the absorption band to IongerWith and without added dye. We found that the addition of the

wavelength as has been observed for colloidal systems, wheredYe did not lead to significant changes in the measured values
the dye molecules are preferentially adsorbed on the colloidal for the mass diffusion coefficierid. Figure 6 shows DLS and
surface?® This suggests that the constant exchange of surfactant ! PFRS results for the diffusion coefficient of s for different

molecules between micelles and solution prevents the formation'€MPeratures as a function of concentration. In these experi-
of stable adsorbates. ments, the solutions for the DLS measurements contained the

As will be discussed in Section IV.B., we investigated the same amount of basantol yellow as the TDFRS samples. In the

effect of the dye on the phase transition temperature for the ;I-DFRhS (?xperim;nt?hthe diflfusion coefgc_ierllt_s wer6e (:]eriver?l
CioEg/water system and found that the dye increases the rom the fast mode. The results presented in Figure 6 show that

transition temperature for low surfactant concentrations. Becausethe values obtained by the two different methods agree within

the change in the phase transition temperature is generally notexpedrlmder&tal_error, where the error bars correspond to one
large and decreases with increasing concentration, we do no taT“h a(rj_ff eylatlon.ﬁ_ ient data in Fi 6 sh d
expect a strong effect on the measured diffusion and Soret e diffusion coefficient data in Figure 6 show a pronounce

coefficients, except for dilute solutions very close to the phase minimum at a vyelght fraction of about, = 2.5 wt %. This IS
boundary. expected for mixtures near a phase bountfaagd agrees with

earlier observations on this and related nonionic micellar
solutions!®28-30 For small surfactant concentrations, the dif-
fusion coefficients decrease with increasing temperature, while
In this section, we present the TDFRS results fosHg in the opposite is true for larger surfactant concentrations. In
water and compare them with results for otherEQwater addition to the vicinity of the phase transition, micellar grotfth
systems. We start with a comparison of the measured diffraction and the onset of entanglements between micgle believed
signals of G,Es with those obtained recently fori6Eg.2® In to contribute to the complicated composition and temperature
contrast to the previous measurements, we observed a secondependence of the diffusion coefficients in micellar solutions.
mode for GoEs in water. Further analysis of the data shows Figure 7 provides a survey of the measured Soret coefficients
that the diffusion coefficients determined from the fast mode Sy, diffusion coefficientsD, and thermal diffusion coefficients
agree well with the literature. In the following subsection, we Dt of C;.Eg in water as a function of the surfactant concentration
discuss TDFRS signals for four more nonionic surfactant w; at different temperatures. The data determined from the single
systems to establish patterns in the occurrence of the secondnode in solutions with one-mode decay and from the fast mode
mode. In the last subsection, we discuss the influence of saltin solutions with two-mode decay are represented by filled

IV. Results

on the second mode.
A. Characteristics of CizEg in Water. Figure 5 displays
normalized heterodyne signals for#£s and GoEs. For both

symbols in Figure 7 and are also presented in Table 1. Because
their signals show the same characteristics, they will be referred
to collectively as “fast mode” data. In the concentration range

surfactants, the signals are normalized to the thermal plateaupresented in Figure 7, the fast-mode Soret coefficients are
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03F <« — — the heterodyne signal intensity may be expressél as
0.2} . ]
PRI ‘ Gl =1+ @) _1@) Wl ~ w)S; x
1 he i i i
8__8? :_g.. b b =72 \dT, Wy, Wy, P ow, T.pW_;
02fF ° ] (1— e (6)
03, o , . .
}4 0L ' ' R wherei €{1, 2} denotes the solute species. This expression
N2 L . reduces to eq 3, when the composition variations of the index
E s5f1 h of refraction are not sensitive to the solvent species, and when
5 ' 3 S 11 a prefactorr = wy(1 — Wo)way(1 — wy) is included in the
A . * -~ o definition of the second amplitude coefficieBts in eq 3. Our
a bz g discussion in Section V suggests that the inclusion of dye
S . ' ' molecules in some micelles may be responsible for the slow
- 10} t mode. Such micellar solutions may be considered as ternary
2 [ I ; [ mixtures of regular micelles, dye-marked micelles, and water.
5 [ ‘ In this case, the index of refraction changes are indeed expected
o 3¢ % . i 7 to be insensitive to the micelle species, which justifies treating
-~ - : them as a common prefactor in eq 3. Because the dye
o & ; ; -
of ¢ & ¢ ] concentration is extremely low and constant, the dyfe marked
L . L . L - L micelles are dilute at all surfactant concentrations. This implies
0 10 20 30 that cross-diffusion contributions to the decay times may be
w,/wt% of C.E neglected and that the diffusion coefficiemsandDs may be
Figure 7. Soret coefficientSy, diffusion coefficientD, and thermal associated with the mass diffusion of the regular micelles in
diffusion coefficient Dt of CiEe in water in dependence of the water and the self-diffusion of the dye-marked micelles in the
surfactant concentration, for different temperature$ = 20 °C (M, solution, respectively. While for high surfactant concentrations

S 5,5 35, ) A 4.0, T2 TOSS COnUbLEN 1 theamples canno b excluded, cros
mode.yThe solid line in the top graph is a guideyto the eye for the diffusion effects are e_Xpe(_:ted to be negligib_le for low s_u_rfactant
decreasing Soret coefficient with increasing concentration. concentrations. This implies that the amplitude coefficigit
is closely related to the Soret coefficient of the dye-marked

positive for all temperatures investigated. For concentrations 5 micelles. However, because the exact concentration of these
wt % < w; < 30 wt %, theSr values decrease with increasing micelles is not known, we have absorbed the parameter
surfactant concentration. At its maximum near= 5 wt %, Wa(1 — wp)/wi(1 — wy) in the value of the amplitud8rs. Thus,
Sr increases strongly with temperature. The temperature de-the measured values of the Soret coefficients of the slow
pendence becomes less pronounced at higher concentrationg;omponent differ from the actual values by a concentration-
and at a concentration @f; = 30 wt %, the Soret coefficient  dependent factor and only qualitative conclusions can be drawn
is temperature independent within the experimental error. For about the thermal diffusion behavior of this component.
concentrations smaller than 5 wt %, the fast-mode Soret B. Characteristics of Some Additional Nonionic Surfactant
coefficients are quite small and show little dependence on Systems.To gain a better understanding of the second slow
temperature. Unfortunately, the data for very low concentrations process in the diffraction signal of the TDFRS experiment, we
are quite noisy due to the small amplitude of the concentration investigated other nonionic surfactants in water. Figure 8 shows
signals so that it is difficult to discern the concentration the phase diagrams for the six investigated surfactasts, €
dependence in this range. Not shown in the figure is our result CgE4,32 CioEg,3% C12Es,! Ci1E6, 118 and GeEg! in water. The
for a solution at high surfactant concentration,= 90 wt %, circles in Figure 8 mark the temperatures and concentrations
where inverted micelles form. For this concentration, the Soret of our measurements, where open and filled symbols indicate
coefficient S = —0.011+ 0.001 is negative, indicating that one- and two-mode behavior, respectively. The shape of the
the inverted micelles move to the warmer regions of the fluid. micelles just above the critical micelle concentration is highly

The coefficients determined from the slow mode of the dependent on surfactant type and solution conditions (concentra-
TDFRS signal are represented by open symbols in Figure 7.tion, electrolyte level, temperature). The systems with the
The diffusion coefficients associated with the slow mode smallest surfactant moleculesEz and GEs show a rather
decrease monotonically with increasing composition and ap- simple phase diagram with an isotropic micellar phase consisting
proach zero as the amplitude of the slow modes vanishes neaiof spherical micelles and a two-phase region. FeiEgin the
20 wt %. While the values of the slow-mode diffusion isotropic micellar phase I, the shape of the micelles is
coefficients are comparable to those determined from the fastsomewhat elongatéd.In the case of GEs, CioEs, and GgEs
mode for low concentrations, they become markedly smaller in the Ly phase, the spherical micelles change their structure
for concentrations larger than 2.5 wt %. Just as in the case ofwith increasing concentration to rodlike micelles, which entangle
the fast mode, the amplitude of the slow mode decreases withat high concentration®.
decreasing temperature and increasing composition for inter- There have been numerous studies of the effect of electrolytes
mediate compositions. However, the sign of the amplitude is on the phase separation in micellar solutiéng! The addition
negative, indicating that the species responsible for the modeof salts may shift the phase boundary toward lower temperatures,
is enriched in the warmer regions of the fluid. To interpret the as for example, in the case of sodium chloride, or toward higher
slow-mode coefficients, we recall that TDFRS signals with two- temperatures, as for example, in the case of potassium iétide.
mode decays have previously been observed in ternary mixturesBecause basantol yellow is a trivalent salt, we determined its
of a dilute polymer in mixed solventd.For ternary mixtures effect on the phase separation obEs/water and found that it
where cross effects between the two solutes can be neglectedshifts the phase boundary b¥T ~ 2.2 °C for a surfactant
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TABLE 1: Soret Coefficients, Sy, Thermal Diffusion Coefficient, Dy, and Diffusion Coefficient, D, for C1,E¢/Water Containing
Basantol Yellow as Dye

Sr/K1

W 20T/°C 25T/°C 30T/°C 35T/°C 40T/°C
0.005 0.035+ 0.003 0.025+ 0.001 0.036t 0.010
0.015 0.02G+ 0.002 0.012+ 0.002
0.025 0.014+ 0.001 0.028t 0.002
0.050 0.021: 0.002 0.059+ 0.003 0.115+ 0.020 0.17A# 0.013 0.294+ 0.013
0.101 0.033£ 0.003 0.060+ 0.006 0.078t 0.008 0.09A 0.010 0.110+ 0.016
0.150 0.036+ 0.002 0.051 0.007 0.060t 0.004 0.065+ 0.003 0.066+ 0.007
0.201 0.034+ 0.002 0.042+ 0.004 0.045f 0.004 0.05 0.002 0.053t 0.010
0.248 0.0306+ 0.002 0.036+ 0.002 0.03A 0.006 0.03A 0.005 0.03A: 0.004
0.304 0.023£ 0.001 0.033+ 0.004 0.030+ 0.003 0.029+ 0.002 0.03k: 0.007

Di/107cmés 1K1

Wy 20T/°C 25T/°C 30T/°C 35T/°C 40T/°C
0.005 0.414+ 0.063 9.562+ 5.081 0.520+ 0.107
0.015 0.145+ 0.020 2.644 1.355
0.025 0.074+ 0.008 0.140+ 0.008
0.050 0.084+ 0.009 0.238t+ 0.012 0.393t 0.059 0.562+ 0.034 0.842+ 0.023
0.101 0.148+ 0.022 0.26 A4 0.025 0.344 0.017 0.419t 0.036 0.476t 0.050
0.150 0.178t 0.011 0.265+ 0.034 0.329+ 0.025 0.373t0.016 0.388t 0.037
0.201 0.192+ 0.009 0.268t 0.026 0.299+ 0.028 0.369t 0.015 0.391 0.066
0.248 0.198+ 0.011 0.264+ 0.016 0.296+ 0.048 0.325+ 0.045 0.328t 0.038
0.304 0.185: 0.011 0.286+ 0.038 0.284 0.034 0.294+ 0.026 0.313+ 0.069

D/107cnPé st

Wy 20T/°C 25T/°C 30T/°C 35T/°C 40T/°C
0.005 6.18+ 1.09 6.62+ 0.88 8.08+ 2.59 6.20+ 1.07 5.78+ 0.64
0.015 5.57+ 0.85 4.49+ 0.94 3.60+ 0.16 3.88+ 0.51 3.02+ 0.24
0.025 5.43+ 0.35 4,94+ 0.13 3.56+ 0.15 2.67+ 0.06 2.22+0.13
0.050 4.12+0.21 4.06+ 0.07 3.42+0.16 3.18+ 0.07 2.87+0.10
0.101 4.45+ 0.28 4.43+0.14 4.30+ 0.25 4.344+0.10 4.35+0.23
0.150 4.93+ 0.20 5.17+0.16 5.51+ 0.08 5.73+ 0.06 5.92+ 0.20
0.201 5.714+0.13 6.35+ 0.20 6.66+ 0.14 7.31+0.19 7.34+0.14
0.248 6.69+ 0.16 7.37+0.08 8.08+ 0.14 8.82+ 0.21 8.83+ 0.36
0.304 7.98+ 0.08 8.68+ 0.14 9.44+ 0.25 10.12+0.18 10.23+0.25

a|n the presence of a second mode, all coefficients were determined from the fast mode.

concentration ofv = 5 wt %. The addition of 1%* M sodium of wy = 2.5 wt % and a temperature ®f= 40 °C as a function
chloride to the surfactant mixture with dye brings the system of salt concentration. The results show that the fast-mode
back to the original phase separation temperature. The temperdiffusion coefficients are almost independent of the salt content,
ature shift induced by basantol yellow is more pronounced at while those determined from the slow mode decrease with
lower surfactant concentrationAT ~ 5 °C forw = 2.5 wt %) increasing salt concentration until the slow mode disappears for
but is still reversed by the addition of the same amount of salt. higher salt contentswyaci > 0.02 mol/L). Experiments with
The TDFRS results for all investigated nonionic surfactant potassium chloride added to the surfactant solutions yielded
systems of the type fE, are summarized in Figure 9, where results similar to those obtained with added sodium chloride.
we present the normalized heterodyne diffraction signals for
these systems at a surfactant concentratiow,of 2.5 wt %
for three different temperatures. Except faEgand GoEs, all
surfactant systems show typical two-mode behavior: a positive ~We have presented results from experiments on aqueous
concentration signal at shorter times followed by a slower solutions of six nonionic surfactants of the typgEs, wherem
process with negative amplitude, which is due to an inversion andn indicate the number of repeat units in the alkyl tails and
of the grating. The surfactant; &5 in water shows the most  ethylene oxide headgroups, respectively. Most of the measure-
distinct behavior: the second mode is so slow that the systemments were performed on solutions with surfactant concentra-
had not reached the steady state after 5 s. tions of less than 30 wt %. In this concentration range, the
C. Characteristics of the Surfactant Solutions in the surfactants form nearly spherical or elongated micelles depend-
Presence of SaltTo investigate the effect of ion concentration, ing on the surfactant, the concentration, and the temperature.
we performed TDFRS experiments on surfactant solutions with We also investigated one solution with very high surfactant
added sodium chloride, a simple uncolored salt. Figure 10 showsconcentration corresponding to inverted micelles.
the normalized heterodyne diffraction sigidad: for C;,Es and Thermal diffusion forced Raleigh scattering (TDFRS) and
Ci6Es in water at a surfactant concentrationvef = 2.5 wt % dynamic light scattering (DLS) experiments were carried out
and a temperature df= 40 °C for several salt concentrations. to investigate thermal and mass diffusion in the surfactant
For both surfactant systems, the second mode becomes weakesystems. For typical micellar solutions, one expects the con-
and finally disappears with increasing salt concentration. In centration part of the signal in a TDFRS experiment to consist
Figure 11, we present the results for the fast- and slow-mode of a single mode with positive amplitude (see bottom panel of
diffusion coefficients of @Eg/water at a surfactant concentration Figure 5). Such single-mode signals were indeed observed for

V. Discussion
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Figure 8. Schematic phase diagrams fosEG 32 CgE4,3? CioEs,3® Ci2Es,* CiEs, 8 and GeEg! in water. The different regions are abbreviated in the
following way: water (W), micellar solution (), isotropic solution not fully miscible with water or surfactant)Lhexagonal (k), lamellar (L),
bicontinuous cubic (Y), coexisting phase (WL1), solid surfactant phase (S), and close packed spherical micelle phagéhé two-phase region
for CioEg/water is indicated only by a dotted line because only the cloud point temperature is available in the litéfEtereashed line in the

phase diagram of GEs/water refers to the percolation line given by Strey and Paktisgbr C.Es/water, we determined also the phase separation
temperature at two surfactant concentrations é&nd also for the same solutions containing basantol yeli@wgodium chloride§), and basantol

yellow + sodium chloride £). The open and solid circles mark the concentration and temperature range where TDFRS experiments have been
performed. Depending on the system, temperature, and concentration, either one@nodéno-mode behavior®) has been observed.
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Figure 9. Normalized heterodyne signalgs.: measured for §E4, CsE4, Ci2Es, Ci2Es, and GeEs in water at different temperature$ € 20 °C ([O),
30°C (0O), 40°C (a)). For all systems, the surfactant concentration was= 2.5 wt %.

part of the micellar solutions investigated in this work. The are positive, and the mass diffusion coefficients agree with those
values of the Soret coefficients determined from these signalsobtained from dynamic light scattering (DLS) within experi-
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This suggests that single-mode signals will be observed in all
micellar solutions at sufficiently high concentrations and low
temperatures. For the systemgEg/water, only single-mode
behavior has been observed in this work; however, the high
phase transition temperature prohibits measurements closer to
the phase boundary, where two-mode behavior may be found.
For the smallest surfactantgles, a careful investigation of states
near the phase boundary revealed no two-mode behavior.

Our results presented in Section IV.A. show that the fast mode
observed in solutions with two-mode decay is very similar to

the single mode observed in solutions with one-mode decay.
The diffusion coefficients extracted from these modes agree
within experimental error with our DLS results for the same
solutions. Furthermore, the Soret coefficients extracted from the
fast and single modes show similar temperature and composition
dependence. This confirms that the fast-mode coefficiBats
andSyt introduced in Section Il may be identified as the typical
mutual diffusion and Soret coefficients of the micellar solutions.

To investigate the temperature and composition dependence
of the typical transport coefficients in detail, measurements were
performed on the system §¢/water for surfactant concentra-
tions between 0.5 wt % and 30 wt % and temperatures between
20 and 40°C. In agreement with literature results, the values
of D have a minimum near the critical phase separation
concentration of about 2.5 wt % (see Figure 6). The temperature
and concentration dependence of the diffusion coefficients is
believed to reflect both the distance to the phase boundary and
the changes in micellar structure with composition and
temperaturé®28-31 The Soret coefficient§r and the thermal
diffusion coefficient<D+ derived from the fast mode and single
modes are positive, as has been observed before for ionic and

000000000

0 1 2 3 4 5
t/s

Figure 10. Normalized heterodyne signél.: measured for GEs and
Ci6Es in water at a temperature @f = 40 °C. For both systems, the
surfactant concentration was = 2.5 wt %, and the solutions contained
basantol yellow as dye.,6Es was studied for different sodium chloride
concentrationsvnaci (0.0 mol/L (©), 0.00092 mol/L M), 0.0018 mol/L
(d), 0.0037 mol/L &), 0.018 mol/L ), 0.023 mol/L r), 0.037 mol/L
(v), 0.053 mol/L #)). Ci6Es was studied with (0.149 mol/L&)) and
without salt ©).

32} ]
28 ® ® -

24F—T® ® v nonionic surfactant solutiorfs'216 They have their maximum
"o 20l ] values and their largest temperature dependence near the
£ i concentration wher® is at a minimum (see Figure 7). An
,\0 16} ~ L . . . . .. .
o 1 N increase in the thermal diffusion coefficients with temperature
E “T \Q i has also been observed in solutions of poly(ethylene oxide)
08} N 1 (PEO) in watef! and may be associated with the approach to
04} ‘\ - the lower critical solution temperature. Just as in the case of

A

PEO in water, the ethylene oxide groups of the surfactants form
hydrogen bonds with the water molecules, which leads to a
concentration of NaCl / mol/L decrease in solubility at higher temperatures. Our results for
Figure 11. Diffusion coefficient,D, derived from the fast®) and the solution with high surfactant concentration & 90 wt %)
second slow®) mode for GzE¢/water (v, = 2.5 wt %, T = 40°C) in showed, for the first time, a negative value for the Soret
dependencg of ;odlum chloride concentration. Th_e solid line represents.qafficient of a micellar solution. At this high surfactant
the mean diffusion constant for all salt concentrations. The dashed line . . . . .
is a guide to the eye. concentration, the mlc_:elles in solution are _mv_erted SO that the
water and ethylene oxide chains are on the inside of the micelles
mental errors. For other solutions, however, we observed a@nd the alkyl chains are on the outside. Because the water
second mode in the TDFRS concentration signal (see top panelconcentration is low, the hydrogen bond formation between
of Figure 5). The second mode always had a negative amplitude®thylene oxide chains and water molecules may not be the
and a long decay time, corresponding to a negative Soretdominant factor in determ.lnlng the Soret effect anymore.
coefficient and a small mass diffusion coefficient. DLS experi- Furthermore, the difference in surface structure between regular
ments on the same systems showed no second mode and yielde@.”d inverted mi.celles may contribute to their different thermal
mass diffusion coefficients that agree well with those obtained diffusion behavior?
from the fast mode of the TDFRS signal. A second, slow mode has not been observed before in micellar
The TDFRS signals at surfactant concentratigr= 2.5 wt solutions, and its origin is not immediately clear. Slow modes
% presented in Figure 9 are representative of the behavior ofhave been observed, however, in light scattering experiments
the different surfactants. For the temperatures and concentration®n polyelectrolyte solutions at sufficiently high polyelectrolyte
investigated in this work, only single-mode TDFRS signals have and sufficiently low salt concentratiod$#4In these solutions,
been recorded for &4 and GoEs, only two-mode signals for ~ the slow-moving species has been identified with temporal
C1.Es, and both one- and two-mode signals fasEG; CioEs, aggregates of macroiof§:4® The origin of the aggregation in
and GgEg, respectively. In general, the thermodynamic states polyelectrolyte solutions is attributed to a net attractive interac-
associated with two-mode behavior (indicated by open circles tion between polyions in solutions above a minimum polyion
in Figure 8) are closer to the miscibility gap than those concentrations. For smaller concentrations, on the other hand,
associated with single-mode behavior (shown as filled circles). the charged chains repel each other, which prohibits aggrega-
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